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Samenvatting

Bacteriële cellen worden vaak ingezet als minuscule fabriekjes voor de productie van allerlei 
soorten eiwitten. Na opzuiveren kunnen deze eiwitten gebruikt worden voor (medisch) 
commerciële doeleinden of verder worden bestudeerd om hun functie en structuur te 
achterhalen. Eiwitten die hun functie verrichten in het celmembraan zijn van groot 
belang voor een veelvoud aan biologische processen en er is daarom een grote interesse 
vanuit de wetenschappelijke gemeenschap om dergelijke membraaneiwitten in zuivere 
en geconcentreerde vorm in handen te krijgen. Naast de veelgebruikte modelbacterie 
Escherichia coli wordt ook de melkzuurbacterie Lactococcus lactis vaak aangedragen als 
gedegen eiwitproductieplatform. Een groot nadeel is dat, in beide gevallen, de productie 
van membraaneiwitten die afkomstig zijn uit eukaryote organismen, zoals de mens, niet 
altijd vlekkeloos verloopt. Het is daarom van belang te achterhalen waar zich de obstakels 
bevinden in het cellulaire productieproces van membraaneiwitten zodat doelgerichte 
optimalisatiestrategieën kunnen worden toegepast. In dit proefschrift wordt daarvoor 
een geheel nieuwe aanpak gebruikt. In plaats van naar de hoeveelheid geproduceerde 
eiwitten zelf te kijken werd met behulp van fluorescentie microscopie in individuele L. 
lactis cellen gekeken naar waar en in welke hoeveelheden het mRNA en het bijbehorende 
membraaneiwit aanwezig zijn. Uit het onderzoek is gebleken dat er iets fundamenteels 
mis gaat met zowel de transcriptie als de lokalisatie van mRNA dat codeert voor een 
aantal geselecteerde eukaryote membraaneiwitten. Deze bevinding heeft de basis 
gevormd van het verdere promotieonderzoek, waarin de oorzaken en effecten van dit 
fenomeen worden uitgediept en gebruikt als uitgangspositie voor de ontwikkeling van 
optimalisatiestrategieën. 



Summary

Bacterial cells are often used for the production of a wide variety of proteins. After 
purification, the proteins can either be used for commercial (medical) purposes or to 
further study their function and structure. Proteins that are situated in the membrane are 
important for many biomolecular mechanisms, which is why there is a great interest from 
the scientific community to obtain these so-called membrane proteins in high quantity 
and purity. Next to the well-studied model bacterium Escherichia coli, Lactococcus lactis 
has been acknowledged as a suitable host for the production of membrane proteins. 
However, in both cases, the production of especially eukaryotic membrane proteins often 
suffers from multiple obstructions. It is therefore of importance to identify the bottlenecks 
that preclude the successful production of these proteins. Such knowledge would enable 
designing and examining compatible strategies to optimize the protein production 
process. The search for bottlenecks has been approached from an entirely new angle in this 
thesis. Rather than analyzing the final yield of the overproduced proteins, the subcellular 
location of the transcripts and their cognate membrane proteins was examined in single L. 
lactis cells using various fluorescence microscopy techniques. By zooming in to this level, 
it was observed that crucial aberrations occur with respect to the transcription as well 
as the localization of transcripts encoding selected eukaryotic membrane proteins. These 
findings have laid the foundation for the additional work presented in this thesis, in which 
the causes and the effects of transcript mislocalization were further examined and used as 
a guide for the development of protein production optimization strategies.   
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I. The hitch and hassle of heterologous membrane protein production

In order for a cell to survive and function it has to interact with, and at the same time 
protect itself against the surrounding environment. As a consequence, a diverse mixture 
of molecules and signals has to traverse a barrier consisting of at least one phospholipid 
bilayer membrane. Some small molecules are able to diffuse passively through membranes 
and associated structures. The majority, however, has to be imported into the cell or sensed 
and/or processed at the extracellular side. Moreover, a subset of cellular compounds, such 
as signalling molecules, toxins, antimicrobials and waste products need to be expelled 
from the cell. Membrane proteins (MPs) are key players in these processes and are thus 
important for maintaining proper communication and homeostasis on both cellular 
and physiological levels. Some function as channels, pores or transporters, others form 
biosensors or are required for the interaction with neighbouring cells. 

One of the most intriguing facts concerning MPs is that they, when taken together, 
constitute the leading group (60%) of drug targets 1,2. MPs fulfil significant tasks in both the 
initiation and transmission of signal transduction processes and are involved in bacterial 
and viral infection mechanisms. It is thus of great scientific and medical interest to study 
such proteins and obtain structural, functional and mechanistic insights. Resolving the 
structure of target MPs in combination with interacting molecules such as pharmaceutical 
drugs could furthermore give clear insights into the nature of these interactions and 
would allow improving drug design and/or the understanding of underlying functional 
mechanisms of specific integral MPs. 

Prominent methods to study protein structure, function and interactions involve structure 
determining methods like cryo-electron microscopy (cryo-EM), X-ray crystallography or 
solution/solid-state Nuclear Magnetic Resonance (NMR) 3–7. X-ray diffraction requires 
that diffraction-quality 3D crystals of the proteins can be grown, while NMR techniques 
examine MPs (<100 kD) in their native environment or reconstituted in micelles or other 
environments that mimic the lipid bilayer 8–14. Both techniques are only successful when the 
characteristics of environment and protein promote monodispersing and protein stability 
4. More recently, cryo-EM, which only requires 2D crystals, has gained in popularity due 
to improvements in the techniques’ resolution. These have led to the best resolution (1.9 
Å) obtained for an MP so far 15. 

The first eukaryotic integral MP of which a structure has been determined is a bovine 
rhodopsin protein naturally present in high amounts in retina cells 16. Unfortunately, 
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this success appeared an exception to the rule. MPs that are considered most interesting 
from a pharmaceutical point of view are often present in very limited amounts and in 
multiple isoforms and conformations. High levels of correctly folded and functional 
MPs are a prerequisite for any structural or functional study. It is this requirement that 
mostly thwarts MP structure determination. The overproduction of heterologous MPs is 
frequently required to get enough protein for downstream processing; often this is proven 
to be a cumbersome task. Not only is the capacity of the cytoplasmic membrane too low to 
accept high levels of the same protein, the cell is simply not equipped in terms of maximal 
translation ability, targeting and translocation competence and folding kinetics to cope 
with high levels of MP synthesis 17. Hence, several types of stress are evoked that can 
hamper further protein production and cellular growth 18–21. 

To date, most of the elucidated MP structures are of bacterial origin (http://blanco.biomol.
uci.edu/mpstruc/). Interestingly, the number of structures of eukaryotic MPs has increased 
significantly over the last five years. Such MPs have been successfully expressed in a variety 
of bacterial, yeast, insect and/or mammalian cells 22–26. In addition, promising cell-free 
protein expression systems have been developed, such as the E. coli-derived PURESYSTEM. 
However, their role in yielding MP structures has remained minimal 27. It can be argued 
that each MP has evolved to be expressed, correctly folded and embedded in the lipid 
environment of the cell to which it is native. Therefore, a convenient way to (over)express 
an MP is to do that in a closely related cell-type. Cell lines such as Chinese hamster ovary 
(CHO) and human embryonic kidney 293 (HEK293) have been successfully used for the 
production of (soluble) recombinant human proteins (reviewed in 28). Notwithstanding 
this, protein yields are relatively low compared to the already existing systems, which are 
also more time and cost effective 4,22,28. The well-studied yeasts Saccharomyces cerevisae 
and Pichia pastoris provide a relatively cheap and suitable eukaryotic environment for the 
production of human MPs, because of their ability to post-translationally modify proteins 
29. The use of the methylotrophic yeast P. pastoris has resulted in an impressive number of 
crystal structures of MPs. The most recent advances in structure determination of many 
eukaryotic MPs, however, are due to the introduction of baculovirus-infected insect cells 
such as Sdopotera frugiperda and Trichoplusia ni, in which stable and correctly folded 
proteins are produced in sufficient amounts 30. 

Despite the rise of alternative systems for the functional expression of eukaryotic MPs, the 
majority of MP structures are obtained via MP production in the bacterial host Escherichia 
coli. This is mainly due to the ease with which commercially available and fast-growing E. 
coli strains can be handled and engineered. By comparison, expression media for insect 
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and mammalian cells are relatively expensive. An extensive period of time (3-4 weeks) 
is required before protein expression can be first tested and optimized 4. Thus E. coli will 
remain the first-choice expression host for the time being until similar advantages are 
offered by alternative host systems. Only very few other bacterial species are considered 
as alternatives to E. coli. Bacillus subtilis is used in an industrial setting to produce high 
quantities of secreted enzymes, which led to its consideration as an MP producer 31,32. 
Documented successes have remained limited to the production of Gram-positive MPs 
33,34. Photosynthetic bacteria of the Rhodobacter species have an intrinsic high capacity 
for integration of MPs as they contain a photosynthetic membrane network that increases 
in surface area upon a reduction of oxygen tension and light intensity 35–38. Despite the 
potential of Rhodobacter species as MP expression platform, the prevailing bacterial MP 
production host besides E. coli is the lactic acid-producing bacterium Lactococcus lactis. 

II. Lactococcus lactis as membrane protein production platform

A number of advantages make L. lactis an MP expression platform worth of in-depth 
experimental attention; these have also driven its preliminary engineering towards a fully 
appreciated MP production host. First and foremost, a considerable and growing number 
of heterologous MPs have been functionally expressed using L. lactis. These range from 
endogenous transporters and channels to eukaryotic transmembrane complexes, the 
human KDEL receptor, yeast mitochondrial carriers and Golgi-localized transporters, 
the human cystic fibrosis transmembrane conductance regulator (CFTR), the ELKJ 
elongase from Pavlova viridi and peripheral Arabidopsis MPs 36,39–45. Second, this Gram-
positive bacterium has been investigated intensively during the past decades because of 
its importance in the dairy industry. As a result, complete genomic sequences of several 
strains are available since the early zeros, as well as detailed time-lapse transcriptomics 
and proteomics data 46–52. Third, L. lactis is easy-to-handle and fast-growing, reaching 
growth rates of up to 0.8 h-1 on inexpensive media, and well-defined molecular toolkits 
are available 53–56. Fourth, L. lactis has a relatively small genome that reduces the chance on 
the presence of duplicated genes, which simplifies knockout and complementation studies 
46. Fifth, protein inclusion bodies like those in E. coli have never been detected in L. lactis 
41. Finally, although translation and membrane insertion mechanisms show high levels 
of homology in all domains of life, the actual rates at which transcripts are transcribed, 
translated and folded/inserted into functionally active proteins are tuned differently 57. 
Protein synthesis is approximately 4-10 times faster in prokaryotes than in eukaryotes 58–60. 
The speed of translation elongation in L. lactis is lower (23 amino acids per second per 
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ribosome), than that in E. coli (33 amino acids per second per ribosome), which is why the 
former is assumed to sometimes produce more functional eukaryotic MPs 253,566. 

Notwithstanding the benefits and achievements described above, MP production yields in 
L. lactis can fall short like in E. coli 36,61–65. While some endogenous MPs can be expressed 
to up to 30% of the total pool of MPs, only a poor expression level is reached when the 
same conditions are used for eukaryotic MPs 62–64. Part of this observation may be a direct 
effect of the enormous genetic and regulatory differences that exist between prokaryotic 
and eukaryotic cells, including codon bias and internal transcription/translation rates. 
Essentially, a reduction in bottlenecks that occur during MP production can be achieved 
through three different strategies. The first option is to alter or edit the gene sequence 
of the target protein in such a way that it is specifically optimized for expression in the 
particular expression host. Second, adjusting the cultivation or induction conditions 
during MP production has a considerable impact on the final protein yield 24. To make 
sure that the right expression conditions are used, a straightforward protocol has been 
published for MP production in L. lactis 44. Third, the genetic constituent of host cell itself 
may be engineered to accommodate increased MP levels. High throughput screening 
strategy can guide the way in reaching optimal expression settings 61,66. 

In order to reveal processes that hinder MP overexpression in bacteria, both top-down and 
bottom-up approaches have been employed. A combination of genomic and proteomic 
profiling was employed in L. lactis to elucidate internal and external bottlenecks hampering 
MP biogenesis 62–65. These studies paved the way for choosing cultivation conditions and 
engineering of the expression host, but only provided an insight into the global adaptation 
of lactococcal cells to the forced and stressful production of a variety of MPs. A directed 
evolution strategy to search for L. lactis mutants showing improved MP production 
resulted in three strains, DLM1- DLM3, which were found to all carry mutations in the 
genes responsible for controlled MP expression (discussed later) 66. Thus, previous strain 
engineering indicate that there is room for more improvement e.g., genetically adapting 
L. lactis so that it is better suited for elevated expression of heterologous MPs. Therefore 
and with the final goal to further improve L. lactis as notable MP expression platform, 
the search for factors responsible for poor expression of several (mostly eukaryotic) MPs 
continues.
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III. Pre-translational factors that influence membrane protein 
production

The central dogma of molecular biology implies that before a protein can be synthesized, 
transcription of a gene into an mRNA molecule has to take place. In order to fully grasp 
bottlenecks that may occur during heterologous MP production in bacteria, it is important 
to equally address the mechanisms that act during pre-, co- and post-translational steps of 
the MP biogenesis trajectory.

Transcription kinetics 

The number of a certain mRNA transcript at a specific point in time in a cell is the 
combined result of various transcriptional events e.g., the interaction state of operator 
molecules with the DNA, the rate at which RNA polymerase (RNAP) progresses from 
transcription initiation to elongation, the elongation velocity and fidelity of RNAP and 
the characteristics of the transcript generated, such as susceptibility for degradation. For 
recombinant MP expression, the corresponding gene is usually cloned into an expression 
vector and placed under the control of an inducible promoter. The choice of the latter 
is of prime importance. The promoter of choice has to be tight and tuneable, showing 
no or very little transcription in the absence of the inducer molecule. At the same 
time, induction should trigger reliable and dose-responsive transcription and has to be 
economically feasible and straightforward. In addition, the promoter has to be sufficiently 
strong to drive the production of proteins to up to 10-30% of the total pool of proteins. 
There are a number of factors regarding inducible transcription that can be tweaked in 
order to try and achieve successful MP production. MP overexpression places, next to the 
common burden on translational and metabolic processes, a significant load on targeting 
and translocation pathways of endogenous MPs. Strong overexpression may therefore not 
necessarily increase the level of functional protein.

A great example of how transcript levels influence final MP yields is given by the selection 
of the E. coli Walker strains C41(DE3) and C43(DE3) 67. These strains were obtained 
by screening BL21(DE3) cells expressing a toxic MP for mutants that were able to cope 
with these toxic proteins. A follow-up study showed that mutations in the strong lacUV5 
promoter caused a decrease in the production of the bacteriophage T7 RNAP that was 
employed for MP overexpression in these strains 68. Based on this result, the improved strain 
Lemo21(DE3) was developed in which the natural inhibitor of T7 RNAP, T7 lysozyme, was 
co-expressed to decrease the activity of and thus transcription by T7 RNAP. More recently, 
a complete omission of the lacUV5 inducer, isopropyl-β-d-1-thiogalactopyranoside 
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Fig 1. Nisin controlled expression 
(NICE) for recombinant protein 
production in L. lactis. The antimicrobial 
peptide nisin is sensed by the membrane-
embedded histidine kinase NisK. NisK 
transduces the signal by phosphorylating 
the NisR transcription activator, which 
promotes RNA polymerase activity from 
PnisA. In the NICE system, an expression 
vector is provided that contains a multiple 
cloning site downstream of PnisA, while 
the nisRK genes are integrated in the 
chromosome of L. lactis NZ9000 where 
there expression is under the control of a 
constitutive promoter.

(IPTG), led to a further improvement of MP expression in BL21(DE3) cells grown in 
LB medium, suggesting that a very low but continuous expression leads to the highest 
MP yields in E. coli 69. In another screening study, it was observed that improved strains 
had dramatically decreased plasmid copy-numbers, which also resulted in reduced net 
transcription and translation of MPs 70. 

To facilitate overexpression in L. lactis, the gene of interest is generally placed on a 
vector downstream of the nisin-inducible nisA promoter (PnisA) 71. The inducer nisin is a 
membrane-permeating antimicrobial peptide that is secreted by some L. lactis strains and 
that is sensed by the membrane-embedded histidine kinase NisK. In the presence of nisin, 
NisK phosphorylates the transcription regulator NisR, which then activates transcription 
from PnisA. The chromosomal introduction of the nisRK genes in L. lactis NZ9000, in 
combination with the pNZ-series of expression vectors, forms a tight and controllable 
expression platform known as the NICE system (Fig 1) 71. The response and strength of 
gene expression can be set over a dynamic range of >1000 in a linear dose-dependent 
fashion by controlling the amount of nisin added to induce the system. 

Comparable to what was found in E. coli, screening of L. lactis NZ9000 strains for 
improved MP expression resulted in three strains, DLM1-DLM3, that displayed an 
increase in yield of properly folded protein due to modifications in the NICE system 66. 
All three strains carried mutations in nisK, which resulted in ‘leaky’ transcription from 
PnisA in non-induced strains, allowing for a low steady-state production of correctly folded 
recombinant MPs prior to induction. Together these data indicate that a reduction in MP-
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encoding transcripts that are presented, per unit of time, to the translation, targeting and 
translocation machineries promotes membrane insertion, folding and thereby successful 
MP production in bacteria. 

Post-transcriptional regulation

In recent years, researchers have become gradually aware of the existence and importance 
of post-transcriptional regulation in bacteria, which is orchestrated by factors such as RNA 
folding proteins, small RNAs (sRNAs) and RNA binding proteins (RBPs) that function as 
mRNA chaperones and/or ribonucleases. An overview is given below and in Fig 2. 

RNA molecules form intra-molecular interactions via base pairing and therefore generally 
exist as highly structured moieties. As a consequence, mRNA folding plays a significant 
role in mRNA regulation and translation 72. It is assumed that the rate of transcription (20-
80 nts/sec in bacteria) is slower than the actual folding process of a given mRNA molecule 
emerging from RNAP 60,73–75. Varying rates of transcription over different intragenic 
domains are believed to result in alternative secondary or tertiary structures in the mRNA 
being produced that are likely to influence post-transcriptional regulation 73. Transcripts 
can also adopt different structures upon interaction with various RBPs and/or sRNAs 76–80. 

Structures at the 5’ terminus of mRNA molecules greatly influence translation initiation 
73,81–85. For instance, some 5’ untranslated regions (UTRs) of bacterial transcripts function 
as cis-acting metabolite-sensing riboswitches or RNA thermosensors. Riboswitches 
undergo a conformational change upon binding a specific metabolite, thereby regulating 
downstream transcription (reviewed in 86). RNA thermosensors play a role in establishing 
a rapid cellular response upon changing temperatures by regulating translation of some 
heat and cold shock proteins (reviewed in 87). Under normal conditions, the 5’ UTRs 
of some heat shock transcripts form helical loops that block initiation of translation. A 
temperature rise gradually melts the secondary RNA structure. This results in the ability of 
the 30S ribosomal subunit to bind to the previously buried ribosomal binding site (RBS). 
One could therefore hypothesize that the transcripts of an abundant essential protein 
adopt a more “ribosome-binding friendly” structure in order to speed up the process of 
translation initiation. In agreement with this supposition, evolution of bacterial genomes 
has selected against the presence of secondary structures around the ribosomal binding and 
translation initiation sites 88. In terms of recombinant protein expression, tertiary structures 
in the transcripts that occur along the RBS are best avoided 81,89. Certain 5’ transcriptional 
fusions improved the production and folding state of a subset of heterologous MPs in E. 
coli 90. Presumably, these fusions alter mRNA secondary structures around the translation 
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initiation sites of the original transcripts, rendering them more accessible for ribosomes. 
In contrast to influencing translation, 5’ UTR stem-loop structures away from the RBSs 
protect transcripts from exoribonuclease activity 91–96, resulting in prolonged transcript 
lifetimes and increased build-up of recombinant mRNA. 

Bacterial and archaeal cells were recently shown to contain up to two orders of magnitude 
more noncoding (nc)RNAs than mRNAs, which makes it likely that mRNA molecules 
interact with noncoding RNAs in a non-specific, stochastic manner 97. Such mRNA-

Fig 2. Post-transcriptional regulation in bacteria. Different mechanisms are presented that control 
transcript translation and degradation. (A) In the most basic version of translation, ribosomes (turqouise) 
assemble at the ribosomal binding site (RBS; orange rectangle), after which they translate codons into 
an growing polypeptide chain (red). Multiple ribosomes (the polysome) can be present on the same 
transcript. (B) The RBS can be protected from ribosome interactions by structural features on the mRNA 
such as hairpins. (C) Hairpin structures in the 5’ UTR protect mRNAs from 5’ exonuclease activity, whereas 
structures in the gene-coding region of the transcript might interfere with translation elongation. (D) RNA 
binding proteins, such as cold shock proteins or DEAD-box helicases, keep mRNAs stable or remove 
extensive structures, respectively. E. coli CspC and CspE (both in blue) specifically interact with uracil-rich 
stretches. (E) MP mRNAs are often found in the vicinity of the membrane (grey area) because they are 
translated by membrane-tethered ribosomes. Therefore, the lifetime of an MP mRNA is often shorter than 
that of other transcripts because the potent RNA degradosome is also membrane-bound in most bacteria. 
(F) The translation speed is dictated by the demand of codons present on the mRNA for complementary 
amino-acylated (aa)-tRNAs (purple clover structures). If aa-tRNAs with the right anticodon are abundant, 
translation efficiency is high. If rare codons are present, or if certain amino acids falls short, unloaded 
tRNAs might enter the ribosomal A-site. In this case, translation is paused and the stringent response, 
governed by RelA (yellow) is triggered. RelA binds unloaded tRNA in the A-site, after which it initiates the 
production of alarmone ((p)ppGpp) molecules.
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ncRNA pairing could greatly influence translation efficiency. Using bioinformatics 
examination, bacteria were found to avoid these interactions in order to circumvent a 
reduction in translation initiation and elongation 97. The level of avoidance of interactions 
between mRNAs and ncRNAs was specified as the main attribute of protein abundance, 
affecting translation to a greater extent than secondary mRNA structures or codon bias 
(discussed below) 97.

Both monocistronic and polycistronic transcripts of polytopic MPs are typically found in 
proximity of the inner membrane in E. coli 98,99. It is believed that most of these transcripts 
are in fact tethered to the membrane by ribosomes involved in the process of co-
translational translocation 98. The propensity of MP mRNAs to localize at the membrane 
has a profound effect on their degradation. In bacteria such as E. coli and B. subtilis, 
degradosome complexes containing potent RNases reside at the membrane 98,100,101. This 
leads to an increased degradation specifically of membrane-proximal mRNAs in E. coli 98. 
Whether this newly discovered level of regulation, through which transcripts of MPs have 
significantly shorter lifetimes than those of soluble proteins, is a general phenomenon and 
influences membrane protein production in prokaryotes is an interesting topic of future 
research.

Hydrophobic amino acid residues are specified by codons that are generally richer in 
uracil residues. Thus, a correlation exists between U-richness in transcripts and highly 
hydrophobic transmembrane domains (TMDs) of MPs in bacteria 102. The U-richness 
distribution along the transcripts of MPs appears to be less profound in higher organisms. 
Two RNA-chaperoning cold shock proteins in E. coli, CspC and CspE, have a specific 
affinity for U-rich transcripts and are therefore more likely to bind MP transcripts than 
those encoding cytoplasmic proteins 103. It would be interesting to examine whether 
the generally low U-bias of eukaryotic MP-encoding mRNAs influences their bacterial 
expression levels due to a lack of interaction with cold shock proteins or other yet 
unidentified RBPs. 

IV. Translation elongation: Codon bias and the stringent response

Codon usage bias arises due to the degeneracy of the genetic code: One to six codons can 
code for the same amino acid residue, but a species-specific preference for one or two 
particular synonymous codons is typically present in gene sequences. Translation efficiency 
is stipulated by redundancy in the genetic code as it depends on, among others (see above), 
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the ratio between the presented codons on the mRNA and the pool of amino acid-loaded 
tRNAs (amino-acyl or aa-tRNAs) 81,104,105. In most organisms, fast translating codons in 
mRNA molecules request aa-tRNAs that are abundant. Slow translating sequences more 
regularly contain codons that request rare aa-tRNAs. Highly expressed genes in E. coli 
preferentially contain abundant codons, and multiple gene copies of favoured tRNAs 
are present in the genome of E. coli 104. Recently, it was shown that efficiently translated 
transcripts are less prone to degradation. Thus, a codon choice-elicited trade-off exists 
between protein elongation and mRNA degradation. A non-random coevolution 
presumably occurred to regulate gene expression: Highly expressed genes have evolved 
to contain codons corresponding to abundant aa-tRNA variants, whereas the level of 
a specific tRNA has evolved to fit the organism’s demand 104,106,107. Hence, codon choice 
contributes to the establishment of low and high abundant proteins in bacteria 108 .

The tRNA pool, determined by tRNA-gene copy number and accompanying modifying 
enzymes, but also codon usage, are highly species-specific. Transcripts originating 
from one organism and expressed in a distantly related expression host, as is the case in 
recombinant protein expression, may therefore require more rare tRNAs than available 
in the latter. A shortage of necessary aa-tRNAs will result in ribosomal pausing, which 
triggers the stringent response. Previous ensemble studies of L. lactis overproducing 
MPs pointed towards a putative involvement of the stringent response, triggered by a 
shortage of charged tRNAs 62,63. This leads to activation of a ribosome-associated Rel SpoT 
Homologue (RSH or RelA), resulting in the accumulation of the alarmone (p)ppGpp 109. 
High alarmone levels in E. coli and B. subtilis lead to a shift from transcription of rRNA 
genes to transcription of genes involved in nutrient generation, preparing the cell for 
survival in a nutrient-poor environment, which is an undesirable direction when aiming 
to overexpress recombinant proteins 110,111.

Because it is now possible to create DNA sequences synthetically, the codon choice of a 
transcript can be tailored to the hosts tRNA pool. Codon optimization of genes is widely 
adopted for the overexpression of soluble human proteins in E. coli, which typically 
improves the final yield 5- to 15-fold 112. A disadvantage of replacing rare codons by 
preferred ones is that it generates an increased demand on abundant tRNAs that are 
typically also required for translation of highly expressed and essential endogenous genes 
113. To solve this issue, the commercially available BL21-CodonPlus(DE3) E. coli strains 
have been engineered that contain additional copies of rare codons. 

Optimal translation efficiency does not necessarily relate to maximal translation rate per 
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se. Rather, translation efficiency is fine-tuned for each individual gene. Each transcript 
is translated to different levels at a speed that promotes optimal folding of the nascent 
protein. Because this process is mainly dictated by codon choice, codon optimization of 
MP genes requires a distinctive approach 104,114. A reduction in translation rate in certain 
areas of the transcript potentially improves targeting, translocation and folding of the 
encoded MP. Codon optimization should be conducted accordingly by incorporating slow 
coding regions at the required position. Nevertheless, this strategy has so far proven to be 
rather challenging 115–117. 

V. Co-translational translocation: Membrane protein biogenesis in 
bacteria

To understand impediments that occur at the molecular level during MP production, 
knowledge is required concerning endogenous MP biogenesis in the cells of the expression 
host. Proteins designated to integrate into the cytoplasmic membrane or to exhibit their 
function in a hydrophilic surrounding (soluble proteins) are treated differently during 
translation. Due to the hydrophilicity of the cytoplasm, an MP emerging from the ribosome 
is prone to misfolding and/or aggregation if translation would occur there. Although some 
small MPs are able to integrate in the membrane without the aid of chaperones, most 
polytopic MPs rely on the signal recognition particle (SRP), its receptor FtsY and the 
secretion (Sec) machinery. These complexes function in a coordinated fashion, allowing 
delivery of ribosome nascent chains (RNCs) of MPs to the correct location in the cell - the 
cytoplasmic membrane - for co-translational translocation. Below, the pathway of MPs 
from the moment they emerge from ribosomes to the moment they are inserted in the 
membrane is discussed; an overview is given in Fig 3. 

SRP-dependent targeting of membrane proteins to the Sec machinery

How are nascent MPs discriminated from RNCs of soluble proteins and targeted to the Sec 
machinery? This question puzzled many scientists until Walter and Blobel discovered the 
signal recognition particle (SRP) in mammalian cells 118. The bacterial SRP followed more 
than a decade later 119,120. The SRP ribonucleoprotein of E. coli consist of a proteinaceous 
part, Ffh, and a non-coding 4.5S RNA. As many as 87% of all nascent integral MPs interact 
at one or multiple points during their synthesis with SRP 121. Hence, the SRP-dependent 
pathway can be considered as the main factor of MP targeting in at least E. coli. The 
molecular mechanisms underlying the SRP-dependent pathway have been elucidated in 
great detail. A typical prokaryotic Ffh consists of two domains, the M domain and the NG 
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(GTPase) domain. During cargo recognition, the M domain binds RNCs whereas the NG 
region interacts with the ribosome via ribosomal L23 and L20 proteins 122–124. At this point, 
both M and NG domains interact with the SRP RNA hairpin as illustrated in Fig 3. FstY 
and Ffh contain homologous NG domains that pair upon cargo recognition by SRP. The 
GTPase domain of Ffh alone has a very limited activity, but when an SRP-RNC is formed, 
a slight conformational change in the Ffh GTPase domain prepares it to dock onto the 
complementary GTPase domain of FtsY 125,126. FtsY is believed to be mostly tethered to 
the membrane as it contains an amphipathic helix (see below) 125. Two states of FtsY-Ffh 
interaction have been identified. The N domain of Ffh interacts with L23 and L29 in the 
early state, while the NG domains of both FtsY and Ffh interact with the tetraloop of the 
4.5S RNA hairpin 122. The second (or closed) state is induced by GTP hydrolysis. This 
results in a conformational change during which the NG domains will detach from L23, 
L29 and the 4.5S RNA tetraloop and bind to the distal site of the SRP RNA hairpin instead 
122,127–130. In this way, L23 and L29 of ribosomes with correctly loaded cargos become 
available for interaction with cytoplasmic loops of SecY, thus promoting translocon-RNC 
binding. From this point onwards the TMDs are inserted into the membrane in a step-
by-step fashion facilitated by the Sec machinery, in a process generally referred to as a 
co-translational translocation.

Fig 3. Schematic representation of membrane protein biogenesis in Lactococcus lactis. See text for 
detailed description. 
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RNC recognition. SRP recognizes MP RNCs and rejects emerging hydrophobic segments 
of soluble proteins in a relatively crowded environment with multiple chaperones 
competing for RNC-binding at the ribosome exit tunnel. Particularly, substrate competition 
between SRP and the major chaperone for soluble proteins, trigger factor (TF), forms 
an intriguing puzzle. State-of-the-art techniques, such as cryo-EM, specific ribosome 
profiling, single-molecule förster resonance energy transfer (smFRET) and fluorescence 
spectroscopy, have been employed to shed more light on this process. The characteristics 
of hydrophobic cores in soluble proteins are different from those in MPs. The former 
consist of more basic and aromatic amino acid residues that constitute the favoured 
binding sites for TF 131–134. SRP binds highly hydrophobic stretches of 12-17 amino-
acid-residues enriched in leucine, valine, isoleucine and phenylalanine that are typically 
present in TMDs 121. Nevertheless, TF and SRP are often present on the same RNC where 
TF is displaced whenever SRP binds FtsY 135. A recent smFRET study showed that TF and 
SRP display so-called anti-cooperative substrate binding: TF reduces RNC-SRP and FtsY-
SRP interactions whenever SRP-independent RNCs are presented 136. In another study 
in which the complete SRP-bound RNC population was examined by specific ribosome 
profiling, TF deletion or overexpression did not significantly alter the RNC-SRP binding 
specificity 121. Furthermore, TF exhibited a temporal delay in RNC binding compared to 
SRP. This suggests that SRP binding occurs earlier and that competition between TF and 
SRP is less than previously assumed. 

It remains unclear to what length a nascent chain can grow before SRP binding becomes 
critical. TF was observed to negatively influence SRP binding to RNCs longer than a 
critical length, which agrees with earlier studies suggesting that SRP-cargo interactions 
hardly occur on RNCs that are longer than 130-140 amino acids 136–139. Selective ribosomal 
profiling instead revealed that SRP binding occurs well beyond 130 amino acids in some 
proteins and even multiple times during co-translational translocation 121. Nevertheless, 
the highly hydrophobic, SRP-specific signal sequences (SS) are typically present in the first 
TMD of MPs. Binding by SRP mostly occurs when the RNC is between 50 and 100 amino 
acids long 121. By aligning the SRP-dependent MPs of E. coli at their first TMD, it has been 
estimated that the SRP-SS interaction occurs on average 55 amino-acid-residues away 
from the peptidyl transferase site in the ribosome 121. The bacterial ribosomal exit tunnel 
roughly accommodates 25-30 amino acids in extended conformation, which suggests that 
most SRP cargos are bound after they have emerged from the exit tunnel 140. It has to 
be noted, however, that these findings are opposing structural cryo-EM studies in which 
SRP is suggested to already recognize substrates inside the ribosomal exit tunnel 121,129,141. 
Hence, various techniques yielded contradictory results. The observed discrepancies are 
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likely a resultant of the use of different experimental settings i.e., in vitro versus in vivo SRP 
interactions and studying single versus multiple RNCs. 

Translational slow-down by SRP RNA? Eukaryotic SRP is larger than its prokaryotic 
counterpart and organized differently. It consists of six polypeptides and a non-coding 7S 
RNA with an S and an Alu domain 142,143. The S domain is responsible for cargo recognition, 
while the Alu domain slows down translation of MPs in eukaryotes until the complex is 
delivered to the Sec machinery 142–145. The Alu domain is not present in the SRP RNA of E. 
coli and Gram-positive bacteria such as L. lactis and Streptococcus spp. Interestingly, the 
SRP RNA of some Gram-positives, including Bacillus species and Staphylococcus aureus, 
is significantly larger (6S instead of 4.5S) and possesses an Alu-like sequence, which has 
recently been shown to slow down translation as well 146–148. For species with a minimal 
SRP RNA, however, the time window of SS recognition by SRP and subsequent membrane 
targeting is likely more limited. Various findings suggest that translation elongation during 
MP synthesis is slowed down by the presence of slow-coding regions e.g., by the presence 
of internal Shine-Dalgarno sequences or rare codons, on the MP transcript 30-40 codons 
downstream of the SS region 149–151. Although still controversial 121, it would provide a 
trans-acting control to increase the time for SS recognition by SRP. In agreement, fast-
growing bacteria contain less SD-like elements in genes than expected, especially in 
those encoding highly expressed proteins 151, suggesting that internal SD sequences are 
normally selected against and are, if present, thus more likely to play a pivotal role, such 
as in controlling translation speed. Importantly, the eukaryotic SRP protects MPs for a 
longer period of time in the cytoplasm. As a result, eukaryotic MPs may be more sensitive 
to hydrophilic environments, which has dire consequences when one attempts to express 
them in bacterial cells that do not have SRPs capable of inducing translational arrest.

FtsY localization. Studies in E. coli indicate that FtsY interacts with the cytoplasmic loops 
of SecY, especially in the presence of anionic phospholipids 152,153. Mutating the lipid-
binding helix of FtsY greatly abolishes cross-linking of FtsY with SecY 152,153. This implies 
that FtsY scavenges the membrane for empty Sec translocons prior to interacting with 
SRP, which would speed up cargo transfer from SRP to the Sec machinery significantly 
152. As discussed above, E. coli FtsY consists of an NG domain and a membrane-anchoring 
amphipathic helix, the A domain. The NG and A domains can be arranged in two 
conformations. The NG and A domains interact with one another whenever FtsY is 
bound to the membrane but not to yet to SecY 154. This conformation interferes with SRP 
interaction. When FtsY encounters a Sec translocon, the NG and A domains are separated 
by independently binding to different SecY domains. Now, docking of the SRP NG domain 
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to the FtsY NG domain is possible 153,154. Thus, despite there being two forms of FtsY, most 
SRPs with cargos are believed to only target lipid- and SecY-bound FtsY 155–157. Interaction 
of FtsY with SRP and the presence of GTP then stimulate a conformational change leading 
to the so-called SRP-FtsY closed state as described above 158. The closed state promotes 
FtsY lipid anchoring. Reciprocally, interaction of FtsY with anionic phospholipids 
cardiolipin and phophatidylglycerol (PG) stimulates the GTPase activity of the SRP-FtsY 
complex 156,158–161. These phospholipids are proposed to form separate islands throughout 
the bacterial cytoplasmic membrane 158. Interestingly, translocons have been found in the 
vicinity of anionic hotspots 162. Thus, anionic phospholipid islands form FtsY modulation 
sites that efficiently drive the delivery of RNC to the Sec machinery at sites where these are 
abundant, but also allosterically regulate the GTPase-driven disassociation of SRP-FtsY 
from the RNC complex 158,161. 

Amendments to the prevailing view on the SRP-dependent pathway 

While most studies on the SRP-dependent pathway presented above have been conducted 
in E. coli, variations on the E. coli standard are known. SRP is essential in E. coli and B. 
subtilis, but is dispensable in Streptococcus species 163–167. Cells lacking Ffh or SRP RNA 
are viable, albeit that they have reduced growth rates, increased sensitivity to high salt 
and low pH environments, altered membrane proteomes, remodelled transcriptomes 
and reduced secretion of virulence factors 165,166,168–170. Interestingly, a double knock-out 
of ffh and yidC2 is fatal. As dicussed below, YidC2 homologues constitute the default MP 
insertases in Gram-positive bacteria and are required for the lateral movement of TMDs 
out of the SecY channel and into the membrane. YidC proteins can also directly interact 
with ribosomes and are apparently capable of taking over part of the SRP-dependent 
pathway in at least S. mutans 168. 

E. coli SRP fused to FtsY appears to be able and sufficient to capture nascent MPs 
139,156. Although E. coli SRP is required for cell viability and to maintain proper protein 
homeostasis, Ffh is non-essential in terms of RNC targeting: Depletion of Ffh does not 
lead to a decrease in membrane-associated ribosomes or integrity of the cytoplasmic 
membrane, whereas MP translocation and integration does fail 171,172. In contrast to Ffh 
depletion, FtsY-deprived cells display lower levels of membrane-associated Ffh-ribosome 
complexes 171. Thus, Ffh seems to conducs its main role in the GTPase-coordinated 
stepwise docking process of RNCs to empty translocons and is dispensible for the transfer 
of ribosomes to the membrane. In agreement with this hypothesis SRP has recently been 
shown to also interact with MP regions other than the SS at the N-terminus 121 . Several 
studies have shown that FtsY has a high affinity for ribosomes in the absence of the SRP 
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complex 156,173. Eukaryotic SRP receptor homologues even display a 100-fold higher affinity 
for empty ribosomes than for soluble SRP 174. With respect to these observations, it is likely 
that FtsY can recruit ribosomes to the membrane without the aid of SRP, perhaps with the 
aid of YidC proteins. Thus, in addition to the SRP-dependent pathway, alternative options 
exist for delivery of MP cargos to the membrane 175,176. 

Eukaryotic SRP consists of multiple proteins, whereas E. coli SRP contains only one 
protein. Recently, new SRP accessory proteins were discovered in B. subtilis and S. 
mutans. B. subtilis histone-like protein (HBsu) binds the Alu-domain on SRP RNA that 
is responsible for translation arrest 177. The more conserved YlxM protein interacts with 
Ffh and 4.5S RNA in S. mutans. It modulates the GTPase activity of Ffh and contributes 
to the efficiency of MP biogenesis 178. In the absence of FtsY, YlxM stimulates Ffh GTPase 
activity, whereas YlxM reduces the GTPase activity when FtsY is present. Although the 
exact function of YlxM remains elusive, the former would lead to a premature release of 
SRP cargos and thus may function as an additional control to increase substrate selection. 
ylxM mutants display impaired MP production similar to the ffh mutant, whereas ffh-
ylxM or ylxM-yidC2 double mutants are not viable 178. This suggests the existence of an 
overlapping role between SRP and YidC2 in S. mutans. Since YxlM (1069 in L. lactis) is 
widely conserved, it is likely to play a general role in SRP-assisted MP biogenesis in more 
Gram-positive bacteria.
 
Sec-mediated co-translational translocation

Most integral MPs are inserted into the cytoplasmic membrane of prokaryotes via a protein 
translocation machine known as the Sec translocase. This membrane-integral complex is 
also responsible for protein translocation and insertion in archaea and the endoplasmic 
reticulum and thylakoid membranes of eukaryotic cells. The main complex consists of 
three proteins, in bacteria known as SecYEG. The SecY protein forms the actual translocon 
and has been well studied in recent years. It has the intriguing capability to secrete certain 
proteins as well as to integrate others into the membrane in a lateral fashion. Homologues 
of the bacterial SecY are present in many organisms throughout the kingdoms of life. The 
subsets of accessory proteins that aid in protein targeting and translocation are species-
dependent. SecY contains ten TMDs, is present as a dimer in vivo and is essential for 
bacterial viability 163,167,179,180. SecE is essential for translocon dynamics and activity and 
tightly interacts via a conserved TMD with SecY 181. The role of SecG has remained elusive. 
It was proposed to stimulate SecYE activity during translocation by lowering SecA activity 
(see below), but its absence does not influence endogenous protein translocation 182. 
The structure of Methanocaldococcus jannaschii SecY has been determined using X-ray 
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crystallography. It resembles two clamshells attached to each other via a hinge between 
the 5th and 6th TMD 183. The channel in the translocon is covered by a plug in its closed 
conformational state 183. Interaction of RNCs with SecY opens the channel, allowing the 
polypeptide strand to enter pore 184,185. 

SecA. SecYEG relies on a number of accessory proteins for proper MP translocation. If MPs 
contain large (>30 kD) extra-cytoplasmic loops between two TMDs, SecYEG requires the 
SecA motor protein, which delivers the energy needed for transport of these hydrophilic 
loops across the membrane 186,187. SecA plays a crucial role during the post-translational 
translocation of a SecB-bound secretory pre-protein across the membrane by successively 
pushing unfolded parts of the protein through the SecYEG machine via sequential ATP 
hydrolysis 188,189. It has a high affinity for the large helical loops of SecY sticking out of the 
membrane into the cytoplasm and probably functions as a dimer 186,187. SecA is activated 
by acidic phospholipids, after which it engages in a high affinity interaction with SecYEG 
190. Noticeably, SecA binds, like SRP, RNCs of a subset of proteins 191. SecA targets include 
RNCs of pre-secretory proteins and outer membrane proteins (OMPs) but, remarkably, 
also those of MPs. Thus, SecA targets show overlap with SRP cargos, which suggests that 
SecA might exert a more pronounced function in SRP-independent co-translational 
translocation than previously assumed 191. 

YidC. The class of YidC/Oxa/Alb proteins are universally involved in membrane insertion 
of MPs 192,193. They exhibit foldase activity and are believed to assist in the lateral movement 
of TMDs out of the translocon and subsequent assembly and packaging of TMDs into 
the membrane 192,194–201. E. coli YidC consists of six TMDs and is essential for the correct 
insertion and/or folding of a number of MPs 192,199,202,203. It functions as a SecYEG-
independent insertase, facilitating membrane insertion of some MPs by itself 192,204. As 
discussed and unlike Gram-negative bacteria, Gram-positive bacteria typically contain 
two paralogues of YidC, designated YidC1 and YidC2. Both contain only five TMDs. 
Proteins homologous to the Gram-positive YidC paralogues can be found in eukaryotes 
as well 205–207. The paralogues differ from each other in that the YidC2/Oxa1/Alb3 proteins 
contain a long C-terminal domain that protrudes in the cytoplasm, whereas YidC1/Oxa2/
Alb4 proteins lack such a domain. By comparison, Gram-negative YidC contains an 
additional periplasmic domain between TMD1 and TMD2 and a substantially shorter 
C-terminal cytoplasmic domain 208. Despite these differences, all known bacterial YidC 
variants can bind ribosomes, albeit with different affinities 209–214. YidC1 and YidC2 of S. 
mutans show similar modes of interaction with ribosomes via their positively charged 
C-terminal domain and co-translational translocation. Deletion of either one is not lethal, 
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albeit that deletion of yidC2 causes a pronounced acid-sensitive phenotype similar to 
that of an ffh or ylxM deletion mutant 168,215. In agreement, yidC2 deletion cannot be fully 
complemented by YidC1 216. Deletion of the yidC2 homologue oxaA2 in L. lactis does not 
affect normal growth, but is lethal in combination with MP overexpression 64. It remains 
to be elucidated how the orthologue 0143 (similar to S. mutans YidC1) affects L. lactis 
viability. There are some indications that YidC2 directly interact with SRP. This has been 
shown for at least Alb3, but not for the paralogue Alb4, in the thylakoid membrane in 
chloroplasts 204.

B. subtilis monitors its membrane insertion capacity by YidC1 activity with the unique 
RNC sensor MifM 217. The mifM gene precedes yidC2 (yqjG) and the mifM-yidC2 
transcript contains an intergenic stem-loop that prevents binding of ribosomes to the 
Shine-Dalgarno sequence of yidC2. Successful membrane insertion of MifM is dependent 
on YidC1 (SpoIIIJ) activity, which maintains the stem-loop on the mifM-yidC2 transcript. 
When YidC1 activity becomes compromised, MifM stalls ribosomes via multiple arrest 
residues on the MifM RNC. This destabilizes the downstream mRNA hairpin, allowing 
translation of yidC2. The MifM monitoring mechanism seems to be absent in other 
Gram-positive bacteria, like L. lactis and S. mutans, where YidC2 (OxaA2) regulation is 
under control of a cell-envelope stress response realized by the three-component system 
CesFSR or LiaFSR, respectively (discussed below) 218–220. In any case, YidC2 expression is 
highly responsive to curtailed MP biogenesis in a range of Gram-positive bacteria and is 
important for bacterial cells in general to cope with stresses that affect this process. 

Lipid environment. Besides particular characteristics of the amino acid sequence, 
folding of certain heterologous MPs in bacteria also depends on the presence of specific 
phospholipids in the membrane. For instance, phosphatidyl ethanolamine (PE) needs to 
be present for correct insertion of the SRP-dependent lactose permease (LacY) in E. coli 
221. Thus, it should not come as a surprise that the lack of cholesterols and other eukaryotic 
lipids in prokaryotic cells has an enormous impact on the success of proper expression of 
these eukaryotic MPs in bacteria 222. 

VI. L. lactis MP biogenesis during membrane protein overexpression 

Transcriptomic and proteomic-based studies have shown that MP overexpression in L. 
lactis triggers, to various degrees, the upregulation of key players in the protein quality 
control system (discussed below) and the membrane biogenesis pathway 62–64. During MP 
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overexpression, the gene expression of ffh and yidC as well as the abundance of Ffh and 
YidC2 proteins at the membrane increases. On the other hand, secY transcription typically 
decreases upon MP overexpression. This is likely due to the overall downregulation of 
ribosomal proteins: secY forms an operon together with rplO, which is situated in a 
chromosomal region rich in genes encoding ribosomal proteins. The level of SecY, FtsY 
and FtsH proteins remains unchanged, but the number of membrane-associated ribosomes 
severely decreases upon production of various MPs 62. It thus seems that, although the 
SRP-driven membrane targeting capacity increases, the co-translational translocation of 
MPs becomes hampered. The latter can be a favourable strategy to prevent further damage 
to the cell envelope by temporarily reducing MP biogenesis in general. It was hypothesized 
that Ffh and ribosomes may be stalled for a longer period of time at the membrane due 
to impaired translocation 62. Proteins involved in ribosome recycling and the stringent 
response were also found in greater numbers 62. In agreement with the role of SecA in 
MP biogenesis (see above), only MPs with significant extra-cytoplasmic loops trigger 
overexpression of SecA 62,63. 

Quality control of membrane protein biogenesis in L. lactis

Protein quality control (QC) is a key feature for cells to maintain proteostasis. It acts 
at both co- and post-translational levels. Due to the great impact of MP misfolding on 
proteostasis, an additional layer of QC exists that involves (re)-folding, removing and/or 
degrading misfolded and/or aggregated proteins. The basic ensemble of quality control 
proteins varies in different prokaryotes. Those that exist in L. lactis will be discussed here. 
An overview is given in Fig 4. 

General QC. The general quality control network in L. lactis includes a number of 
chaperones (DnaK, DnaJ, GrpE, ClpB, GroES, GroEL) and proteases (ClpX, ClpP, ClpC, 
ClpE) that are part of the heat shock regulon 223–226. Basal levels of these proteins are 
expressed during normal growth to maintain proteostasis by guiding protein folding and 
removing misfolded proteins from the cytoplasm. During environmental stresses that 
trigger protein misfolding and aggregation, chaperones and proteases are upregulated in 
order to prevent sudden proteotoxicity. DnaK has recently been proposed to play a role in 
functional MP biogenesis, presumably by assisting in folding cytoplasmic regions of MPs 
or by protecting the cytoplasmic environment from exposed hydrophobic regions during 
co-translational translocation 227. Although the latter is assumed to be a highly coordinated 
process, it is likely that translation is faster than translocation. The resulting exposure of 
hydrophobic regions in the cytoplasm thus requires the protection by chaperones such as 
DnaK. In addition, TF could exert a similar function during MP biogenesis.
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QC of membrane proteins. Folding assistants and proteases that reside in the membrane 
are engaged in QC of MPs that are partially or fully integrated into the membrane. FtsH, 
a AAA+ metallo-protease and chaperone, is anchored into the lipid bilayer where it 
senses and degrades misfolded MPs 228,229. It recognizes such proteins when they are not 
complexed with their protein partners or when N- or C-terminal domains of around 10-
20 amino acids are aberrantly exposed to the cytoplasm 229,230. Also blocked or jammed 
SecY translocons are broken down by FtsH 179,231. FtsH dislocates misfolded MPs by the 
subsequent pulling of TMDs out of the membrane, after which the cytoplasmic domain of 
FtsH controls degradation. FtsH activity is inhibited by the BAX inhibitor-1-like protein 
YccA and is modulated by HflC/K in E. coli 179,231,232. Both FtsH and HflC/K copurify with 
E. coli YidC, further supporting that they constitute an important QC system during MP 
biogenesis 232. L. lactis contains homologues of both of these FtsH modulators, which are 
all under the control of the cell envelope stress sensing three-component system CesFSR 
(see below) 64,218. 

The universally conserved housekeeping protease HtrA is a bifunctional extracytoplasmic 
serine protease and chaperone involved in QC of Gram-positive bacteria 233,234. The 
homologue in Gram-negative bacteria, DegP, is involved in the degradation of misfolded 

Fig 4. Schematic representation of protein quality control systems that play a role during membrane 
protein biogenesis in Lactococcus lactis. See text for detailed description. Red: Overexpressed membrane 
protein in various folding and membrane insertion states.
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proteins in the periplasm (reviewed in 235). S. pneumoniae HtrA mutants are sensitive 
to oxygen and heat stress and perform less well in nasopharynx colonization than wild 
type cells. B. subtilis htrA expression is under control of the heat shock response 236. HtrA 
is mostly located at the division site in S. pneumonia 237. Like with SecY and FtsY, the 
presence of anionic lipids may influence HtrA localization 237. 

Both HtrA and FtsH have general chaperone activity, whereas more dedicated MP 
foldases exist as well. Gram-positive bacteria like B. subtilis and L. lactis contain a subset 
of peptidylprolyl cis-trans isomerases (PPIases) that catalyse the isomerization of peptide 
bonds following proline residues. The membrane-residing PrsA typically ensures folding 
of extracytoplasmic proteins such as penicillin-binding proteins. PrsA has been proposed 
to be required for post-translocational folding of large extra-cytoplasmic loops of MPs as 
well 238. Two PPIases (encoded by llmg_1646 and llmg_1647) are members of the CesFSR 
regulon, suggesting a role in the restoration of membrane homeostasis even though both 
putatively reside in the cytoplasm as they lack TMDs 218.

Protein QC during MP overexpression. MP overproduction in L. lactis triggers at least 
two stress responses. The general heat shock response includes HrcA-regulated expression 
of GroEL-GroES, HrcA-GrpE-DnaK, and DnaJ and CtsR-regulated expression of ClpP, 
ClpB, ClpE and ClpC. Activation of this response is indicative of disrupted proteostasis by 
the increased presence of misfolded proteins in the cytoplasm, whereas the more specific 
cell envelope stress (CES) response is activated when disruption of membrane integrity 
is sensed 63,64,218,239. The CES response is also activated upon the addition of lysozyme or 
bacteriocins to cells of L. lactis and related species 218. The CES response is mediated by a 
three-component regulatory system (TCS) that has homologues in all Firmicutes where 
the components are commonly designated LiaFSR. In L. lactis, the response proteins are 
known as CesFSR. CesS is a histidine kinase sensor of which the exact trigger is unknown, 
while CesR is the cognate transcription factor that regulates the actual cellular response. 
In addition, an inhibitory role was attributed to CesF 240. The CesR regulon contains more 
than 30 genes of which members encode putative MPs or proteins that interact at the 
membrane 64,218,240. Among these are many proteins (putatively) involved in maintaining 
homeostasis of the membrane proteome, including ftsH, yidC2 (oxaA2), ppiB, llmg_1647, 
llmg_1918 (yccA homologue), llmg_1113 (putative hflC/K homologue). Notably, mutations 
in liaF decreases the susceptibility of Enterococcus species to the last-resort antibiotic 
daptomycin, which makes the CES response an important target for studying antibiotic 
resistance development 241,242.
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QC-related optimization of MP production. During heterologous MP production, 
many MPs are not capable of adopting their functional structure. Instead, they become 
misfolded and/or aggregated and are often disposed to the degradation machinery. To 
protect MPs from misfolding, the stability of an MP can be improved by introducing a 
certain level of rigidity 24. For instance, the incorporation of cysteine residues that form 
(additional) disulfide bonds can stabilize the tertiary structure 243,244. Terminal domains 
that may interfere with the formation of crystals can be deleted. Fusions of stable soluble 
proteins, such as GFP, glutathione-S transferase or thioredoxin, to the target protein 
protects instable C- or N-termini from degradation in E. coli 245–247. In addition, the 
attachment of an endogenous MP to the target MP has been demonstrated to promote 
bacterial membrane integration in several occasions 248. 

Next to protein engineering, the expression host can be modified to improve the stability 
of the produced MPs. The effects of overexpressing or deleting proteins that play a role in 
protein folding or signal transduction during MP production have been widely examined. 
Combined overexpression of YidC and FtsH in E. coli leads to elevated yields of eukaryotic 
MPs 20,249. While SRP overexpression has generally little effect on MP production, increasing 
DnaKJ or GroES/EL levels in E. coli results in reduced inclusion body formation and more 
functional MPs 20,250. In B. subtilis, membrane stress activates the alternative sigma factor σW

 

response, while misfolded extracellular proteins are sensed by the CssRS two-component 
system 34. Both systems transduce signals to alter expression of specific genes that aid in 
coping with cell envelope destabilization and proteotoxicity. These responses, however, 
appeared to actually hamper MP production, which was resolved by inactivatin either 
one of the responses 34. In L. lactis, the overexpression of CesSR results in an increased 
production of heterologous MPs. The effect on the production of MPs of several members 
of the CesSR regulon, including CesSR itself, was further examined 64. The absence of CesF 
leads to improved MP production, presumably through higher basal levels and activity of 
CesSR, and also reduces the susceptibility of L. lactis to nisin (personal communication J. 
Pinto and 240). Overexpression of the CesR-regulon members OxaA2 (YidC2), FtsH or the 
RmaB transcriptional regulator of unknown function also improve the final production 
yield of various MPs 64. The absence of cesSR, oxaA2 or ftsH during MP overexpression 
lead to severe growth defects, suggesting that the products of these genes are essential for 
successful MP biogenesis. 
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VII. Research rational and scope of this thesis

Understanding the molecular mechanism underlying native MP biogenesis helps in 
identifying bottlenecks hampering the successful production of recombinant MPs in 
microbial cell factories such as E. coli and L. lactis. Previously, elaborate transcriptomic 
and proteomic analyses were performed to pinpoint differences that can explain why 
some MPs may reach a final yield of around 30% of the total membrane proteome, while 
others, often heterologous MPs, are only produced with very limited efficiency. Although 
important information and optimized strains have been obtained on the basis of the results 
of these –omics studies, the overexpression of various homologous and heterologous MPs 
typically elicited very similar transcriptomic and proteomic responses, thereby concealing 
the exact reasons for poor MP production. 

Over the past few years, it has become clear that bacterial mRNAs are subjected to a 
variety of regulatory systems 251,252. Recent discoveries on post-transcriptional regulation 
have a potential impact on how we should view and understand MP biogenesis. Some of 
these findings may directly and profoundly affect the type of strategy employed to improve 
recombinant MP overexpression. A variety of RNA binding proteins, small RNAs, trans-
acting (signal) molecules, specific RNA folding states and coordinated mRNA degradation 
all appear to be part of regulation strategies that are widely embraced by bacterial cells. 
Hence, the ribonucleic sequence is of prime importance and stores more information 
than previously presumed. Bottlenecks in recombinant MP expression may therefore 
already occur at the transcriptional or post-transcriptional stage. Such phenomena are 
not directly observable by looking at, for instance, population-averaged mRNA quantities. 
Rather, studies are required that examine the behaviour of specific transcripts in more 
detail. The temporal and subcellular abundance and localization of transcripts, as well as 
how, where and to what extent different mRNA species are being translated and degraded 
seems to dictate the ultimate fate of mRNA molecules. Besides aberrant transcript 
regulation, it is very likely that major hurdles also occur at the level of co-translational 
targeting and translocation, and/or folding processes of MPs. It has to be emphasized that 
MP biogenesis is a delicate and carefully coordinated process that can be easily disrupted 
in any of its steps during overexpression scenarios. In this respect, in-depth experimental 
studies, using state-of-the-art microscopy techniques to study processes at the single-cell 
and single-molecule levels, have great potential in uncovering previously un(fore)seen 
bottlenecks in MP production. 

In Chapter 2, methods for the spatiotemporal examination of transcripts in single 
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cells of L. lactis are evaluated. Two complementary methods were selected to conduct 
further experiments, namely MS2-based mRNA tagging in vivo and fluorescence in 
situ hybridization. These and alternative future methods are explicated in Chapter 3, 
in which a review is given of old, current and future techniques that help to shed light 
on transcriptional and post-transcriptional events in bacteria. Chapter 4 contains the 
core research presented in this dissertation and examines the fate of overexpressed MP 
mRNA in L. lactis cells by using fluorescence microscopy in combination with FISH 
and/or live cell imaging. The location of the transcriptional and translational events is 
deviating between cells overexpressing either a well or a poorly produced MP. The findings 
are presented in the light of cell growth and division. Chapter 5 explores the knowledge 
gained in Chapter 4 for the putative optimization of recalcitrant MP production. Chapter 
5 is divided over two separate sections. First, the effect of fusing a protein (domain) to the 
N-terminus of the MP on mRNA localization and protein production is studied. Second, 
the transcription kinetics of the NICE system driving MP production were obtained and 
analyzed. The obtained parameters were used to build a model to predict and analyse 
nisin-driven gene expression in L. lactis NZ9000. The spatiotemporal behaviour of the 
secretion machinery and the protein quality control system upon overexpression of well 
and poorly produced MPs is examined in Chapter 6. In particular, the subcellular location 
of these processes with respect to cell growth and division is examined. Chapter 7 presents 
a general discussion and synthesis of the results obtained during this thesis work.
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Abstract

Lactococcus lactis can be employed as a bacterial host for the production of recombinant 
membrane proteins. Typically, this is achieved by driving the expression of the 
heterologous gene via the nisA promoter, which is responsive to nisin. Like in Escherichia 
coli, membrane protein production in L. lactis does not always yield sufficient levels of 
protein to conduct follow-up experiments. One approach to pinpoint the responsible 
bottlenecks is to examine every step in the production process. The main goal of this thesis 
research was to examine impediments that occur during membrane protein production 
at the transcriptional and post-transcriptional phase at the single cell level. This requires 
a method to visualize mRNA molecules for their quantification and localization. In this 
chapter, we describe the development of, and evaluate various available techniques to 
study transcripts in Lactococcus lactis cells by virtue of fluorescence microscopy. 
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Introduction

Due to its industrial relevance, the response of Lactococcus lactis to a changing environment 
has been extensively studied using DNA microarrays, RNA sequencing, ribosome 
profiling, and proteomics and metabolomics technologies, in which pools of RNA, 
ribosomes, proteins or metabolites are extracted from cell cultures 47,48,51,63,223,253–260. This 
has led to a wealth of information on regulatory pathways involved in the physiological 
changes of L. lactis to a variety of stimuli. Like with most microorganisms, lactococcal cells 
are usually spatially scattered in both natural and industrial sub-milieus. In an industrial 
setting, cell-to-cell variations can arise shortly after spatial separation as a consequence of 
the coagulation of milk during the fermentation process. Even growth in batch cultures 
in rich media can lead to alternative intercellular decision-making processes during 
nutrient-limitation. The latter is exemplified by the recent observation that two stable 
subpopulations arise from one genetically identical L. lactis population while undergoing 
diauxic shifts 261. This study is one of many that underscore the importance of conducting 
single-cell studies to expose temporal diversifications in monoclonal subpopulations. 

In addition to uncovering physiological cell-to-cell variations, single-cell studies enable 
studying bacterial cell biology at a high spatiotemporal resolution. A range of molecular 
tools for the in vivo localization of DNA, RNA, lipids and proteins in individual cells have 
been developed 262–267. Of special importance are fluorescence microscopy techniques and 
the contemporary set of fluorescent proteins and fluorescence microscopy techniques, 
both of which have been expanding profoundly 267–270. For example, the development of 
super-resolution microscopy using photoconvertable fluorescent proteins now allows 
examining cellular processes beyond the diffraction limit of light 269,270. 

The functionality of many of the original fluorescent proteins greatly depends on pH, 
temperature and oxygen availability. As these parameters differ greatly between species, 
many of the early fluorescent proteins show weak or even no fluorescence in certain cell 
types. Improved fluorescent reporter proteins recently developed in our group for use in 
L. lactis have opened the way for single-cell studies in this economically highly relevant 
microorganism 271,272. 

Although its main importance lies in the dairy industry, L. lactis is also employed for 
the delivery of oral vaccines and as an expression host for proteins and antimicrobial 
peptides 41,54,273–275. L. lactis has gained attention as an alternative to Escherichia coli for 
the production of recombinant membrane proteins (MPs). Studies in our group have 
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previously focused on the genome-wide responses of L. lactis to the overexpression of 
certain MPs at both the transcriptome and proteome levels 62–65,240. Details herein may 
have been overlooked due to the lack in those days of dedicated molecular tools to study 
L. lactis biology at the single-cell level. The recent advances in molecular imaging allow 
re-examining MP overproduction at the level of the individual cell and, thus, deepening 
our understanding of mechanisms underlying, specifically, the aberrant expression of 
heterologous MPs. 

Our goal for the research presented in this thesis was to focus on bottlenecks that occur 
during the initial steps in the pathway of MP biogenesis in L. lactis, thus, to examine 
possible anomalies in the transcription process and the subsequent fate of MP transcripts. 
This requires a system to accurately visualize the abundance, dynamics and location of 
mRNA molecules of various MPs in living L. lactis cells. The current chapter reports on 
the evaluation of a subset of tools to visualize overexpressed mRNA molecules in single 
L. lactis cells. This has enabled conducting the experiments that are described in the 
succeeding chapters of this thesis. 

Many techniques have been developed for the visualization of mRNA molecules in single 
cells using fluorescence microscopy (reviewed in Chapter 3). Three mechanistically 
different techniques were chosen and evaluated for their use in L. lactis: RNA tagging 
based on (1) fluorescent in situ hybridization (FISH), (2) protein-aptamer interactions 
(the phage coat protein MS2-based system) and (3) fluorogen-binding aptamers (Spinach 
and the Malachite Green Aptamer; MGA) 99,276–281. In agreement with other studies, FISH 
proved to be most powerful. A clear drawback of FISH is that it requires the fixation 
of cells. Nonetheless, results obtained with FISH were used as controls to evaluate the 
MS2, Spinach- and MGA-based methods. MS2 and FISH have previously been used 
to study native, low-abundant transcripts, whereas Spinach and MGA have only been 
tested for the detection of highly abundant model RNAs or in vitro experiments. We 
employed the various tools to visualize transcripts produced by gene overexpression, 
leading to the accumulation of high levels of the same transcript. Although the MS2 
system has successfully been implemented for mRNA imaging in eukaryotic cells, its 
use in bacteria has met with less success 276,282,283. The fact that we study overproduction 
of MPs and thus expect to encounter high amounts of transcripts, justified also 
examining the MS2 system in L. lactis despite its disadvantages reported earlier. 
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Results

Validation of single-probe FISH for transcript visualization in L. lactis

To determine the localization and quantity upon overexpression of specific mRNA 
molecules in L. lactis, we first applied single-probe (sp) FISH 99,279,280. To avoid high costs in 
probe design and to make mRNA labeling compatible for both FISH and MS2 recognition, 
an array of twelve MS2 binding sequences (abbreviated to 12bs) was introduced between 
the stop codon and the transcriptional terminator of the transcripts under study. The 12bs-
array served as a target for multiple hybridizations to a 20-nts-oligonucleotide ms2 probe 
labeled at both the 5’ and 3’ ends with carboxytetramethylrhodamine (TAMRA). The 
distance of 20-nts should be enough to avoid quenching of the adjacent dyes 284. 3’-UTR 
mRNA tagging was employed for two reasons: It does not interfere with translation of the 
preceding gene-coding region on the mRNA and only fully transcribed mRNA molecules 
are visualized (Fig 1A). 

To investigate spFISH functionality in L. lactis, chimeric transcripts containing the L. 
lactis bcaP gene (mRNA#1) or the human PS1Δ9 gene (mRNA#2), each extended with 
a 12bs-array, were placed under the control of the nisin-inducible nisA promoter (PnisA) 
on plasmid pNZ8048 and introduced in L. lactis NZ9000 71. The resulting strains were 
grown in rich chemically defined medium (GCDM*), until they had reached a density 
corresponding to an OD600 of 0.4, at which point the cultures were split in two. Half of 
each culture was induced with 5 ng ml-1 nisin to start the expression of the transcripts, 
while the remaining, non-induced cultures served as negative controls. Following another 
hour of incubation, cells were collected and applied to the FISH protocol as set forth by 
Skinner and co-workers and using the ms2 probe 279,280. On average, a 60-fold increase in 
TAMRA-signal was obtained in induced cells compared to the negative control cells (Fig 
1B). Furthermore, distinct mRNA localization patterns were observed for mRNA#1 and 
mRNA#2 (Fig 1C). 

FISH probes targeting the protein-coding regions of mRNA#1 and mRNA#2 were designed 
to uncover possible adverse effects of the 12bs-extension on the studied mRNAs (Fig 1A). 
Three dual-labeled oligonucleotides for each mRNA sufficed to visualize the overexpressed 
transcripts (Fig 1D). The use of gene-specific probes yielded similar localization patterns 
for mRNA#1 or mRNA#2 with or without the 12bs-array (Fig 1D). Moreover, the observed 
patterns were similar to those in cells expressing mRNA#1 or mRNA#2 that were visualized 
using the ms2 probe. Hence, the localization patterns of each transcript appeared to be (1) 
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Fig 1. Validation of FISH using ms2 probes in combination with the 12bs-RNA appendix to visualize 
overexpressed transcripts in L. lactis. (A) Schematic representation of the combination of probes and 
annealing sites on the transcripts used to validate spFISH. Probes were designed to anneal to the 12bs-
array introduced at the 3’-end of the transcripts (1; red squares) or to gene-coding regions of mRNA#1 
or mRNA#2 ((2) and (3); black squares). The red dot indicates the stop codon. All probes carried 
carboxytetramethylrhodamine (TAMRA)-labeled 5’- and 3’-ends. (B) Total TAMRA fluorescence levels 
of cells expressing mRNA#1 or mRNA#2 each extended with the 12bs-array, as well as in control L. lactis 
NZ9000 cells. (C) Exemplary fluorescence micrographs of L. lactis cells expressing either bcaP12bs (left panel) 
or PS1Δ912bs (right panel) as visualized with spFISH. (D) Fluorescence micrographs of cells in which bcaP 
or PS1Δ9-specific probes were used to visualize overexpressed mRNA#1 or mRNA#112bs, or mRNA#2 or 
mRNA#212bs, respectively. PC = phase-contrast. White bar = 2 um. (E) Degradation rates of overexpressed 
mRNA#1 or mRNA#2 monitored with FISH probes that target different sites of the transcripts (as depicted 
in (A)). Gene-specific probes were used to follow the decay of mRNA#1 mRNA (left panel) or mRNA#2 
mRNA (centre panel) with or without a 3’-12bs-extension (green and red diamonds, respectively). The use 
of the ms2 probe for the quantification of mRNA degradation (black squares) yielded very comparable 
datasets. The degradation curves of mRNA#1 mRNA (black squares) and mRNA#2 mRNA (red squares) 
from the experiments with different probes were combined and mean degradation with standard deviations 
were obtained (right panel). 
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independent of the presence of 12bs-array at their 3’ ends and (2) similar to those obtained 
with the ms2 probe. 

MS2-tagging is known to impede degradation of transcripts due to the attachment of 
multiple RNA hairpin repeats to which MS2 proteins are bound. It is not clear, however, 
whether the RNA extension alone, without being occupied by MS2 proteins, has any 
significant effect on mRNA breakdown. Therefore, we examined the degradation rate of 
overexpressed mRNA#1 and mRNA#2 with or without 12bs-array after the addition of the 
transcription-inhibiting antibiotic rifampicin. The fate of both transcripts was monitored 
with FISH probes targeting either the gene-coding regions or their 12bs-array. The probe-
mRNA combinations are depicted in Fig 1A. Specific decay curves for each transcript 
were obtained using the gene-specific probes; these were independent of the presence of 
the 12bs-array (Fig 1E). In addition, the half-lives obtained with the ms2 and gene-specific 
probes for each type of mRNA are similar (Fig 1E). The degradation curves of mRNA#1 
or mRNA#2 acquired with the different probes were combined (Fig 1F). The results show 
that the variation in decay rates of the same transcript monitored with different probes 
was smaller than that between mRNA#1 and mRNA#2. Together, these data indicate that 
the 12bs-array alone does not influence the specific localization adopted by mRNA#1 and 
mRNA#2, nor does it significantly affect transcript degradation. The introduction of the 
12bs-array to mRNA molecules of interest and its subsequent use as a target sequence for 
spFISH, is a valuable method to achieve information on the abundance and localization of 
overexpressed mRNA molecules, albeit that the data is static.

To test if multiplexed fluorescence imaging of a transcript together with its translated 
product would be possible, the 12bs-array was transcriptionally fused, in the way described 
above, to the gene encoding a monomeric superfolder GFP (sfGFP; see Methods). L. lactis 
cells were grown to early exponential phase and induced with nisin to initiate expression. 
The left column in Fig 2B shows the level of TAMRA signal obtained within many 
hundreds of cells as a function of GFP intensity, using the FISH protocol as described by 
Skinner and colleagues 280. Clear signals from both fluorescent reporters were obtained, 
showing that multiplexing was easily achieved. However, there was no correlation between 
the gfp12bs mRNA and GFP protein levels (Fig 2B). It has previously been reported that 
the levels of low-abundant, native transcripts and their cognate proteins do not correlate 
in E. coli 285. Nonetheless, we questioned whether this was also the case in our studies 
since we achieved mRNA and protein production through controlled overexpression. 
We therefore examined the possibility that the thick cell wall of Gram-positive bacteria 
requires lysozyme treatment to increase entrance into the cells of the FISH probes. A 
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recent study showed that incubation of Staphylococcus aureus with lysozyme followed 
by permeabilization with ethanol elevated FISH signals 286. In agreement, we found 
that an incorporation of a 15-min lysozyme treatment of L. lactis cells at 30 °C, prior 
to ethanol permeabilization and probe hybridization, results in an increase in TAMRA 
levels compared to cells that were not treated with lysozyme (Fig 2A). More importantly, 
a correlation was now observed between gfp12bs mRNA and GFP protein levels in cells 
treated with lysozyme and ethanol (Fig 2B; right panel). These results clearly indicate that 
access of the probe to complementary target sequences is hampered by the presence of 
intact cell walls.  Imaging of mRNA via FISH and GFP-tagged protein at the same time is 
thus possible in L. lactis using the current protocol but lysozyme treatment is essential for 
obtaining reliable spFISH data.

FISH to detect single mRNA molecules in L. lactis 

The data presented above show that spFISH can be used to detect many copies of a specific 
transcript in nisin-induced cells. One to several defined fluorescent foci are often seen in 
the non-induced fraction of cells; these foci are absent in cells that do not express mRNA 
extended with the 12bs-array (exemplified for mRNA#1 in Fig 3A, but also observed for 
mRNA#2). Foci could have formed because (1), PnisA on the expression vector is leaky 
or (2), the rolling circle-type replication (RCR) of the pSH71 replicon on the expression 

Fig 2. The effect on intracellular TAMRA signals of treating L. lactis with lysozyme prior to FISH. (A) 
Scatter box plots depicting the average TAMRA levels (in arbitrary units, AU) of gfp12bs mRNA in GFP-
expressing cells of L. lactis NZ9000(pLG-GFP) treated or not with lysozyme prior to spFISH (****, t-test, p 
< 0.0001). Each grey dot represents one cell. Indicated are the mean value of the complete population and 
the corresponding standard deviations. (B) TAMRA levels (in AU) of probes hybridized to gfp12bs mRNA 
in single-cells (grey dots) of L. lactis NZ9000(pLG-GFP), plotted as a function of the corresponding GFP 
intensity (in AU) of each cell, with (right panel) or without lyszoyme treatment (left panel) prior to spFISH. 
GFP and TAMRA show an improved correlation (r2) in treated cells compared to untreated cell. Solid black 
line = linear regression.
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vector pNZ8048 creates single strand (ss) DNA that is complementary to the RNA FISH 
probes 287. To determine whether the observed foci contain mRNA molecules or replicating 
plasmids, non-induced cells were treated with RNase I, DNase I or rifampicin. Most foci 
disappeared after DNase I treatment, but not after treatment with RNase I or rifampicin, 
indicating that they represent ssDNA of replicating plasmids rather than mRNA molecules 
(Fig 3A). Hence, the use of the ms2 probes without treatment of DNase I does not inform 
on the location of transcripts when they are expressed from RCR plasmids. 

The ms2 probe was designed to bind the MS2 binding site: it hybridizes to the short 
hairpin in the RNA that interacts with MS2 (Fig 3B). The hairpin structure has a melting 
temperature of 36.8 ºC, but the addition of 40% formamide in the hybridization buffer 
used in the FISH protocol leads to a theoretical reduction to 28.8 ºC. This would lead to 
a loss of the stem-loop structure when probe hybridization is carried out at 30 ºC. The 
formamide-driven decrease in melting temperature should suffice to melt all RNA hairpin 
loops, while probe hybridization to the unfolded RNA structures is maintained. To ensure 
that all target RNA sequences are available for the probes, the cells were treated with DNase 
I to remove target DNA and heated to 70 ºC prior to probe hybridization. Moreover, a 568-
nm laser in combination with maximum laser power (150 mW) was employed to obtain 
bright signals, allowing capturing single foci that may correspond to single transcripts 
(Fig 3C). To address the question whether these foci are merely caused by non-specific 
binding or the consequence of genuine hybridization between the ms2 probe and its RNA 
target (the MS2 binding site), the average number of TAMRA fluorophores per focus was 
approximated. We assumed that fluorescent spots disappearing in a single step – that is, 
from one frame to the next - represent single TAMRA molecules that had entered a dark 
state by photobleaching. These spots were collected, after which the average brightness 
produced by a single TAMRA molecule in L. lactis was estimated (Fig 3D). This value 
(4000 AUs) was used to calculate the number of TAMRA molecules in the spots of DNase 
I-treated cells (Fig 3D, E). Under optimal conditions, the 12bs-array hybridizes to twelve 
ms2 probes, which, assuming that all probes are indeed conjugated to two TAMRA 
fluorophores, would lead to the presence of twenty-four TAMRA molecules per transcript. 
Since the ms2 probe is conjugated to two TAMRA molecules, fluorescent foci that carried 
less than three TAMRA molecules were regarded to be background noise due to non-
specific binding of one single probe. These foci were excluded from the data set (Fig 3E). 
After exclusion of spots containing less than three or more than twenty-four TAMRA 
molecules, 50% of the spots remained (Fig 3E). By doing so, on average seven TAMRA 
molecules were detectable after hybridization, which is far less than the maximum 
theoretical incorporation of twenty-four TAMRA molecules. We concluded that the low 
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Fig 3. Evaluation of spFISH for the detection of single mRNA molecules in single cells of L. lactis. 
(A) Exemplary micrographs showing the distribution of TAMRA fluorescence signals after spFISH in 
non-induced cells of L. lactis NZ9000(pLG-BcaP) (left panels). Merge: false-coloured overlays of TAMRA 
fluorescence (red) and phase-contrast (cyan) pictures. From bottom to top, cells were incubated with 
DNase I, rifampicin, RNase I or neither of the three. (-) = Non-induced cells. (B) Schematic representation 
of the ribonucleotide sequence and structure of the MS2-binding stem loop. The nucleotides to which 
the ms2 probe anneals are depicted in yellow. (C) DNase I and heat-treated (melt), non-induced L. lactis 
NZ9000(pLG-BcaP) cells visualized with phase contrast microscopy and 645-nm lasers to detect remaining 
TAMRA signals corresponding to putative single mRNA#1 molecules. Left panel: typical distribution of 
TAMRA fluorescence inside single L. lactis cells. Right panel: false-coloured overlay of putative mRNA 
molecules (red) and cell contour in phase-contrast (cyan). (-) = Non-induced cells. (D) Scatter dot plots 
showing the fluorescence brightness of spots corresponding to single TAMRA dyes or to fluorescent foci 
with signals from multiple TAMRA probes detected in non-induced L. lactis NZ9000(pLG-BcaP) cells 
treated with DNase I prior to spFISH. Indicated are the mean values of the complete population and the 
corresponding standard deviations. (E) Scatter dot plots of the estimated numbers of TAMRA dyes that 
were detected in each fluorescent spot present after cells were treated with DNase I. Horizontal bars indicate 
the mean values of the two populations. The obtained fluorescence brightness of each spot was divided by 
the mean brightness corresponding to one single TAMRA fluorophore (4000 AUs). The ‘All’ column shows 
the estimated TAMRA numbers of all spots represented in D, whereas the ‘≥3’ column depicts only those 
spots with signals above background (those that have incorporated three or more TAMRA fluorophores). 
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and heterogeneous hybridization efficiencies and/or quenching of the TAMRA-labeled 
probes complicated their distinction from background noise and thereby the possibility to 
quantify the number of transcripts per detected spot. 

Evaluation of the MS2 system for visualization of overproduced transcripts in living 
L. lactis cells

The MS2 phage coat protein (MS2) and its RNA binding sequence (see above) have 
been used to visualize transcripts in living cells of E. coli, Caulobacter crescentus and 
Bacillus subtilis 99,276,282,283,288. MS2 recognizes its target RNA sequence as a dimer 289. 
The construction of a single-chain tandem dimer of MS2 enhanced binding to reporter 
mRNA 290. As full-length MS2 is prone to aggregation above a certain concentration, 
an aggregation-deficient variant of MS2, MS2ΔA, was developed that lacks the domain 
required for self-assembly 283,291. However, aggregation-deficient MS2 showed reduced 
RNA binding capacities 276. To set up the MS2 system in L. lactis, we therefore first 
examined the expression and localization of various MS2 proteins in this organism. We 
fused the genes of various MS2 variants to that of a monomeric version of a superfolder 
GFP (sfGFPm; V206K substitution) that optimally performs in L. lactis (sfGFP(Bs)) 271. 
The two proteins in a chimera were connected via a flexible peptide linker. Besides the 
aggregation-prone full-length MS2 protein (MS2wt), its dimerized version (MS2dwt) and the 
assembly-deficient MS2 protein (MS2ΔA), we constructed a tandem dimer of aggregation-
deficient MS2 (MS2dΔA; Fig 4A). The latter combination combines the benefits of reduced 
aggregation and enhanced binding to its target RNA. The respective ms2-gfp genes were 
placed under control of PnisA on plasmid pNZ8048 and introduced in L. lactis NZ9000. 
To examine the basal expression levels of the chimeric proteins and corresponding self-
assembly propensities, each MS2-GFP protein (designated MG1 to MG4; Fig 4A) was 
overexpressed in L. lactis NZ9000 from plasmid pNZ8048 using the standard induction 
regime. Surprisingly, single cells expressing the tandem dimer of MS2 (MG2 and MG4) 
possessed enhanced fluorescence compared to those expressing monomeric MS2 variants 
(MG1 and MG3; Fig 4B, C). Fluorescence microscopy revealed that extended (>1 hr) and 
high (>5 ng ml-1 nisin) expression resulted in aggregation of full-length but not of the 
aggregation-deficient MS2 variants (Fig 4D), which led us to discard the use of MG1 and 
MG2. Although cells expressing MG3 show reduced fluorescence compared to MG4 (Fig 
4B, C), the number of monomeric MS2 variants that can bind to the 12bs-array is twice 
that of the dimeric versions leading to, in theory, an increased signal-to-noise ratio. As 
mentioned above, a tandem repeat of MS2 adopts its dimeric structure at higher rates and 
was therefore found to have a more stable and enhanced binding affinity 290. Hence, MG3 
and MG4 were selected for further realization of the MS2-system in L. lactis. 
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Fig 4. Evaluation of the performance of overexpressed MS2-GFP variants in single L. lactis cells. (A) 
Schematic representation of the MS2-GFP variants used in this study. Besides the aggregation-prone full-
length MS2 protein, MS2wt (MG1), its dimerized version, MS2dwt (MG2) and the assembly-deficient MS2 
protein MS2ΔA (MG3), a tandem dimer of the assembly-deficient MS2 variant was constructed, MS2dΔA 
(MG4). All of these MS2 proteins were fused, via a flexible linker, to a monomerized version of a superfolder 
GFP (sfGFPm; V206K substitution). The genes of each of these fusion proteins were placed under the 
nisin-controllable L. lactis promoter (PnisA) (right-bent arrow) and were followed by two consecutive 
transcriptional terminators (lollipops). Green rectangle, gfp gene; White rectangle, full-length ms2 gene; 
Hatched rectangle, aggregation-deficient ms2 gene. (B) Distributions of GFP fluorescence in single cells 
after 1-hr-overexpression of one of the four MG variants as measured with fluorescence microscopy. (C) 
Fluorescence micrographs of control cells and of cells expressing one of the four MG variants. Each MG 
protein was overexpressed for 1 hr in L. lactis NZ9000 from pNZ8048 by the addition of 5 ng ml-1 nisin 
to cells at mid-exponential phase to examine basal MS2-GFP expression levels and their self-assembly 
propensities. (D) Fluorescence micrographs of cells overexpressing aggregation-prone MG1 or MG2 and 
aggregation-resistant MG4 for 2 hrs with 10 ng ml-1 nisin. 
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Depending on the purpose of previous studies, between six and ninety-six MS2 binding 
sites were introduced either on the 5’- or 3’-end of transcripts 99,276,283. We chose to introduce 
arrays of six or twelve MS2 binding sequences (abbreviated to 6bs or 12bs) immediately 
downstream of the stop codon at the 3’-UTR of the transcripts in order to solely visualize 
fully transcribed mRNA molecules (Fig 5A). As we aim to examine a (membrane) protein 
overexpression system, we anticipated that one of these short arrays would suffice to 
obtain a good signal-to-noise ratio. The nisin-inducible PnisA was employed for expression 
of both MS2-GFP protein and the mRNA under study. The major pitfall of this approach 
is that expression of both elements cannot be modulated separately. On the other hand, 
we reasoned that the intracellular expression ratio between MS2-GFP and target RNA 
would be more or less constant when using the same inducible promoter (Fig 5B). This is 
illustrated by single-cell measurements of eYFP and mKate2 co-expression from pIL253 
or pNZ8048, respectively, of which the genes were both placed under the control of PnisA 

(Fig 5B). This is especially useful when the level of expression is heterogeneous, which 
is a characteristic of many inducible promoters, including PnisA 

44. Initially, both elements 
were cloned downstream of two separate promoters located on a pNZ8048-derived duet 
gene expression vector (P2nis; kindly provided by A. Steen, Fig 5C). Unfortunately, dual 
gene expression led to an imbalance of available MS2 binding sequences and MS2-GFP 
proteins after certain induction levels were reached. This resulted in aggregate formation 
as well as high background fluorescence caused by a surplus of unbound MS2-GFP 
molecules (Fig 5D). Therefore, the MG3 or MG4 DNA fragment (Fig 4A) including PnisA 
and a transcriptional terminator was introduced in single-copy in the pseudo10 locus on 
the chromosome of L. lactis NZ9000, creating strain LG009 and LG010, respectively (Fig 
5D) 292. The net fluorescence of these and previous strains were compared after standard 
induction. The chromosomal integration of the genes for the MS2-GFP variants led to 
an order of magnitude reduction in fluorescence per cell compared to expression from 
pNZ8048 (Fig 5D). A pNZ8048 vector containing the L. lactis codY gene (mRNA#3) 
extended with the 6bs or 12bs-array was introduced in L. lactis LG009 and LG010, after 
which fluorescence was examined upon similar induction conditions (Fig 5E and F). 
From these data we conclude that the highest signal-to-noise ratio was obtained using L. 
lactis LG010 in combination with a gene carrying a 12bs-array.

Localization patterns of mRNA#1 obtained with the MS2 system in L. lactis LG010 were 
certified with TAMRA-labeled FISH probes targeting the MS2-binding sites (the 12bs-array 
in mRNA#1). The TAMRA signals colocalized with MG4 (Fig 6A), although a correlation 
between GFP and TAMRA levels appeared to be absent. Binding of MG4 proteins to the 
hairpin loops in the 12bs-array could prevent proper hybridization of ms2 FISH probes, 
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Fig 5. Experimental set-up and optimization of MS2-based visualization of overexpressed mRA in 
single L. lactis cells. (A) Representation of the experimental set-up of MS2-based mRNA tagging in L. 
lactis. The MS2-GFP variant (MG3 or MG4) and the target RNA are both placed under control of PnisA (right 
turn arrow). An array of six (6bs) or twelve (12bs) MS2 binding sequences (lila box) was introduced behind 
the stop codon (red dot) at the 3’-UTR of the studied transcripts (gene X; white box). Each transcript was 
also extended with a 24-nt sequence coding for the StrepII-tag (WSHPQFEK; purple box). (B) The level of 
intracellular eYFP fluorescence as a function of the intracellular mKate2 fluorescence in L. lactis NZ9000. 
Both fluorescent proteins were placed under the control of the PnisA, but mKate2 was expressed from a pIL253 
vector, whereas eYFP was expressed from pNZ8048. (C) Left panel: Schematic representation of the pNZ-
derived duet gene expression vector initially employed to realize co-expression of MG4 and target RNA 
to establish an equivalent gene dosage of the two components. Right panels: Fluorescence micrographs in 
which cells are depicted that display aggregated MS2-GFP and high background fluorescence caused by a 
surplus of unbound MS2-GFP. 
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which would inherently mean that not all RNA binding sites are bound by MG4. This is in 
agreement with previous studies 290,293. Although the results validate the use of MS2-tagging 
in L. lactis to study the in vivo localization and dynamics of overexpressed transcripts, 
we realize that this method is quite invasive and, moreover, could increase transcript 
lifetime. To investigate the effect of MS2-GFP binding on the mRNA#1 degradation rate, 
cells expressing mRNA#1 in the presence or absence of MG4 were treated with rifampicin 
to halt transcription. mRNA#1 transcript degradation curves were obtained using FISH 
(Fig 6B). In both cases, a comparable half-life was measured. Colocalization of MG4 with 
TAMRA probes remained after extended rifampicin treatment, while fluorescent signals 
of MG4 did not diminish after addition of rifampicin, but increased due to additional GFP 
maturation (data not shown). 

Finally, the spatiotemporal behaviour of MG4-bound mRNA#1 was examined in L. lactis 
LG010. Expression of mRNA#1 and MG4 was induced by the addition of nisin to a final 
concentration of 5 ng ml-1 for 1 hr. Cells then were transferred to a microscope slide 
covered with 1.5% agarose in 1×PBS (pH 6.8) with 1% glucose but lacking nisin. Cells 
were kept at 30 °C and time-lapse movies were taken at a frame rate of 10 min to follow 
the localization over time of MS2-GFP in the absence of inducer. The disappearance of 
mRNA#1 was demonstrated by the loss of typical mRNA-bound MS2-GFP signal patterns, 
which was accompanied by a consequent homogeneous re-distribution of MG4 signal in 
the cell (Fig 6C). The homogenous distribution was either maintained or altered whenever 
mRNA#1 expression presumably became re-initiated. The latter, can, in theory, be caused 

Fig 5. Continued (D) Left panel: Schematic overview of the optimized MS2 system in which a MG3 
or MG4 DNA fragments is placed in single-copy in the pseudo10 locus on the chromosome of L. lactis 
NZ9000. Right panel: Fluorescence micrographs depicting L. lactis strains LG009 and LG010, co-expressing 
MG3 or MG4, respectively, with codY mRNA extended with either the 6bs- or 12bs-tail from the multi-
copy pNZ8048 plasmid. (E) Fluorescence intensities of L. lactis NZ9000 cells expressing MG3 or MG4 
from pNZ8048 (pNZ), L. lactis LG009 or LG010 cells expressing MG3 or MG4 from a chromosomal locus 
(pse10) or L. lactis LG009 or LG010 cells expressing MG3 or MG4 and at the same time overexpressing 
target mRNA from pNZ8048 (pse10+). (F) To discriminate which MS2-GFP protein showed the highest 
signal-to-noise ratios, several rims were drawn over fluorescent pictures of the cells as depicted in the left 
panel. The graph in the right panel shows the fold changes of fluorescence measured along the inner rim 
(1) compared to the fluorescence measured over the outer rims (3 and 4) for LG009 and LG010 strains 
expressing transcripts with either the 6bs- or 12bs-tail. Control cells (LG010 strain expressing only MG4) 
display a homogeneous distribution of free MS2-GFP in the cytoplasm, which yields relatively high levels 
of fluorescence along rim 1 compared to the outer rims, leading to rim ratios below 1. In case mRNA with 
MS2 stem loops are co-expressed, MS2-GFP was found to be excluded from the centre of the cells. The level 
of this effect is represented by the 1:4 and 1:3 ratios of the remaining strains, in which high ratios above 1 
are indicative of high signal-to-noise ratios. 
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by residual free nisin still present in the liquid medium during the transfer of cell culture 
to the agarose patch on the microscopy slide. 

Fluorogen-binding aptamers and the detection of overexpressed mRNA in L. lactis 

The advantage of FISH technologies is that they yield high signal-to-noise ratios. A 
drawback, however, is that cells require fixation. The use of protein-aptamer pairs is 
functional in living L. lactis (see above), but is instead limited by the high background noise 
and the relatively long maturation times of the fluorescent proteins. Alternative methods 
have recently emerged that employ fluorogen-binding aptamers. These RNA structures 
increase or activate the fluorescence of small organic fluorogens upon interaction with the 
latter. To examine whether mRNA labeling based on such systems could be used for our 
purposes, we explored two types of fluorogen-binding aptamers: the Spinach aptamer and 
the malachite green aptamer (MGA) 277,281. Because of its typical dense polar localization 
(see above), mainly mRNA#2 was used as model transcript to evaluate the feasibility of the 
two aptamers.  

Multiple repeats of the Spinach aptamer increase brightness

Spinach was the first aptamer-ligand system compatible with imaging of RNA in vivo 277. 
The original Spinach sequence is ~100 nts long and folds into a G-quadruplex structure 
(Fig 7A) 294,295. The fluorogen 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) 
resembles the GFP fluorophore core (Ser65-Tyr66-Gly67). Binding of Spinach to DFHBI 
results in a conformational change of the latter, rendering the complex fluorescent. We 
initially appended transcripts with one Spinach aptamer sequence between the stop codon 

Fig 6. Effect of MS2-GFP binding on mRNA localization and degradation. (A) Fluorescence images 
depicting the localization patterns of mRNA#1 captured simultaneously in L. lactis LG010 with the MS2 
system spFISH. (B) Degradation curves of mRNA#1 with or without the presence of bound MS2-GFP 
(MG4) proteins. (C) Fluorescence snap-shots of the spatiotemporal behaviour of mRNA#1 bound by MS2-
GFP in L. lactis LG010. 
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of the coding region and the transcriptional terminator of mRNA#2 (Fig 7A). This set-
up did not yield clear DFHBI fluorescence even though the number of target transcripts 
should be abundant after nisin-controlled overexpression (Fig 7B). 

The original Spinach aptamer is rather unstable in a cellular environment and is dependent 
on high magnesium concentrations, a neutral pH and a tRNA scaffold to stabilize the 
fluorogen-interacting structural fold 296. Later on, the tRNA portion appeared to enhance 
degradation of the aptamer and was therefore omitted in our studies 297. Moreover, 
since L. lactis grows optimally at 30 °C, the aptamer is expected to have better folding 
kinetics and stability in L. lactis than in E. coli and eukaryotic cells, which are grown at 
37 °C. In an attempt to functionalize Spinach, two, four or eight tandem repeats of the 
aptamer were designed and constructed as follows. Using the Vienna RNAfold server, a 
spacer sequence was designed to promote optimal folding of the aptamer. The tRNA-less 
Spinach repeats, alternated by spacer sequences, were transcriptionally fused to mRNA#2. 
DFHBI fluorescence activation was captured using fluorescence microscopy of cells that 
were induced following a standard induction scheme. Indeed, greater levels of DFHBI 
fluorescence were observed when more Spinach repeats were present on the transcripts 
(Fig 7B).  To determine the optimal DFHBI concentration, cells expressing mRNA#2 with 
eight Spinach repeats were incubated with 5, 50 or 500 μM of DFHBI (Fig 7C). The fact 
that 500 μM DFHBI yielded the brightest signal seems to indicate that DFHBI could be 
limiting at lower concentrations. Changing the magnesium concentration or external 
pH did not further alter signal output (data not shown). Interestingly, fluorescence 
patterns similar to those observed with the MS2 and FISH methods were observed in 
cells expressing mRNA#1 and mRNA#2 with eight Spinach repeats incubated with 200 μM 
DFHBI (Fig 7D). Unfortunately, the method is rather unreliable as similar experiments 
performed on different days yielded varying outcomes. This is probably due to instability 
in the folding of Spinach, making the system as we employed it subordinate to the MS2 
and FISH methods described above. 

Malachite Green non-specifically interacts with bacterial DNA

Upon binding to the Malachite Green aptamer (MGA), the triarylmethane dye Malachite 
Green (MG) shows a 2000-fold increase in fluorescence 281. The 38-nts-long MGA is 
mainly used for in vitro assay for the detection of RNA while its use in living cells has 
gained limited attention 298–300. To examine if MGA can be employed to detect mRNA 
in L. lactis, the DNA sequence corresponding to one MGA was inserted in mRNA#1 
and mRNA#2, between the stop codons of the respective genes and their transcriptional 
terminators (see Methods). After standard induction to initiate transcription of MGA-
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Fig 7. Evaluation and optimization of the Spinach aptamer for mRNA detection in single cells of L. 
lactis. (A) Schematic representation of the detection of mRNA with Spinach aptamer(s) and 3,5-difluoro-
4-hydroxybenzylidene imidazolinone  (DFHBI). Spinach aptamer(s) (light blue) were transcriptionally 
fused downstream of gene X, within the region containing the stop codon (red dot) and the transcriptional 
terminators (lollypop structures). Gene X carries an additional C-terminal translational fusion to the 
StrepII-tag (purple). The expression module was placed on pNZ8048, under the control of the nisin-
inducible PnisA (right bend arrow). After initiation of transcription with nisin, DFHBI is added to the 
culture. DFHBI readily permeates the cell envelope and fluoresces (green diamond) upon interaction with 
the Spinach aptamer(s). (B) Micrographs of L. lactis NZ9000 cells expressing mRNA#2-S1x (1X), mRNA#2-
S2x (2X), mRNA#2-(4X) or mRNA#2-(8X), incubated with a final concentration of 200 μM DFHBI. Upper 
row: phase contrast (PC) images of the cells. Second row: FITC images adjusted to optimal fluorescence 
intensity of mRNA#2-S1x (1X) expressing cells (boxed in red). Third row: FITC images adjusted to optimal 
fluorescence intensity of mRNA#2-S4x (4X) expressing cells (boxed in red). (C) Micrographs of cells of 
L. lactis NZ9000 expressing mRNA#2-S8x (8X) incubated with 5, 50 or 500 μM DFHBI. First row: phase 
contrast (PC) images. Second row: FITC images adjusted to optimal fluorescence intensity of untreated 
cells. Third row: FITC images adjusted to optimal fluorescence intensity for cells incubated with 500 μM 
DFHBI. (D) Comparison of subcellular fluorescence patterns of mRNA#1 and mRNA#2, as visualized by 
the MS2 system, employing the 12bs-extended transcript and MG4 or using eight Spinach-repeats. 
Note that fluorescence intensities of the pictures are not comparable. Scale bars: 2 μm.
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tagged mRNA#1 or mRNA#2, transcripts were only detected if polar mRNA clusters were 
formed, suggesting that large quantities of transcripts with MGAs are required to obtain 
a distinguishable signal (Fig 8A). Unfortunately, MG appeared to stain DNA when added 
to high concentrations, staining chromosomal DNA (Fig 8A, B). In our studies, cells were 
treated with 1-2 uM MG 10 min prior to imaging. When cells were incubated with 200 nM 
MG instead, transcripts could not be clearly visualized. Shorter incubation time improved 
imaging results (Fig 8C). The formation of signals at the chromosomal area after prolonged 
incubation could be observed with MG concentrations as low as 200 nm data (data not 
shown). Taking snap-shots of cells after MG addition could be a feasible alternative, but 
would provide the same static information as FISH, which typically generates far better 
signal-to-noise ratios. 

Discussion

Research concerning the biology of L. lactis has primarily focused on the ensemble 
response of the microorganism. These studies have revealed important insights in 
response and population dynamics. Recently, methods have been developed that enable 
studying promoter activity in individual L. lactis cells 292, uncovering striking bistable 
features of bacterial decision-making 261. In order to add to the techniques that allow 
studying individual L. lactis cells, we have developed and thoroughly evaluated three 

Fig 8. Malachite green fluorescence is partially caused by non-specific activation by unknown cellular 
compounds localized in the nucleoid. (A) Fluorescence micrographs of L. lactis NZ9000 cells expressing 
mRNA#1 or mRNA#2 extended with MGA at their 3’-ends and incubated with 2 µM MG for 10 min prior 
to imaging. (B) Exemplary pictures of single cells of L. lactis NZ9000 expressing mRNA#1 or mRNA#2 
extended with a 12bs-appendix (no MG aptamer present) and incubated for 10 min with 2 µM MG. (C) 
Comparison of subcellular fluorescence patterns of mRNA#1 in L. lactis NZ9000 or LG010, as visualized 
with the MG aptamer in combination with 1 µM MG (< 10 min incubation) or with the MS2 system, 
respectively. PC = phase contrast images. Cy5 = malachite green. FITC = MS2-GFP. Scale bars: 2 μm.

MGA + 2 µM MG 12bs-tail + 2 µM MG
MGA-tail 
1 µM MG

12bs-tail
1 µM MG
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mechanistically different methods to quantify as well as to localize mRNA, namely RNA 
FISH, the protein-based MS2 system and the Spinach and Malachite Green aptamers. 
These different technologies were met with varying degrees of success. We did not employ 
methods that are based on protein complementation, since the long maturation time of 
split fluorescent proteins would obstruct directly analysing the fate of transcripts inside 
single cells.

I. Fluorescent in situ hybridization (FISH) 

The major advantage of FISH above other mRNA visualization techniques is the possibility 
to study native transcripts in single cells without the need to genetically insert tags that may 
influence dynamics, degradation or localization of the transcripts under study. Moreover, 
correct probe design and hybridization procedures allow for mRNA quantification and 
the detection of single mRNA molecules. The group of Golding recently published an 
elaborate protocol for smFISH in E. coli, which is based on the method initially developed 
by Raj and Van Oudenaarden 279,280. A drawback of any FISH method is the fact that 
bacterial cells need to be permeabilised and chemically fixed to allow probe penetration 
and hybridization, which precludes live cell imaging. Therefore, information about 
intracellular mRNA movement is lost. Methods such as microinjection, transfection and 
pore formation can be employed to deliver non-permeable FISH probes in eukaryotic 
cells. Delivery of fluorescent tags to E. coli cells is feasible 301–303, but this has not yet been 
combined with the introduction of modified FISH probes into living bacterial cells. 

In our evaluation of spFISH, we used one dual-labeled FISH probe targeting the ms2-
array, instead of thirty to forty gene-specific probes, for two main reasons. First, only 
one probe has to be synthesized, which is more economic, especially when studying 
multiple transcripts. Equally important, labeling and hybridization kinetics to various 
transcripts can be kept constant due to the use of the same batch of probes. Second, it 
allows examining identical transcripts with both FISH and the MS2 system. We could thus 
compare the results obtained by two methods and obtain information about transcript 
quantity by FISH and their dynamics in living cells via MS2-labeling. A similar strategy 
has been employed previously by Nevo-Dinur and colleagues as a control for the MS2-
based tagging 99. In addition, high-throughput RNA labeling was achieved by fusing the 
yfp gene to each gene under study 285. The yfp gene then served as a target for FISH probes 
to quantify all encoded proteins and corresponding transcripts in single E. coli cells.

We achieved high signal-to-noise labeling with spFISH after overexpression of transcripts 
containing 3’-UTR 12bs-appendices. Importantly, the localization patterns and 
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degradation rates of two different transcripts appeared to be independent of the probes 
that were used or the presence of the ~1000-nts-long 12bs-tail. This indicates that the 
genetic attachment of a long extension at the 3’-UTR of the transcripts does not severely 
influence the endogenous parameters of the studied transcripts. Because the orange-
fluorescent TAMRA dye was chosen for detection, mRNA can be visualized together 
with 4’,6-diamidino-2-phenylindole (DAPI) staining and GFP-tagged proteins. As proof-
of-principle, GFP proteins were covisualized with their corresponding 12bs-extended 
transcripts. It should be emphasized that the cell wall of Gram-positive bacteria influences 
the accessibility of probes into the cell. Therefore, lysozyme treatment prior to standard 
ethanol permeabilization in the FISH protocol is a prerequisite to obtain an accurate 
correlation between mRNA and protein overexpression levels. Such correlations are not 
obtained when low transcript numbers are present in single cells due to a higher impact 
of stochastic events 285. Introducing a lysozyme treatment is probably a requirement for 
successful FISH in all Gram-positive bacteria that have a relatively thick cell wall. 

Since the L. lactis NICE system for induced overexpression was found to be slightly leaky 
304, we attempted to visualize single mRNA molecules in non-induced L. lactis cells with 
the same strategy as was used to detect overexpressed transcripts. In theory, optimal 
hybridization of the dual-labeled ms2 probe to the 12bs-array would yield a 24:1 signal-to-
background ratio and twelve-fold-amplification of the fluorescence signal compared to non-
specific interaction of a single probe. This optimum will hardly ever be reached, however, 
as a consequence of inefficient probe labeling and hybridization 268. Unfortunately, the foci 
observed with conventional fluorescence microscopy appeared to correspond to probes 
that had annealed to ssDNA created during rolling circle replication of the gene expression 
vector pNZ8048. After rigorous DNase I treatment and upon maximal excitation of the 
cells with a 547-nm laser, TAMRA fluorescence could still be detected. Several of these 
foci remained after correcting for non-specific signals and were found to contain multiple 
hybridized probes. The number of hybridized probes per transcript greatly varied. 
Therefore, it was impossible to determine the exact signal intensity corresponding to one 
molecule and to acquire the number of transcripts per focus. We found that on average 
seven TAMRA dyes were present per foci (or transcript), which is far below the theoretical 
twenty-four. It is likely that probe annealing or delivery has been insufficient. Moreover, 
the TAMRA fluorogens of the dual-labeled probes as well as of probes themselves are in 
close proximity (20-nts apart). This could lead to partial quenching of TAMRA signals. 
Further optimization is clearly required to reliably detect single mRNA molecules using 
spFISH. For instance, transcripts can be expressed from the chromosome instead of RCR 
plasmids to reduce probe hybridization to DNA. Alternatively, careful control experiments 
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and DNase I treatment are required to discriminate between fluorescent spots resulting 
from non-specific binding or corresponding to single mRNA molecule. Finally, singly 
labeled probes may be more suitable for the detection of single mRNA molecules, as they 
would not suffer from possible intra- and/or intermolecular dye quenching. This strategy 
would probably require the introduction of an alternative or longer hybridization scaffold 
to achieve constructive signal-to-noise ratios. 

II. The MS2 system

Depending on the purpose of the study, different levels of success were obtained when 
the MS2 strategy was implemented to detect transcripts in bacteria 99,276,283,288. The most 
important factor appeared to be the number of the examined transcript per cell. It was 
estimated that native transcripts are typically reach in 0.1 and 1 copies per E. coli cell 
285. This number can increase up to >3000 when genes are placed under the strong T7 
promoter to achieve protein overexpression 305. Generally, single-molecule imaging of 
low abundant transcripts is more complicated due to high background fluorescence of 
unbound MS2-GFP proteins, which preclude capturing genuine signals corresponding 
to single mRNA molecules. Targeting of residual MS2-GFP proteins to the nucleus 
circumvents the high background signal arising from unbound MS2-GFP proteins in 
eukaryotic cells, but no such compartmentalization is present in the small prokaryotic 
cells. Hence, one has to find a balance between available MS2 binding sites, the affinity 
of MS2 to RNA and the number of MS2 proteins expressed per cell, which makes the 
technology dramatically more complex. The introduction, for instance, of a large array 
of MS2 binding sites to a transcript alleviates target fluorescence above the background 
signal, but the binding of many MS2-GFP proteins results in mRNA degradation rates 
that greatly deviate from the natural situation 276,282,283. Alternatively, the number of MS2-
GFP molecules has to correspond to the number of MS2 binding sites on the RNA. This 
requires a priori estimation of the number of produced transcripts, careful fine-tuning 
of MS2-GFP expression and taking into account the binding kinetics of the MS2 variant 
employed 290.

Wild type MS2 proteins only assemble into dimers at concentrations below 1 μm in which 
state they bind RNA stem-loops with high specificity 306. At higher concentrations, MS2 self-
assembles into the icosahedral virus particle and induces the formation of polar artefacts 
in bacteria (This study, 276,282,283). Assembly-deficient MS2 is therefore often employed for 
RNA labeling, also in bacteria 283,307. The dimerization association constant of wild type 
MS2 is rather weak (± 400 nM) in a cellular environment 290. At lower concentrations, MS2 
displays heterogeneous and low binding site occupancy 290. This was partially relieved by 
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the construction of a tandem MS2 dimer, which is readily available for interaction with 
cognate RNA 276,290. 

Because different versions of MS2 have been used in previous studies, we decided to first 
select the optimal MS2 variant for mRNA localization in L. lactis. In addition to three 
MS2 variants available from literature (wild type monomeric, dimeric and aggregation-
deficient), we constructed a tandem dimer of the aggregation-deficient MS2 protein. 
As expected, the latter combines the advantages of diminished aggregation at high 
concentrations with increased dimer availability and, thus, performed best in L. lactis. 
Additional adjustments had to be made to functionalize the MS2 method for detection of 
abundant transcripts in L. lactis. A monomeric sfGFP was employed that shows increased 
brightness in the oxygen-limited L. lactis cell and has a reduced chance to engage in 
GFP-GFP interactions 271,308. The ratio between target RNA and available MS2-GFP was 
kept constant by placing the expression of their respective genes under the control of the 
same nisin-inducible promoter PnisA. Furthermore, by placing the PnisA:ms2-gfp expression 
cassette on the chromosome of L. lactis, the amount of MS2-GFP was reduced by a log-
fold, which was required to fine-tune the balance between the fusion protein and the 
number of MS2 binding sites on the target transcripts. Together, these modifications 
allowed visualizing overexpressed transcripts tagged with twelve MS2 binding sites at 
different nisin concentrations and induction times. Interestingly, we were also able to 
follow the disappearance of transcripts after gene expression had terminated, which, to 
our knowledge, is the first time that this phenomenon has been visualized in bacteria by 
live-cell MS2 imaging. It should be emphasized, however, that the system developed here 
can only be used for the visualization of highly abundant mRNAs and to obtain a rough 
approximation of the corresponding dynamics as signal-to-noise ratios remained too low 
to detect single transcripts.

To date, the MS2 system is the most widely employed technique for RNA visualization in 
living cells. This has been one of the main drivers to explore its feasibility in bacterial cells. 
As the system still has its drawbacks, especially in bacteria, alternative analogous systems 
have been explored, such as the PP7 coat protein (PCP), the eIF4A protein, the λ22 protein 
and their cognate RNA stem-loop structure 290,309,310. The use of PCP seems very suitable 
for live-cell RNA tagging because the protein displays higher protein dimerization rates 
and protein-RNA association rates 290. Therefore, less PCP has to be expressed to reach full 
occupancy of its cognate RNA binding sites. The better binding kinetics of PCP will likely 
increase signal-to-background ratios above those that are maximally achievable with the 
MS2 system 290. 
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III. Fluorogen-binding Spinach and Malachite Green aptamers

The last decade has seen a rapid upsurge in the use of aptamers for fluorescent imaging of 
mRNA or to detect metabolites 277,296,305,311–318.  Reliable aptamer-fluorophore-based RNA-
tagging systems require small-molecule fluorogenic dyes that display low background 
fluorescence and only marginally interact with other molecules in the cell. Ideally, such 
fluorogens only fluoresce upon target binding. Currently, the discovery of fluorophores 
with such properties constitutes the main rate-limiting factor for the development of new 
RNA-fluorophore complexes. 

At the initiation of the current study, Spinach was the only aptamer-fluorophore-based 
method proven to be functional in living HEK293T and E. coli cells 277. The DFHBI-Spinach 
complex showed very promising in vitro fluorescence properties but its use in visualizing 
RNA species in living cells was still very much in its infancy. Optimized versions of the 
DFHBI-binding aptamer as well as variants of DFHBI are now available. As discussed, 
the Spinach structure itself suffers from folding instability and is highly dependent on 
specific magnesium concentrations and adjacent stabilizing structures to accomplish 
DFHBI fluorescence 296,313. This explains our limited success with RNA labeling using a 
single a Spinach repeat. We therefore examined whether an increase in the number of 
Spinach repeats could enhance in vivo DFHBI signal brightness. In agreement with our 
data, a recent study determined that a tandem array consisting of multiple Spinach-repeats 
allowed for enhanced DFHBI fluorescence. Each duplication of the Spinach sequence led 
to an approximately 1.6-fold increase in fluorescence signal 302. Low numbers of transcripts 
in single E. coli cells were clearly observed when they contained thirty-two repeats and 
excitation settings were changed to pulsed illumination, as DFHBI quickly disassociates 
from Spinach upon high laser excitation power and continuous wave illumination 319. We 
did not perform pulsed illumination microscopy, but such an approach might elevate the 
Spinach signal in L. lactis cells. 

More stable DFHBI-binding RNA structures such as Spinach2 and Broccoli have been 
developed recently 296,311–313,320. These improved structures are less dependent on specific 
environmental factors for binding to and activating the fluorophore. In an attempt to 
develop an aptamer with optimal in vivo folding kinetics, the Broccoli aptamer was selected 
due to its capability to form a fluorescing complex with DFHBI specifically in a cellular 
background 296,297,311.  Fluorogenic DFHBI has excitation and emission maxima of 469 nm 
and 501 nm, respectively, which are slightly blue-shifted compared to the spectra of GFP. 
Standard FITC/GFP filter settings are thus not sufficient for optimal DFHBI excitation. 
A slightly red-shifted and brighter version, DFHBI-1T, binds to the same set of aptamers 
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and is a promising substitute for DFHBI as DFHBI-1T is more compatible with standard 
filter sets 313. 

Due to the limited success met with Spinach, we explored the feasibility of the relatively 
short 34-nts MG aptamer.  Due to the propensity of MG to non-specifically bind to DNA 
after prolonged induction times, we concluded that MGA is not suitable as a tool for single-
cell monitoring of subcellular mRNA localization. The same conclusion was reached for 
MGA-based tagging inmammalian CHO cells in which 4×MGA-RNA could only be 
traced up to 10 min after the addition of MG (at 10 μM) as the background fluorescence 
quickly became too high 321. A closer look shows that this background fluorescence only 
occurred in the nucleus, another indication that MG has undesirable affinity for DNA 321. 
Possibly, alternative derivatives of MG could be developed with reduced in vivo DNA-
binding affinity. 
 

Conclusion

Four methods based on three mechanistically different techniques were examined for 
the visualization of mRNA molecules in single L. lactis cells. Importantly, our goal was 
to monitor transcripts that are produced as a result from overexpression. The fact that, 
consequently, many copies of the same transcript were available for labeling resulted in 
the successful implemention of MS2-tagging for live-cell imaging of RNA. Furthermore, 
spFISH was found to be a powerful method to quantify mRNA. The combination of 
spFISH and MS2-labeling therefore allows following the fate of abundant mRNAs in single 
L. lactis cells. Nevertheless, visualizing single mRNA molecules using spFISH appeared 
to be more cumbersome than initially expected and careful control experiments are 
required to validate spFISH results. Lastly, both the Spinach and the MG aptamer-based 
systems were used to visualize mRNA in living L. lactis cells. Although signals indicative 
of mRNA were observed, the several major drawbacks discussed above made us prefer the 
MS2 system in combination with spFISH for the experiments presented in the following 
chapters. Recently, several similar and alternative techniques have been developed for the 
visualization of cellular RNA that may entail improvements of the techniques explored 
here. An overview of these techniques and their applicability in bacteria is given in 
Chapter 3 of this thesis.
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Methods

Bacterial strains, media and culture conditions

All bacterial strains as well as cloning and expression vectors used in this study are listed in 
Table S1.  In general, standing cultures of Lactococcus lactis NZ9000 and derivative strains 
were grown at 30 °C in Difco™ M17 medium (BD, Franklin Lakes, NJ, USA) containing 
0.5% (w/v) glucose (GM17). Chloramphenicol and/or erythromycin were added to 
GM17 at a final concentration of 5 µg ml-1 or 3 µg ml-1, respectively, when required. For 
fluorescence analyses, L. lactis strains were typically grown in chemically defined medium 
with 0.5% glucose lacking riboflavin (GCDM*) 322. The generation of knock-ins in the L. 
lactis NZ9000 chromosome was performed essentially as described 323. SA medium with 
0.5% (w/v) glucose supplemented with 20 µg ml-1 5-fluoro-orotic acid (5-FOA; Sigma-
Aldrich, St. Louis, MO, USA) as a sole pyrimidine source was used for counter-selection 
of colonies carrying the required knock-in construct. For cloning purposes, Escherichia 
coli DH5α (Life Technologies, Gaithersburg, MD, USA) was grown aerobically at 37 °C in 
LB medium. When required, erythromycin or ampicillin at a final concentration of 150 
or 100 µg ml-1, respectively, was added to the medium. All antibiotics were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). 

Recombinant DNA techniques and oligonucleotides

Oligonucleotides employed in this study are listed in Table S2 and were purchased from 
Biolegio BV (Nijmegen, The Netherlands). Nucleotide sequencing was performed at 
Macrogen Europe (Amsterdam, the Netherlands). Standard molecular cloning techniques 
were accomplished as described 324. Genomic L. lactis MG1363 DNA was isolated using 
the Wizard® Genomic DNA Purification Kit (Promega Life Sciences, Madison, WI, 
USA). Plasmids were isolated and purified using the High Pure Plasmid Isolation kit 
(Roche Applied Science, Mannheim, Germany). PCR products were purified with the 
PCR Purification kit (Roche Applied Science) or the NucleoSpin® Gel and PCR Clean-
up kit (Macherey-Nagel, Düren, Germany). Restriction enzymes were purchased from 
Fermentas (Thermo Fisher Scientific Inc, Waltham, MA, USA). PCR reactions were 
performed with Phusion (Fermentas) or DreamTaq (Fermentas) polymerase according 
to the manufacturer’s protocol. Homemade PfuX7 polymerase (kindly provided by 
Morten HH Nørholm, DTU, Denmark) was used to prepare DNA fragments for uracil-
excision DNA-based engineering. In this case, PCR fragments were mixed and treated 
with the USERtm enzyme mixture (New England Biolabs, Ipswich, MA, USA)). The 
USER-treated DNA mixtures were directly transformed into competent L. lactis or E. coli 
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cells. Competent E. coli cells were transformed using heat-shock. Electrocompetent L. 
lactis cells were transformed using electroporation with a Bio-Rad Gene Pulser (Bio-Rad 
Laboratories, Richmond, CA). 

Construction of L. lactis NZ9000 strains expressing MS2-GFP variants. The gene 
encoding a superfolder GFP optimally performing in L. lactis 271 was amplified from 
pSEUDO::Pusp45-sfgfp(Bs) using primers pTE186 and pTE187, thereby extending 
the encoded protein at its N-terminal end with a flexible polylinker sequence 
(AGSGGEAEA). The amplified fragment and the plasmid pNZ8048 were cleaved with 
PstI and SpeI and ligated, yielding pLG-01. The gfp gene on pLG-01 was subjected to 
site-directed mutagenesis in order to obtain a monomeric version of GFP using primer 
set pLVG042A/pLVG043A. The amplified fragment was treated with USERtm and used 
to transform competent L. lactis NZ9000, yielding pLG-01m. Various MS2-GFP versions 
were constructed as follows: Full-length (MS2wt) and aggregation-deficient (MS2ΔA) MS2 
variants were amplified from pZA25GFP 99, a kind gift of Orna Amster-Choder, or pMS2-
GFP 293, a kind gift from Robert Singer (Addgene plasmid #27121), respectively, using the 
primer set pMS2_FB_NcoI and pMS2_RB_PstI. A tandem dimer of full-length (MS2dwt) 
or aggregation deficient (MS2dΔA) MS2 variants was obtained by amplification, using 
primer sets pMS2_FB_NcoI/MS2D_R_NheI and pMS2D_F_NheI/pMS2_RB_PstI, from 
pZA25GFP and pMS2-GFP, respectively, yielding MS2fl_up, MS2fl_down, MS2dA_up 
and MS2dA_down. These fragments were digested with NheI, after which MS2fl_up and 
MS2dA_up were ligated to MS2fl_down and MS2dA_down, respectively. The monomeric 
and dimeric ms2 genes were subsequently cleaved with NcoI and PstI and ligated into 
pLG_01m digested with the same enzymes, yielding the following plasmids: pLG-
MG1, pLG-MG2, pLG-MG3 and pLG-MG4. See Fig 4A for an overview. PnisA followed 
by the genes of the two variants of aggregation-deficient ms2-gfp and the transcription 
terminator from pNZ8048, were concomitantly amplified from pLG-MG3 and pLG-MG4 
using the primer pair pBvdZ001 and pBvdZ002. The DNA fragments were cleaved with 
AvaI and BamHI, ligated in properly digested pSEUDO10 292 and introduced in E. coli 
DH5α, yielding pSEUDO10:mg3 and pSEUDO10:mg4. pSEUDO10:mg3 or pSEUDO:mg4 
were introduced in the silent pseudo10 locus of L. lactis NZ9000 by electroporation as 
previously described 292,323. A second recombination step removed all plasmid sequences, 
leading to a clean, single-copy knock-in of PnisA-mg3 or PnisA-mg4 in the chromosome of 
L. lactis NZ9000. The resulting strains, LG009 and LG010, produce, upon the addition 
of nisin, an aggregation-deficient MS2 protein or a dimerized and aggregation-deficient 
MS2 protein C-terminally fused to a monomeric superfolder GFP variant. The dimerized 
aggregation deficient MS2-GFP fusion was selected for further use and is referred to as 
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MS2-GFP in the following chapters of this thesis. 

Construction of p2NIS for the dual expression of MS2-GFP variants and transcripts 
extended with 6 MS2 binding sites. A DNA fragment containing 6 tandem repeats of 
the MS2 binding site was amplified using primers pLVG015b and pLVG016 from pSL-
MS2-6x, a gift from Robert Singer (Addgene plasmid #27118), restricted with SacI and 
XhoI and inserted downstream of the second PnisA on pRE2NIS (a kind gift from A. Steen) 
digested with the same restriction enzymes. The bcaP gene (llmg_0118; ctrA) was amplified 
from L. lactis MG1363 chromosomal DNA with primers pLVG017 (EcoRI site overlapping 
the bcaP start codon) and pLVG018 (SacI site and a STREPII-tag coding sequence). The 
fragment was digested and inserted upstream of the 6xbs on pRE2NIS via EcoRI/SacI 
digestion. A fragment containing the PS1Δ9 gene was amplified from pNZ-PS1Δ9 using 
primers pLVG019 and pLVG020 and inserted in a similar fashion as described for bcaP in 
pRE2nis-6x. Subsequently, the mg3 or mg4 gene, containing MS2ΔA-GFP or MS2dΔA-GFP, 
respectively, was released from pLG-MG3 or pLG-MG4 via NcoI and XhoI digestion, and 
inserted downstream of the first PnisA of the pRE2nis-derived vectors, yielding pRE-mg3-
bcaP(6x), pRE-mg3-PS1(6x), pRE-mg4-bcaP(6x) and pRE-mg4-PS1(6x). pRE-derived 
vectors only replicate in E. coli and not in L. lactis. Therefore, vector backbone exchange 
was applied with the pERL plasmid as essentially described 55, yielding p2NIS-mg3-
bcaP(6x), p2NIS-mg3-PS1(6x), p2NIS-mg4-bcaP(6x) and p2NIS-mg4-PS1(6x) in L. lactis 
NZ9000.

Nisin-inducible genes containing MS2 binding sites. We used identical 5’ and 3’ 
sequences across all transcripts in our study, which allowed us to specifically study the 
role of the coding regions. The bcaP gene (llmg_0118; ctrA) was amplified from L. lactis 
MG1363 chromosomal DNA with primers pLVG017b (NcoI site overlapping the bcaP start 
codon) and pLVG018b (BamHI site and a STREPII-tag coding sequence). The amplified 
fragment was restricted with NcoI and BamHI and inserted into pSL-MS2-12x, a gift from 
Robert Singer (Addgene plasmid #27119), immediately upstream of the 12 MS2 binding 
sites in this plasmid. The resulting vector was restricted with NcoI and SpeI, after which 
the DNA fragment containing the bcaP gene fused to the 12 MS2 binding sites was ligated 
into pNZ8048, resulting in pLG-BcaP. pLG-BcaP was used to create pLG-PS1Δ9 and pLG-
CodY as follows: A DNA fragments carrying codY (llmg_0172) was amplified from L. 
lactis MG1363 chromosomal DNA using primer pair pLVG028b/pLVG029b, respectively.
The human PS1Δ9 gene was amplified from pNZ-PS1Δ9 using primers pLVG019b and 
pLVG020b. All fragments and pLG-BcaP were restricted with NcoI and BamHI. Ligation of 
the fragments with NcoI/BamHI treated pLG-BcaP and transformation in LG010 yielded 
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the plasmids pLG-PS1Δ9 and pLG-CodY. The 12 MS2 binding sites on pLG-CodY were 
subsequently replaced by a DNA array containing 6 MS2 binding sites located on pSL-
MS2-6x (A kind gift of R. Singer; Addgene plasmid #27118). Both plasmids were restricted 
with BamHI and SpeI, after which the DNA fragment carrying the 6 MS2 binding sites 
was ligated into pLG-CodY, yielding pLG-codY6bs. pLG-GFP was constructed by uracil 
excision-based cloning. The backbone of pLG-BcaP without the bcaP gene was amplified 
using pLVG071 and pLVG121. The gfp gene was amplified from pSEUDO::Pusp45-
sfgfp(Bs), using primer set pLVG120/pLVG122. The fragments were treated with USERtm 
as described previously and introduced into competent L. lactis NZ9000. 

Construction of pNZ and pIL253 for the expression of mKate2 and eYFP. pNZ-mK2 
and pNZ-eYFP were constructed by amplification of the mKate2 gene from pUC57-
mKate2 (A gift from K. Beilharz) and of the eYFP gene from pUC57-YFP (A gift from 
R. Detert Oude Weme), using primer pairs pLVG04b/pLVG05b and pLVG006/pLVG007, 
respectively. The PCR fragments as well as pNZ8048 were restricted with NcoI and XbaI 
after which each gene fragments was separately ligated into PNZ8048 and introduced in 
L. lactis NZ9000. pNZ-mK2, pNZ-eYFP and pIL253 were then restricted with BglII and 
XhoI and ligated to generate pIL-mK2 and pIL-eYFP. These vectors contain the complete 
PnisA expression cassette.

Construction of pNZ for the expression of transcripts extended with the Spinach 
aptamer(s). The multiple cloning site (MCS) on pUC18 was replaced with a MCS 
that is compatible with the BglII-BioBrick cloning approach 325, yielding pUC-
MCS. The primers pSZ003 and pSZ004, containing the sequence for Spinach as 
well as spacer sequences that were based on the spacer sequences between the 
MS2 binding site repeats, were hybridized, resulting in the following sequence 
of the leading strand: 5’-AACCCGCGAAGGGAGACGCAACTGAATGAA 
AAATGGTGAAGGACGGGTCCAGGTGTGGCTGCTTCGGCAGTGCAGCTTG 
TTGAGTAGAGTGTGAGCTCCGTAACTAGTCGCGTCACCATTAGATCC-3’.The 
hybridized product was introduced in pUC-MCS, creating pUC-S1x. To create pUC-
S2x, pUC-S1x was digested with BamHI and XhoI to obtain the vector backbone or with 
BglII and XhoI to obtain a single Spinach insert and these two fragments were ligated. 
To create pUC-S4x and pUC-S8x, the procedure was repeated using pUC-S2x or pUC-
S4x as template vectors, respectively. The various Spinach repeats were subsequently 
amplified with primers pSZ009 and pSZ010 and introduced in pLG-BcaP or pLG-PS1Δ9 
via backbone amplification with pSZ011 and pSZ012 and the USER method. In this way, 
the original MS2 binding sites were replaced with the single or tandem Spinach aptamer 
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repeats in the new vectors. 

Construction of pNZ for the expression of transcripts extended with 
the MG aptamer. The MS2 binding sites on pLG-BcaP and pLG-PS1Δ9 
were replaced by a sequence corresponding to one single MG aptamer 
(5’-GGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATC-3’) as follows: 
Plasmids backbones were amplified with primer pair pNZ-3MG-forward and pNZ-3MG-
reverse, treated with USER and introduced in L. lactis NZ9000, resulting in pLG-BcaP-
3MG and pLG-PS1Δ9-3MG, respectively. 

Preparation of L. lactis cells for fluorescence in vivo imaging of mRNA molecules

L. lactis cultures grown to stationary phase in GM17 with appropriate antibiotics were 
washed in sterile phosphate-buffered saline (1×PBS, pH 6.8) and inoculated 1:100 in 
GCDM* provided with chloramphenicol when required. Cultures were grown to an 
OD600 of ~0.4 at which point they were induced with nisin A (Sigma-Aldrich). The final 
concentrations of nisin are provided in the text. Expression was typically maintained for 
1 hr before cells were transferred to microscopy slides. To visualize transcripts tagged 
with the Spinach aptamer(s), induction was maintained for 30 min, after which the cells 
were incubated in the presence of 5, 50, 200 or 500 μM 3,5-difluoro-4-hydroxybenzylidene 
imidazolinone (DFHBI; Lucerna, New York, NY, USA) for another 30 min. For transcripts 
extended with the MG aptamer, Malachite Green oxalate salt (Sigma-Aldrich) was added 
to cells 50 min post-induction at a final concentration of 200 nM or 1 uM. After 10 min of 
incubation, cells were collected at low speed and washed with 1×PBS (pH 6.8) to remove 
residual Malachite Green prior to imaging. For in vivo fluorescence microscopy imaging, 
0.4 µl of a culture was transferred onto a microscopy slide that was prepared as follows: 
Multitest-slides (MP Biomedical, Santa Ana, CA) were cleaned using 5M KOH and 
MilliQ, after which they were coated with 1.5% agarose (Sigma-Aldrich) dissolved in fresh 
GCDM* (pH 6.8).

Preparation of cells for RNA FISH

For RNA FISH, performed essentially as described 279 and adapted for E. coli cells 280, 37% 
formaldehyde solution was directly added to the cell cultures to a final concentration 
of 3.7%, after which cells were incubated for 30 min at RT and washed twice with 
dyethylpyrocarbonate (DEPC)-treated 1×PBS (pH 6.8). If stated, cells were resuspended 
in 1×PBS (pH 6.8) containing 10 mg ml-1 lysozyme (Sigma-Aldrich), incubated for 30 
min at 37 °C, washed twice with 1×PBS (pH 6.8) and permeabilised in 70% ethanol for 
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60 min at RT. In addition, RNase I (50 ug ml-1; Roche Applied Science) or 5 uL DNase I 
(RNase free; Fermentas) was added during the lysozyme step if stated. In case cells were 
not treated with lysozyme, cells were directly permeabilised in ethanol. Permeabilised cells 
were washed twice with RNA FISH wash buffer (40% formaline and 2×SSC (150 mM 
NaCl, 15 mM sodium citrate, pH 7.0) in DEPC-treated MilliQ), resuspended in RNA FISH 
hybridization buffer (10% (w/v) PEG6000 (Sigma-Aldrich), 2 mM vanadyl ribonucleoside 
complex (VRC, 200 mM; New England Biolabs), 1 mg ml-1 yeast RNA, 40% formaline 
and 2×SSC in DEPC-treated MilliQ) containing 1 mM of each FISH probe and incubated 
for 16 hrs in a water bath at 30 °C. Prior to imaging, excess probe was removed by two 
washings with 200 μl RNA FISH wash buffer. Finally, the cells were resuspended in 2×SSC 
and transferred to a microscopy slide coated with 1.5% agarose dissolved in 1×PBS. The 
oligonucleotide probes used are summarized in Table S3. All probes were purchased from 
Biolegio BV and were covalently linked at both ends to carboxytetramethylrhodamine 
(TAMRA) dyes. The ms2 probe was designed to specifically hybridize to each of the 12 
MS2 binding sites fused to the 3’-ends of overexpressed transcripts, leading to a theoretical 
24-fold amplification of the signal. The three bcaP-FISH or PS1Δ9-FISH probes were 
designed to anneal next to each other, targeting the middle of the protein-coding region 
of the respective transcripts.

Determination of mRNA degradation rates 

To determine the degradation rate of overexpressed transcripts, the mRNAs were 
produced for 1 hr in the presence nisin at a concentration of 5 ng ml-1. Rifampicin (200 µg 
ml-1; Sigma-Aldrich) was then added to completely inhibit transcription. Cells were fixed 
at increasing time points after rifampicin addition (0, 1, 2, 4, 8, 16, 32 and 64 min) and 
prepared essentially as described in the previous section. 

Fluorescence microscopy

All micrographs were obtained with a Personal Deltavision or DeltaVision Elite inverted 
Olympus IX71 epifluorescence microscope (Applied Precision, GE Healthcare, Issaquah, 
WA, USA). Both microscopes are equipped with a stage holder, a climate chamber and a 
seven-colour InsightSSI Solid-State Illumination module. The Personal Deltavision was 
equipped with a CoolSNAP HQ2 camera (Photometrix, Tucson, AZ, USA), while the 
DeltaVision Elite was equipped with an sCMOS camera (PCO AG, Kelheim, Germany), as 
well as 405 nm (100 mW), 488 nm (100 mW), 568 nm (150 mW) and 640 nm (100 mW) 
laser modules. A 100×-phase-contrast objective (NA 1.4, oil-immersion, DV) was used 
for image capturing, in combination with SoftWorX 3.6.0 software (Applied Precision) 
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to control the microscope setup and to perform single-time-point or time-lapse imaging 
of cells. The following standard fluorescence filter sets were used to visualize GFP and 
Spinach-DFHBI, excitation at 475/28 nm and emission at 525/48 nm; TAMRA/TRITC, 
excitation at 542/27 nm and emission at 597/45 nm and Malachite Green, excitation at 
575/25 nm, emission at 679/34 nm, all using a polychroic beam splitter suitable for DAPI, 
FITC, TRITC, Cy5. To capture eYFP (excitation at 438/24 nm and emission at 548/48 nm) 
and for mKate2 (excitation at 573.5/33 nm and emission at 607.5/19 nm) fluorescence, 
a polychroic beam splitter suitable for CFP/eYFP/mCherry was used. TAMRA signals 
were captured with an exposure time of 1 or 5 sec, whereas MS2-GFP fluorescence was 
imaged with 0.5 to 1 sec exposure times. DFHBI fluorescence was captured with exposure 
times ranging between 0.1 to 0.5 sec, while Malachite Green fluorescence was captured 
with 1 sec exposure time. Maximum transmission of the light source was maintained for 
all exposure settings. If stated in the Figure legends, deconvolution was performed using 
SoftWorX 3.6.0 software.

Fluorescence measurements using a plate reader

L. lactis cells grown to stationary phase in GM17 with appropriate antibiotics were washed 
in sterile 1×PBS (pH 6.8) and inoculated 1:100 in GCDM* with chloramphenicol. The 
diluted cultures were then divided in 200-µL quintuples over a transparent 96-wells 
plate. The cultures were grown at 30 °C to mid-exponential phase (equivalent to an OD600 
of ~0.4) and induced with nisin at a final concentration of 5 ng ml-1. Fluorescence was 
followed with an Infinite F200 plate reader (Tecan Group Ltd., Männedorf, Switzerland) 
equipped with a GFP filter set (excitation: 485 nm; emission: 535 nm) using I-control 
1.10.4.0 software (Tecan Group Ltd.). GFP signals were collected as top readings with a 
gain setting of 60. OD600 top readings were used to correct for GFP fluorescence. 

Data analysis

Data plotting and statistical analyses were performed in GraphPad Prism. MATLAB-based 
(Mathworks, Natick, MA, USA) MicrobeTracker software was used to automatically track 
cell contours 326 (www.microbretracker.org). ImageJ (http://imageJ.net) was used to detect 
and measure the intensity of fluorescent spots and together with MicrobeTracker, used to 
measure fluorescence inside single cells. Spot detection was performed using the ImageJ 
plug-in ISBatch 327. In short, each spot inside a cell mesh was fitted to 2D-gaussian function. 
The obtained parameters from the ISBatch plug-in were used to calculate the intensity (I) of 
fluorescent spots using I = πw²h. w = Full-width at half-maximum (FWHM); h = height or 
maximum of Gaussian fit parameter. To obtain mRNA degradation curves, total TAMRA 
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signals per cell minus background were extracted using MicrobeTracker. Bootstrapping 
(5 × 500 randomly picked cells per population) was performed to examine the accuracy 
of the sampling distribution. Single exponential decay curves described by N(t) = N0e

-

λt were fitted to the averages of normalized median values obtained from independent 
experiments. Transcript half-lives were calculated from the decay coefficients (λ) using t½ 

= ln(2)/λ.
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Supplementary data

Table S1. Strains and plasmids used and contructed in this chapter. Abr = Antibiotic 
resistance marker. Cm = Chloramphenicol, Ery = Erythromycin, Amp = Ampicillin. References 
to research papers introducing employed strains and plasmids are given as PMID numbers 

Strain Species Genetic marker(s) Abr Reference
NZ9000 L. lactis MG1363 pepN::nisRK - PMID: 8837421

LG009 L. lactis NZ9000 pseudo10::PnisA-MS2ΔA-sfgfpm - This chapter

LG010 L. lactis NZ9000 pseudo10::PnisA-MS2dΔA-sfgfpm - This chapter

DH5α E. coli fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17

- PMID: 8479929

Plasmid Host Description Abr Reference
pNZ8048 L. lactis NICE (nisin-controlled expression) system Cm PMID: 8837421

pERL L. lactis Vector backbone exchange with pRE-constructs Ery PMID: 17643108

pRE2NIS E. coli pRE-vector containing two nisA promoters Amp A. Steen

pUC18 E. coli Amp PMID: 6323249

pUC-MCS E. coli pUC18 with a BlgII-brick compatible multiple cloning site Amp This chapter

pSEUDO E. coli L. lactis integration vector Ery PMID: 21764949

pSEUDO::Pusp45-sfgfp(Bs) E. coli L. lactis integration vector Ery PMID: 23956387

pSEUDO10:mg3 E. coli L. lactis integration vector; NICE of MS2ΔA-sfGFPm Ery This chapter

pSEUDO10:mg4 E. coli L. lactis integration vector; NICE of MS2dΔA-sfGFPm Ery This chapter

pRE-mg3-bcaP(6x) E. coli pNisAI: MS2ΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Amp This chapter

pRE-mg3-PS1(6x) E. coli pNisAI: MS2ΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Amp This chapter

pRE-mg4-bcaP(6x) E. coli pNisAI: MS2dΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Amp This chapter

pRE-mg4-PS1(6x) E. coli pNisAI: MS2dΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Amp This chapter

p2NIS-mg3-bcaP(6x) L. lactis pNisAI: MS2ΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Cm This chapter

p2NIS-mg3-PS1(6x) L. lactis pNisAI: MS2ΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Cm This chapter

p2NIS-mg4-bcaP(6x) L. lactis pNisAI: MS2dΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Cm This chapter

p2NIS-mg4-PS1(6x) L. lactis pNisAI: MS2dΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Cm This chapter

pLG-BcaP L. lactis NICE of bcaP(strepII)12bs Cm This chapter

pNZ-BcaP-H6 L. lactis NICE of BcaP-H6 Cm PMID: 21818275

pLG-PS1Δ9 L. lactis NICE of PS1Δ9 (strepII)12bs Cm This chapter

pNZ-PS1Δ9 L. lactis NICE of H10-PS1Δ9 of H. sapiens Cm PMID: 21904605

pLG-GFP L. lactis NICE of gfp12bs Cm This chapter

pLG-01 L. lactis NICE of sfgfp(Bs) with N-terminal with a polylinker Cm This chapter

pLG-01m L. lactis pLG-01 with monomeric sfgfp(Bs) Cm This chapter

pLG-CodY L. lactis NICE of codY(strepII)12bs Cm This chapter

pLG-codY6bs L. lactis NICE of codY(strepII)6bs Cm This chapter

pLG-MG1 L. lactis NICE of MS2wt-sfGFPm Cm This chapter

pLG-MG2 L. lactis NICE of MS2dwt-sfGFPm Cm This chapter

pLG-MG3 L. lactis NICE of MS2ΔA-sfGFPm Cm This chapter
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Plasmid Host Description Abr Reference
pLG-MG4 L. lactis NICE of MS2dΔA-sfGFPm Cm This chapter

pZA25GFP E. coli contains gene for full-length MS2 protein, MS2wt Amp PMID: 21350180

pMS2-GFP E. coli contains gene for aggregation-deficient MS2 protein, MS2ΔA Amp PMID: 12546792

pSL-MS2-6x E. coli contains sequence with 6 MS2 binding sites Amp PMID: 9809065

pSL-MS2-12x E. coli contains sequence with 12 MS2 binding sites Amp PMID: 9809065

pSL-bcaP-MS2-12x E. coli pSL-MS2-12x with bcaP upstream of 12 MS2 binding sites Amp This chapter

pSL-PS1-MS2-12x E. coli pSL-MS2-12x with PS1Δ9 inserted of 12 MS2 binding sites Amp This chapter

pNZ-mKate2 L. lactis NICE of mKate2 Cm This chapter

pIL-mKate2 L. lactis NICE of mKate2 from pIL253 Ery This chapter

pNZ-eYFP L. lactis NICE of eYFP Cm This chapter

pIL-eYFP L. lactis NICE of eYFP from pIL253 Ery This chapter

pUC-S1x E. coli pUC-MCS with one Spinach repeat Amp This chapter

pUC-S2x E. coli pUC-MCS with two Spinach repeats Amp This chapter

pUC-S4x E. coli pUC-MCS with four Spinach repeats Amp This chapter

pUC-S8x E. coli pUC-MCS with eight Spinach repeats Amp This chapter

pNZ-BcaP-S1x L. lactis NICE of bcaP(strepII)1xSpinach Cm This chapter

pNZ-BcaP-S2x L. lactis NICE of bcaP(strepII)2xSpinach Cm This chapter

pNZ-BcaP-S4x L. lactis NICE of bcaP(strepII)4xSpinach Cm This chapter

pNZ-BcaP-S8x L. lactis NICE of bcaP(strepII)8xSpinach Cm This chapter

pNZ-PS1Δ9-S1x L. lactis NICE of PS1Δ9 (strepII)1xSpinach Cm This chapter

pNZ-PS1Δ9-S2x L. lactis NICE of PS1Δ9 (strepII)2xSpinach Cm This chapter

pNZ-PS1Δ9-S4x L. lactis NICE of PS1Δ9 (strepII)4xSpinach Cm This chapter

pNZ-PS1Δ9-S8x L. lactis NICE of PS1Δ9 (strepII)8xSpinach Cm This chapter

pLG-BcaP-3MG L. lactis NICE of bcaP(strepII)MGA Cm This chapter

pLG-PS1Δ9-3MG L. lactis NICE of PS1Δ9 (strepII)MGA Cm This chapter



74

Table S2. Oligonucleotides. Underlined nucleotides are restriction sites (RS) of given enzymes.

NameRS Sequence (5' → 3')
MS2-FB NcoI GCGCCATGGCTTCTAACTTTACTCAG 

MS2-RB PstI CGCTGCAGGTAGATGCCGGAGTTTGCTGCGA

MS2D-F NheI CTGCTAGCATGGCTTCTAACTTTACTCAGTTCG

MS2D-R NheI GCGCTAGCGTAGATGCCGGAGTTTGCTGC

pBvdZ001 XmaI CGCCCCGGGCCCCGTTAGTTGAAGAAGG

pBvdZ002 BamHI GCGGGATCCGTCCTTTAATTGGTGGACAAATTTA

pLVG004B NcoI GCCCATGGCAGAACTTATCAAGGAAAATATGC

pLVG005B XbaI CGTCTAGACCTTATTATTAACGGTGTCCC

pLVG006 NcoI GCCCATGGTGAGCAAGGGCGAGGAGCTGTTCACC

pLVG007 XbaI GCTCTAGATCATTATTACTTGTACAGCTCG

pLVG017 EcoRI CGGAATTCATGGGATTTATGAGAAAAGCCG

pLVG017b NcoI CGCCATGGGATTTATGAGAAAAGCCG

pLVG018 SacI, SphI CGGAGCTCTTATCATTTTTCAAATTGAGGATGTGACCAAGCAGCATGCTTCTTTTTGCGACGATTTCC

pLVG018b BamHI, EcoRI CGGGATCCTTATCATTTTTCAAATTGAGGATGTGACCAAGCAGAATTCTTCTTTTTGCGACGATTTCC

pLVG019 EcoRI CGGAATTCATGGGTGGTGGATTTGC

pLVG019b NcoI CGCCATGGGTGGTGGATTTGCTACAG

pLVG020 SacI, SphI CGGAGCTCTTATCATTTTTCAAATTGAGGATGTGACCAAGCATGCCCTTGGAAGTATAAATTTTCG

pLVG020b BamHI, EcoRI CGGGATCCTTATCATTTTTCAAATTGAGGATGTGACCAAGAATTCCCTTGGAAGTATAAATTTTCG

pLVG028b NcoI CGCCATGGCTACATTACTTGAAAAAAC

pLVG029b BamHI, EcoRI CGGGATCCTTATCATTTTTCAAATTGAGGATGTGACCAAGAATTCAAATTACGTCCAGCAAG

pLVG042A CAACTCAAAGCAAATTATCAAAAGACCCAAATGAAAAGCG

pLVG043A GGGTCTTTTGATAATTTGCTTTGAGTTGATAAATAATGG

pLVG120 ATGTGACCACTTUTAAAGCTCATCCATGCC

pLVG121 TAAGTGGTCACAUCCTCAATTTGAAAAATG

pLVG122 AGGCACTCACCAUGGCAAAAGGAGAAGAGCTG

pNZ-3MG-forward ATTCGTTACCUGGCTCTCGCCAGTCGGGATCCCTGGGCCCGGAGCTCTTATC

pNZ-3MG-reverse AGGTAACGAAUGGATCTTGAAACGTTCAATTGAAATGGC

pSZ003 ATTCAGTTGCGUCTCCCTTCGCGGGTTTGGAGATCTGAATTCGTAATCAT

pSZ004 AACTAGTCGCGUCACCATTAGATCCGCAGGATCCGATATCCCGGGCTC

pSZ005 ATGGGCCCGGAGCUCTTATCAT 

pSZ006 AGCATGCGCGGCUTGAAACGTTCAATTGAAATGGC

pSZ007 AGCTCCGGGCCCAUGATTACGAATTCAGATCTC

pSZ008 AGCCGCGCATGCUCGAGCCCG

pTE186 PstI GGCCGCTGCAGGCGGGATCTGGTGGAGAAGCTGAAGCTAAAGGATTGAAAGGAGAAGAGCTGTTCA
CAGG

pTE187 SpeI CGACCTTGACTAGTGCTCATTATTACTTATAAAGCTCATCCATGC
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Table S3. Sequences of FISH probes.

Probe name Sequence (5' → 3')
ms2 probe TAMRA-5'-CTGCAGACATGGGTGATCCTC-3'-TAMRA

bcaP_probe4 TAMRA-5'-GCCAACAAAGGCAACAGCAA-3'-TAMRA

bcaP_probe5 TAMRA-5'-CACCATCTGTACCAAAAGGG-3'-TAMRA

bcaP_probe6 TAMRA-5'-GCCGAGAGCAAAATGACCAA-3'-TAMRA

PS1_probe4 TAMRA-5'-GTCGTCCATTAGATAATGGC-3'-TAMRA

PS1_probe5 TAMRA-5'-TATTTCAATGTCAGCTCCTC-3'-TAMRA

PS1_probe6 TAMRA-5'-TGACTTAATGGTAGCCACGA-3'-TAMRA
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Abstract

To be able to visualize the abundance and spatiotemporal features of RNAs in bacterial 
cells would permit obtaining a pivotal understanding of many mechanisms underlying 
bacterial cell biology. The first methods that allowed observing single mRNA molecules 
in individual cells were introduced by Singer and colleagues in 1998 328,575. Since then, a 
plethora of techniques to image RNA molecules with the aid of fluorescence microscopy 
has emerged. Many of these approaches are useful for the large eukaryotic cells but their 
adaptation to study RNA, specifically mRNA molecules, in bacterial cells progressed 
relatively slow. Here, an overview will be given of fluorescent techniques that can be used 
to reveal specific RNA molecules inside fixed and living single bacterial cells. It includes a 
critical evaluation of their caveats as well as potential solutions.
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Introduction

The rapid development and implementation of fluorescence microscopy techniques has 
led to the realization that, even in tiny bacterial cells, key molecular processes can be 
highly orchestrated and organized to temporarily or statically occur at specific subcellular 
sites 342–344. Most macromolecules, such as lipids, ribosomes, proteins, plasmids, 
metabolites and RNA species move in varying diffusive states with different velocities in a 
crowded environment 355. Therefore, the improvement of old and the advancement of new 
fluorescence-based tools to study molecular mechanisms and concurring macromolecules, 
while maintaining their spatial and temporal context, in individual bacterial cells are of 
prime importance to further expand our understanding of bacterial cell biology. This 
is also true for techniques to visualize and study events resulting from transcriptional 
and post-transcriptional regulation, which is ideally achieved by following single RNA 
molecules over time in living cells.

During the first decade of the 21st century, the field of focus in molecular microbiology 
research has encompassed a switch from population-wide cell biology to single-cell and 
single-molecule analyses. It is evident that this transformation could only have been 
achieved by the rapid development of powerful techniques that have allowed scientists to 
zoom into cells at increasing resolutions. Single-molecule localization in cells can nowadays 
be achieved by a variety of techniques such as photoactivated localization microscopy 
(PALM)329, stochastic optical reconstruction microscopy (STORM) 330,331, structured 
illumination microscopy (SIM) 332–334, and point-scanning methods like stimulated 
emission-depletion (STED) microscopy 335,336. Improved epifluorescence microscopes 
are key in these current advances and techniques such as electron microscopy (EM) and 
atomic force microscopy (AFM) have further aided in resolving cellular structures in great 
detail. Besides advances in hardware and software, the discovery and further optimization 
of a wide range of fluorescent proteins and fluorophores that collectively cover a broad 
photophysical range have aided in these rapid developments 337. Proteins can be imaged 
in living cells by fusing them to these fluorescent marker proteins, of which GFP is the 
showpiece. Therefore, what is being visualized under the microscope comes close to what 
actually is taking place in cells in real life. The use of fluorescent proteins has led to a major 
understanding of how protein-driven processes in cells are organized in a spatiotemporal 
fashion and how analogous processes can differ between different bacterial species. 
For instance, the mechanisms underlying cell division and chromosome segregation in 
Escherichia coli, Bacillus subtilis, Caulobacter crescentus and Streptococcus pneumoniae 
have been elucidated in great detail using fluorescently tagged proteins 338–341. 



80

The development of techniques to image transcripts rather than proteins at the single 
cell level has progressed much slower. Initially, gene expression, like many other cellular 
processes, could only be studied in cultures of cells and, thus, in an ensemble fashion. In 
the latter approach, total RNA is usually extracted from tissue samples or cell cultures, 
after which it is further analyzed by Northern blotting, quantitative reverse transcriptase 
(qRT)-PCR, DNA microarrays or RNA-sequencing. This type of data yields important 
information but typically represents averaged and normalized values that cannot be 
regarded as quantitative or absolute. In addition, ensemble RNA measurements do 
not provide information on cell-to-cell variations in RNA content and intracellular 
spatiotemporal distributions of transcripts. Biological processes such as transcription are 
inherently stochastic and can show great differences within clonal populations, such as 
bacterial cultures 345. Tissues comprised of different cell types show even greater variations 
in gene expression; this information is averaged out when pooling RNA from multiple 
cells. 

Fluorescent reporter protein fusions have also been employed to monitor the transcriptional 
activity of various promoters and to study the timing and level of gene expression in 
individual bacterial cells. In this way, the appearance of stochasticity and bistability in 
monoclonal bacterial populations of gene promoters as well as stress responses or changes 
in transcriptional activity could be elucidated at the single-cell level 261,346–351. Although 
such fluorescent reporters are valuable tools for monitoring the activity of bacterial gene 
expression, they generate indirect and delayed information since the reporter proteins have 
to be translated, folded and fully matured before becoming fluorescent 352. Moreover, the 
number of expressed genes that can be studied simultaneously is limited and fluctuations 
in expression within individual cells are hard to measure due to the stability of fluorescent 
proteins. Recently, next-generation sequencing has allowed transcriptome profiling at the 
single-cell level. Methods for single-cell RNA-seq in bacteria are under development. As 
of yet, these are technically very challenging because of the minute amounts of certain 
transcripts in single bacterial cells (< 0.5 copies per cell in E. coli) and therefore require 
a potentially bias-introducing pre-amplification step to prepare cDNA libraries 285,353,354. 

Fluorescent protein-based reporters of gene expression or RNA-seq can be used to quantify 
and time gene expression but the dynamics and spatial context of transcriptional and post-
transcriptional events are not preserved. Therefore, diverse methods have been developed 
to fluorescently label RNA molecules in individual cells and follow the fate of specific RNA 
species accordingly. Specifically, in vivo RNA-labeling and -imaging tools allow following 
the movement of transcripts inside eukaryotic cells over time and capturing transcription 
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and even translation of mRNA in vivo and at the single-cell level 58,361–36. It is now generally 
accepted that next to protein and DNA, mRNA molecules adopt typical subcellular sites 
in eukaryotic cells 356–358. Localization of mRNA depends on the speed of trafficking away 
from the site at which the transcripts are made, on the future destination of their products 
and/or their accumulation in RNA granules 359,360. The observed spatial organization is 
governed both by free diffusion and by the action of RNA-binding proteins (RBPs) that 
relocate transcripts from the nucleus to the correct destination in the cell. 

A variety of RNA-labeling methods similar to the ones employed in eukaryotic cells have 
been assessed in bacterial cells with a variety of outcomes as their applicability in bacterial 
cells has remained rather challenging 98,99,276,282,283,288,305,310,365–367. This is because only certain 
RNA-labeling methods are sensitive enough to detect native bacterial transcripts, many of 
which are characterized by transient lifetimes and low abundances. Despite their potential 
complications, methods that allow for studying RNA molecules in single cells represent 
a major advancement to study gene expression and the subsequent post-transcriptional 
status of these RNAs. For instance and importantly, different mRNA transcripts have 
been found to adopt distinctive subcellular sites in bacterial cells using RNA-labeling 
techniques 98,99,263,283,288. These findings emphasize, once again, the importance of studying 
spatiotemporal distribution of processes in single bacterial cells. A future goal would 
be, like in the eukaryotic system, to capture native production and diffusion of a single 
endogenous transcript in a living bacterial cell, as well as to obtain information on RNA 
translation or degradation and possibly other interactions in that single cell.

In what follows, we will provide an overview and discuss the current status of techniques 
that are used to image mRNA molecules in bacteria. Several approaches to tag RNA are 
available. These are based on three specific interactions of RNA with other macromolecules: 
Aptamer-protein interactions, aptamer-fluorophore interactions and nucleic acid-probe 
annealing. We will elaborate on advances and pros and cons of the various methods, 
detailing recent developments for in vivo studies on mRNAs in eukaryotic cells and their 
feasibility for use in bacterial cells.

I. RNA visualization techniques based on aptamer-protein 
interaction

A multitude of RNA-binding proteins (RBPs) recognizes distinct RNA sequences with 
high affinity. One of the first high-specificity RNA-RBP pairs that was characterized 
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originates from the E. coli MS2 phage 291,307,368,369. The MS2 phage coat protein (designated 
MCP or, here, MS2) constitutes the icosahedral coat of the phage particle; it also packages 
the virus RNA in the virus particle 368. Repression of translation initiation of the viral 
replicase gene occurs when MS2 binds, as a dimer, to a short hairpin loop located on the 
virus RNA 291,368,369. Realizing that this protein-RNA interaction could be used as a basis 
to tag other RNA species, Singer and co-workers fused MS2 to GFP 328. By introducing 
multiple repeats of the RNA hairpin structure recognized by MS2 in the 3’-UTR of the 
yeast ASH1 transcript they, and others, managed to visualize the hybrid RNA in living 
yeast cells 328,370. These studies paved the way for a plethora of follow-up experiments. The 
MS2 system is used in yeast cells to follow single mRNA molecules in space and time and 
is also employed in plant, bacterial and mammalian cells such as neurons 276,293,371,372. More 
recently, it has been adapted for transcript visualization in living transgenic zebrafish and 
developing Drosophila embryos 373,374. The MS2 system can be combined with analogous 
systems, such as PP7 coat protein (PCP) and lambda N protein in concert with their 
cognate aptamers, to study the spatiotemporal behaviour of multiple transcripts, at the 
same time, in living cells 375,376 In 2016, at least four groups introduced various techniques 
to track single mRNAs and translation thereof in vivo by simultaneously visualizing 
fluorescently tagged transcripts and their nascent peptides 58,361–364. A summary of all RBP-
aptamer pairs that have been used for the visualization of RNA molecules is given in Fig 1.

MS2-tagging in a bacterial perspective. Although protein-based RNA labeling is now 
widely employed in eukaryotic organisms, several caveats have thwarted the extensive 
use of MS2-based RNA labeling and similar systems in bacteria. The main problem is 
that most employ intact autofluorescent proteins, causing substantial background noise 
that obscures the proper visualization of single transcripts. The background noise is 
effectively reduced in eukaryotic cells by tagging unbound MS2-GFP proteins with a 
nuclear localization signal (NLS) sequence, which directs the surplus of NLS-MS2-GFP 
proteins to the nucleus 328. Such compartmentalization does not exist in bacteria and other 
approaches have therefore been explored to increase the signal-to-noise ratio in bacterial 
cells.

Golding and Cox were the first to successfully transfer the MS2 system to living E. coli cells 
to study transcription kinetics 276,282. The use of an array consisting of 96 MS2 binding sites 
(ms2) transcriptionally fused to the transcript under study resulted in sufficient fluorescent 
signal to visualize and follow single mRNA molecules over time in individual E. coli 
cells. In comparison, the incorporation of 24 binding sites typically suffices to monitor 
single transcripts in eukaryotic cells. It was recognized that extensive tethering of MS2-
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GFP reduces the diffusion rate of the transcript under study and renders the molecule 
perpetual 276,282,283,377. Golding and colleagues employed this transcript immortality to 
monitor transcription since it results in an additive increase of fluorescence signal that can 
be used to calculate the number of mRNA molecules produced over a set period of time 
282,378. Evidently, MS2-GFP-based mRNA labeling is not suitable to study highly dynamic, 
short-lived transcripts that are only present in small numbers. However, when MS2-GFP 
is expressed to the correct level in respect to available ms2 sites, the technique can be used 
to identify variations in mRNA localization patterns within a range of bacterial species 
99,288. 

Recognition of native transcripts. The mRNA molecule has to be genetically modified 
in most protein-based RNA-labeling systems in order to introduce multiple repeats of 
the RNA ligand (Fig 1A). This can be a laborious task and, as discussed above, may 
influence the endogenous properties of the transcript under study. The RNA-labeling 
system employing PumHD and homologous proteins does not suffer from the latter 
drawback (Fig 1B) 379. PumHD belongs to the eukaryotic protein family of conserved PUF 
proteins that modulate gene expression through binding to the 3’ UTR of target mRNAs 
380. The PUF protein RNA-binding domains consist of eight very similar motifs that each 
recognizes one specific RNA base. This modularity allows modifying the recognition code: 
only two amino acids in a domain have to be altered in order to establish recognition of 
another ribonucleotide 381. A PUF protein with 16 RNA binding repeats further increases 
the binding specificity 382. More recently, Pumilio-based assembly (Pumby) modules have 
been developed that allow researchers to generate specific protein-RNA interactions 383. 
Four Pumby building blocks were selected that each recognizes one of the four RNA bases. 
These blocks can be concatenated to bind virtually any ribonucleotide sequence without 
the need to modify or extend the endogenous mRNA sequence. The number of binding 
blocks in the protein can be varied to achieve increased selectivity. Interestingly, Pumby 
proteins are displaced from transcripts by ribosomes, resulting in a loss and reconstitution 
of the signal, which can be used to monitor translation 383. Due to their modularity, Pumby 
blocks are suitable for multiplexing and can be designed to bind UTRs or small non-
coding RNAs. Taking these features together, Pumby blocks show great promise for future 
studies involving RNA tagging, also in bacteria, although one has to keep in mind that 
protein mutagenesis of Pumby modules might be a time-consuming undertaking.

The RNA-guided Cas9 protein of the bacterial CRISPR-Cas9 immune system is a DNA 
endonuclease that was long thought to solely recognize DNA targets. The site where Cas9 
interaction with DNA occurs is dictated by the combination of the protospacer adjacent 
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Fig 1. Overview of protein-aptamer-based mRNA visualization technologies. (A) First-generation 
protein-aptamer combinations. Aptamer-binding proteins are fused to a fluorescent protein (FP), such as 
GFP or YFP (green squircle), and expressed in the cell. The mRNA is extended with an array of aptamers. 
This array can either be introduced in the 5’ UTR before the start codon (green dot) or, as depicted here, 
behind the stop codon (red dot) and before the transcriptional terminator. Some aptamer binding proteins 
(MS2: brown shapes; PP7: blue shapes) bind to their cognate RNA aptamer as a dimer. Tandem repeats of 
these proteins have been constructed (dMS2 and dPP7) to improve binding kinetics. Alternative aptamer 
binding proteins (pink shape) are outlined in the right corner. The major drawbacks of first-generation 
protein-aptamer systems are the substantial background fluorescence caused by unbound FPs and the need 
to fuse a long RNA array to the native mRNA, which might affect mRNA dynamics and degradation. 
(B) Protein-aptamer systems that target native transcripts. The modularity of Pumby subunits allows 
building proteins that recognize a specific sequence of ribonucleotides; multiple Pumby-FP variants (blue-
shaded shapes with green squircle) can be expressed at the same time that concertedly bind to different 
positions on the same mRNA molecule. The restriction-deficient Cas9 (dCas9) protein (turquoise shape) 
can be guided to specific RNA sequences by a sgRNA if a short DNA-based oligonucleotide (denoted as 
PAMmer) containing the PAM domain and a sequence complementary to target RNA (red box) is provided 
in trans. (C) BiFC. To reduce background signals, the FP is split into two complementary parts (spFP; 
depicted as grey parts of a squircle). Each part can be fused to one of two RNA-binding proteins that 
recognize two adjacent RNA sequence stretches on a native transcript (two Pumby proteins; blue-shaded 
shapes) or two adjacent aptamers (dMS2 as brown shapes and dPP7 as blue shapes ). Alternatively, the 
RNA-binding protein can be split into two parts that will complement each other upon binding to the 
original aptamer (such as split eIF4a, denoted as sp(eIF4a) and depicted as purple shapes). To achieve 
the detection of endogenous transcripts, the eIF4a-aptamer was extended with sequences complementary 



85

to the target RNA (red lines). Upon hybridization, the aptamer will adopt its functional fold, triggering 
the reconstitution of the sp(eIF4a)-FP module. (D) FRET. Instead of employing a split FP, two FPs that 
constitute a FRET pair (orange and cyan squircles) can be attached to RBPs (blue and brown shapes). 
Careful control experiments are required to confirm the actual FRET signal. In addition, energy is lost 
during the transfer, leading to putatively weak fluorescence signals. dFP = donor FP, aFP = acceptor FP. (E) 
Fluorophore-binding peptide tags. An RBP-like MS2 (brown shape) is fused to a small peptide tag, such as 
the TMP-tag (purple extension) or SNAP-tag (yellow extension), that recognize a membrane-permeable 
fluorescent analog of their original target molecule TMP (trimethoprim; cyan dots) or bG (benzyl guanine; 
orange dots), respectively. The level of fluorescent target molecules can be carefully controlled and stringent 
washing removes excess of unbound fluorophores. Two proximal peptide tags can be used to capture 
FRET-compatible fluorophores. (F) UAA scaffolds. Unnatural amino acids (UAAs) can be used as scaffolds 
to chemically link three chemical units. In this way, a photostabilizer (PS; blue dot) can be conjugated next 
to a synthetic organic fluorophore (F; red dot) to improve the photophysical properties of the latter i.a., 
reducing photobleaching and blinking of F (indicated by the infinity sign). Although not yet introduced 
to detect mRNA in living cells, an UAA conjugate of PS with F and for instance a SNAP-tag or HALO-tag 
target molecule (yellow dot) as a third moiety can interact with mRNA-bound RBP-SNAP-tag or RBP-
HALO-tag fusions (brown shapes with purple extensions) in a cell, enabling prolonged mRNA imaging.

motif (PAM) domain in the target DNA and the Cas9-bound single-guide (sg) RNA. 
Recently, Cas9 was found to also recognize single-stranded RNA after slight modifications 
of the CRISPR/Cas9 system 384: The sgRNA guides Cas9 to a target RNA if a short DNA-
based oligonucleotide that contains the PAM domain and a sequence complementary to 
target RNA (denoted as PAMmer) are both provided in trans. Non-tagged endogenous 
mRNAs were isolated from HeLa cells using this principle 384. It was suggested that 
CRISPR-Cas9 could also serve as a generic tool for in vivo RNA visualization 385. As a 
proof of principle, mammalian cells were transfected with a plasmid expressing nuclease-
inactive Cas9-GFP and a specific sgRNA and provided with a synthetic nuclease-resistant 
PAMmer 386. Subsequently, endogenous mRNA molecules could be accurately targeted 
and visualized (Fig 1B). It still remains to be elucidated whether this system can be 
used in bacteria for tracking of individual transcripts due to potential insufficient signal 
amplification.

Improving signal-to-noise ratios of RBP systems. To reduce signal-to-noise ratios, care 
needs to be taken in expressing the proper number of RBP-GFP molecules in relation to 
the estimated number of available RNA target binding sites. Even low expression of MS2-
GFP may lead to a surplus of unbound MS2-GFP proteins in the cytoplasm, which would 
thwart capturing single mRNA molecules using fluorescence microscopy. This is true for 
all RBP-FPs expressed in bacterial cells in which RBP-FPs cannot be contained within 
a specific compartment. Even though Pumby and Cas9 have the advantage of targeting 
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endogenous mRNAs, the background noise issue remains. It is essential to carefully 
consider which RBP is the right choice for RNA visualization in bacteria. For instance, 
a detailed analysis of the binding kinetics of MS2 and PCP to their respective aptamers 
revealed that PCP binds with a higher affinity than MS2 because PCP occupies more 
aptamer repeats. Importantly, the construction of a tandem dimer of both MS2 and PCP 
increased protein-RNA interactions in various eukaryotic cell lines, effectively improving 
signal-to-noise ratios 290. Bacterial RNA tagging may benefit from these adjustments 
even though improved binding kinetics would never fully eliminate (high) background 
fluorescence. Consequently, new adjustments and techniques have been developed that 
incorporate molecular tools such as protein complementation, Förster resonance energy 
transfer or aptamers that bind fluorogenic dyes. These approaches will be discussed in the 
following sections.
 
Protein complementation (PC). PC employs split fluorescent proteins that reconstitute 
into a functional fluorescing protein upon reunion via the interaction of their respective 
fusion partners 387. The implementation of PC has been explored in RNA-labeling systems 
to reduce background fluorescence. For instance, Broude and colleagues developed a 
bacterial RNA-labeling system based on split domains of eukaryotic initiation factor-4A 
(eIF4a; Fig 1C) 309,310,388. In another study, MCP and PCP were each fused to another half 
of a split YFP; a chimeric aptamer repeat array, consisting of alternating MCP and PCP 
binding sites, was introduced to the RNA of interest, abrogating background fluorescence 
(Fig 1C) 389. Also, the Pumilio-based systems described above have been successfully 
adapted to a tetra-molecular fluorescence complementation (TetFC) approach in which 
one half of a split GFP was fused to one PUM 8-mer recognizing a specific RNA sequence 
and the other half to a second PUM 8-mer that binds to an adjacent RNA sequence (Fig 
1C) 379,381,383. 

Although RNA-labeling techniques based on split proteins reduce background fluorescence 
to almost zero, several issues have prevented the further development of this method for 
RNA tagging in bacteria. First, reassembly of split fragments is mostly irreversible as 
only a small fraction of reconstituted fluorescent proteins will disassemble into split parts 
again. The reduction of background fluorescence will therefore not be as high as expected. 
Second, the split fluorescent protein domains can interact with each other without the need 
for association of their fusion partner - the aptamer-binding protein -, which necessitates 
the inclusion of many control experiments. Third, like all fluorescent proteins split 
fluorescent proteins require time to fully mature and become functional. The maturation 
process includes protein folding and a torsional rearrangement of the fluorophore (the 



87

active site of the protein), followed by cyclization and a final oxidation step in order for 
the active site to fluoresce. In addition to folding, the last step can take a relatively long 
time and greatly depends on the presence of sufficient molecular oxygen. Maturation 
of full-length super-folder GFP is estimated to take around 11 minutes under optimal 
conditions 390. A commonly used split-GFP, split-sg100-GFP, has a much lower maturation 
rate. It takes between 24-72 hours after reassembly before fluorescence is detected 391. 
Unlike eukaryotic mRNAs that typically have relatively long lifetimes, most mRNAs in 
E. coli are degraded within 3-10 minutes post-synthesis 392. Thus, the maturation time of 
split fluorescent proteins greatly exceeds the timing of most mRNA-related processes in 
bacteria. Recent improvements in split-GFP maturation have yielded the split folding-
reporter-GFP (split-frGFP) and split super-positive GFP (split-spGFP) 393,394. Both show 
an increase in fluorescence development and reassembly rates compared to split-sg100-
GFP in E. coli grown at 37°C. Reconstituted fluorescence was observed within one hour, 
which makes these split-GFP variants more suitable for live cell approaches in general. 
Nonetheless, the kinetics of reconstitution and dissociation of split fluorescent proteins 
variants are not yet good enough to capture the spatiotemporal parameters of the mostly 
short-lived mRNA species in bacteria.

Förster resonance energy transfer (FRET). FRET fluorescence microscopy makes use 
of a donor fluorophore that dissipates energy to and thereby excites a nearby (<10 nm) 
acceptor fluorophore upon excitation. Donor-acceptor pairs can exist of fluorophores 
and/or fluorescent proteins. Live single-cell and single-molecule FRET studies have been 
executed and well-performing FRET pairs consisting of fluorescent proteins have been 
carefully selected for various bacterial species 395–398. A combination of MS2-based RNA 
tagging and FRET has been proposed 399 but only a few studies have adopted a FRET-based 
strategy to reduce signal-to-noise ratios in live protein-based RNA tagging (Fig 1D). 
Rather, RNA binding mediated FRET (RB-FRET) was developed to detect the interaction 
between eukaryotic RBPs and their cognate RNA 400–402. FRET is considered a valuable 
technique but requires extensive optimization, normalization and control experiments. 
Weak fluorescence and difficulties in data interpretation have further frustrated the 
development of FRET in protein-based mRNA tagging.

Peptide tags. The introduction of fluorophore-binding peptides to image RNA might 
offer a solution to the high background fluorescence evoked by unbound autofluorescent 
aptamer-binding fusion proteins (Fig 1E). The MS2 protein can be fused to, for 
instance, a trimethoprim (TMP)-tag (dihydrofolate reductase from E. coli; eDHFR) or 
a SNAP-tag (a 20-kDa mutant of the human DNA repair protein O6-alkylguanine-DNA 
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alkyltransferase) 403,404. The TMP-tag and the SNAP-tag interact with fluorescent analogs of 
trimethoprim (TMP) and benzyl guanine (bG), respectively. Since these fluorophores are 
membrane permeable they can diffuse into and out of cells. Straightforward washing steps 
will therefore suffice to eliminate unbound fluorophores from the cellular environment, 
thereby efficiently increasing signal-to-noise ratios. It has to be noted, however, that TMP 
is a known broad-spectrum antibiotic. Therefore, the usability of the TMP-tag in bacteria 
relies on the concentration of TMP required to obtain a detectable signal. A multitude of 
fluorophore-binding peptide tags is available to achieve single-step protein visualization, 
including the HALO-tag, the CLIP-tag, the STREP-tag, the BirA-tag, the ReacTR-tag 
and the Tris-NTA tag (for an excellent review, see 267). The STREP-, SNAP- and HALO-
tags have been successfully employed in E. coli and Salmonella enterica as the respective 
small-molecule ligands readily diffuse through both bacterial membranes 264,308,405. Many 
membrane-permeable fluorophores can be combined for multiplexing or the generation 
of FRET-pairs.

Although the genetically encoded self-labeling protein tags can be relatively bulky 
and may require longer incubation times depending on the tag and cell type, they 
allow detecting mRNAs in live cells with photostable fluorophores. The latter is key to 
achieving single-molecule tracking and superresolution imaging such as via SIM, STED 
or STORM 406–408. Fluorophores can be further stabilized with ‘healing’ buffers or via the 
attachment of photostabilizers. Recently, a generic method has been developed to generate 
conjugates of synthetic organic fluorophores with photostabilizers target molecules using 
unnatural amino acids (UAAs) as a scaffold 409. The use of photostabilizers improves the 
photophysical properties in terms of photostability and sensitivity of various dyes. Three 
functional groups can be attached to a UAA scaffold. Hence, a third molecular group can 
be attached to the scaffold next to the fluorophore and the photostabilizer. Interestingly, 
most ligands of the self-labeling protein tags described above are compatible with UAA 
scaffolding, which, apart from single-molecule examination, might enable long-term 
tracking of mRNA molecules (Fig 1F). Hence, self-labeling protein tags hold great promise 
for both the visualization of RNA molecules and proteins, also because the diversity of 
commercially available tags and fluorophores is rapidly growing.

II. RNA-labeling using small-molecule binding aptamers

As mentioned above, certain small organic dyes are ideal candidates for RNA-labeling 
techniques because they can diffuse through cell membranes. SELEX (Systematic 
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Evolution of Ligands by Exponential Enrichment) is a combinatorial method for the 
generation of nucleic acids binding to virtually any molecule, including proteins and 
small molecules such as organic dyes and metabolites (Fig 2A) 410. The implementation 
of SELEX has greatly appended the number of available aptamers, next to those already 
naturally present. SELEX has yielded nucleic acids that bind small organic dyes such as 
sulforhodamine B (SB), malachite green (MG), fluorescein (FL), rosamine (RM) and 
5-carboxytetramethylrhodamine (TAMRA) at high specificity and affinity in vitro 281,411–413. 
However, in vivo applications have remained scarce for most of the developed RNA-dye 
pairs due to limitations in fluorescence shifts or cellular toxicity. To detect and visualize 
an RNA species in vivo, an aptamer is required that significantly changes, activates or 
dramatically enhances the fluorescence of the selected dye upon binding to the aptamer. 
This minimizes intracellular background fluorescence, which enables the detection and 
quantification of tagged RNA molecules. Employing RNA-dye interactions eliminates the 
need for the attachment of bulky proteins to visualize RNA, thereby providing a non-
intrusive way to image RNA.

FRET. As discussed, FRET can circumvent non-specific background signals caused by 
unbound proteins or other aptamer-ligands. Intracellular MultiAptamer GEnetic tags - or 
IMAGE tags - have been designed to visualize RNA through fluorophore-based FRET 
(Fig 2B) 414. Transcripts can be extended with an array of tobramycin-binding aptamers, 
after which both tobramycin-Cy3 and tobramycin-Cy5 are fed to cells in a 1:1 mixture. 
The alternating binding of tobramycin-Cy3 and tobramycin-Cy5 to the aptameric array 
creates a FRET signal that is distinguishable from that of unbound probes. Unfortunately, 
like TMP, tobramycin is a toxic compound that functions as an antibiotic, especially for 
Gram-negative bacteria. 

Conditionally fluorescent (fluorogenic) dyes. Fluorogens are small-molecule dyes that 
show no or little fluorescence in solution but become fluorescent by binding to aptamers 
or peptides (reviewed in 415). To date, only a few fluorogen-aptamer pairs have been 
reported to be functional in a cellular environment (Fig 2B), of which the Spinach RNA-
fluorophore pair was reported first 277. Spinach is a 98-nt-long RNA sequence that was 
evolved to bind 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), a compound 
that resembles the fluorogenic core of GFP. Unbound DFHBI dissipates its energy through 
intramolecular motions, rendering it non-fluorescent in free solution. Interaction with the 
Spinach aptamer reduces these motions, yielding fluorescence upon excitation (excitation/
emission: 469/501 nm). Spinach and its derivatives have found many applications due to 
the low background signals and the cell-permeating ability of DFHBI. Spinach has also 
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been adapted to sense metabolites such as cyclic d-AMP and to follow transcriptional 
events 316,317,416–418. In addition, a split Spinach variants was developed that forms a 
promising tool for monitoring RNA processing 419,420.

Initially, Spinach suffered from impaired folding and thermal instability of the relatively 
long RNA structure, hampering the fluorescence development of DFHBI in a cellular 
environment 312. The presence of a tRNA scaffold flanking the aptamer improves the 
folding stability of Spinach 277. In addition, Spinach-fluorogen complexes undergo 
photoconversion and fast fluorescence decay upon illumination, which was later on found 
to be reduced by pulsed illumination 319. Further adaptations led to the development of the 
Spinach2 and Broccoli RNA aptamers (Fig 2B). Spinach2 shows improved folding kinetics 
through the presence of stabilizing RNA hairpins but still requires a tRNA scaffold for 
optimal functionality 312,320. This is the core drawback of Spinach and derivatives in general: 
every adjacent RNA region may greatly influence folding of the aptamer. Even though 
the stabilizing tRNA scaffold counteracts this problem, tRNA is targeted by bacterial 
and mammalian ribonucleases, effectively reducing Spinach levels 297. Hence, fluorescent 
signals obtained with the Spinach variants are not sufficient to reveal cellular RNA levels 
414. A major improvement in DFHBI-based RNA visualization was obtained by replacing 
the final SELEX screening step by selecting RNA aptamers that display bright fluorescence 
of RNA in E. coli using fluorescence-activated cell sorting (FACS). In this way, the 49-nt 
RNA molecule Broccoli was developed (Fig 2B) 296. As Broccoli was selected for improved 
folding kinetics and fluorescence in a cytoplasmic environment, it is dramatically less 
dependent on the magnesium concentration. In addition, the tRNA scaffold was replaced 
by F30, a nuclease-resistant and stabilizing RNA element that further improves Broccoli 
fluorescence in living cells. Tandem Dimeric Broccoli (tdBroccoli) as well as some 
Broccoli derivatives with stabilized quadruplex-flanking stem structures display enhanced 
brightness and hold great promise for in vivo RNA expression studies 311,421.

Spinach and Broccoli have not allowed visualizing low-abundance RNAs. Since most RNA 
species are present in low numbers (< 0.5 mRNA molecules per E. coli cell), it would be 
highly desirable to be able to detect these molecules through RNA labeling. In agreement 
with our study in L. lactis (Chapter 2), a recent study shows that arranging multiple 
Spinach aptamers in a tandem array increases fluorescence 305. It was estimated that each 
doubling of Spinach aptamers increases fluorescence by 1.6-fold. However, high numbers 
of Spinach repeats also led to a reduced folding efficiency of the aptamers. Repetitive laser 
pulse illumination allowed visualizing low-copy-number mRNAs using Spinach tandems 
in E. coli 305. Tandem arrays of Spinach2 and the malachite green aptamer (discussed 
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below) have been developed, each of which showed improved fluorescence-signal-to-
noise ratios 321.

Malachite green (MG) is a triphenylmethane dye with low quantum yield in solution. The 
fact that MG autofluorescence increases in cold or viscous environments led Babendure 
and colleagues to develop a 38-nt-long MG-binding aptamer (MGA) that resulted in an 

Fig 2. Overview of fluorogen-binding aptamers for single-cell mRNA detection. (A) SELEX. Schematic 
representation, starting at the top-left, of SELEX (Systematic Evolution of Ligands by Exponential 
Enrichment) to identify RNA aptamers of high affinity (pink spirals) to target ligands (green hexagons). (B) 
Fluorogen, fluorophore and quencher-binding aptamers. An array of tobramycin-binding RNA aptamers 
(IMAGE tags) guide the generation of FRET when both tobramycin-Cy3 (T3) and tobramycin-Cy5 (T5) 
are fed to cells in a 1:1 mixture (Shin et al., 2014). Binding of the non-fluorescent molecule DFHBI-1T 
(grey hexagon) by Spinach or Broccoli derivatives (dBroccoli) forces DFHBI-1T to adopt its fluorescent 
conformation (green hexagon). The same principle is used for the MG (green/red triangle)-binding 
aptamer (MGA) and the RNA MANGO aptamer that interacts with acetylated thiazole orange (TO1; 
grey/yellow dot). Quencher-fluorophore conjugates such as sulforhodamine B-dinitroaniline (SB-DN), 
sulforhodamine B-p-nitrobenzyl-amine (SB-MN) or Rhodamine green-dinitroaniline (RG-DN) are non-
fluorescent in solution (depicted as grey and black cherry-like structure). Displacement of the quencher 
away from the fluorophore, either by the interaction of the SB fluorophore with the SB binding (SRB-2) 
aptamer or of the DN quencher binding (DNB) aptamer, respectively, restores fluorescence of SG (green 
dot) or RG (red dot).
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over 2000-fold increase and red-shift in MG fluorescence (Fig 2B) 281. It was used to detect 
half-lives of RNA nanoparticles following their introduction in cells 278. Recently, MGA 
was used to detect RNA in CHO and L. lactis cells but imaging of the MG-MGA-tagged 
RNA was only possible for up to 10 min, after which a build-up of background fluorescence 
by non-specific interactions of MG with other intracellular molecules prevented further 
RNA imaging (321 and Chapter 2). 

The recently introduced Mango RNA aptamer (Fig 2B) binds derivatives of thiazole 
orange (TO) at high binding affinities in the presence of potassium 315. Capturing 
acetylated and biotinylated TO (TO1-Biotin) by RNA Mango resulted in a 1,100-fold 
increase in fluorescence (excitation/emission: 510/535 nm) compared to uncomplexed 
TO1-Biotin. RNA Mango in combination with TO1-biotin was shown to be applicable 
in live Caenorhabditis elegans syncytial gonads and single E. coli cells. Interestingly, RNA 
Mango can be integrated into RNA structures that carry non-functional loops due to its 
structural composition, as exemplified by the ability to monitor E. coli 6S RNA in an RNA-
Mango dependent fashion 315. 

In addition to refining aptamer properties, fluorogenic dyes have been improved for 
fluorescence microscopy through photophysical modifications. A modified DFHBI 
version, DFHBI-1T, carries a trifluoro-ethyl substituent and displays lower background 
fluorescence as well as a slight red shift in its excitation spectrum (excitation/emission: 
482/505 nm) 313. It is, therefore, better suited than DFHBI for imaging of both Spinach 
and Broccoli derivatives using standard fluorescence microscopy equipment. PFP-DFHBI, 
a DFHBI derivative with a 5-Pentafluorophenyl (PFP) group, has increased affinity for 
Spinach and an improved fluorescence yield 321. TO3-Biotin, a derivative of TO, was 
synthesized as a proof-of-principle to demonstrate the ease at which the spectral properties 
of TO can be chemically changed. TO3-Biotin has a red-shifted spectrum compared to 
that of TO and has an excitation peak at 637 nm in complex with RNA Mango 315.

Fluorophore-Quencher Conjugates. A quencher is a molecule that effectively reduces 
fluorescence emitted by a fluorophore whenever both are in close proximity. They can 
be conjugated to fluorophores such that no fluorescence is emitted when the probe is 
free in solution. Quenching can progress through various mechanisms. Of these, static 
(or contact) quenching is most effective. Static quenching is completely abolished when 
the quencher-fluorophore complex becomes dismantled 318. Quenchers have been used 
in a delicate way to achieve background-free aptamer-based fluorescence. For instance, 
binding of the fluorophore-quencher couple Sulforhodamine B-dinitroaniline (SB-DN) 
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to the sulforhodamine-binding RNA (SRB-2) aptamer leads to the displacement of the 
DN quencher away from the SB fluorophore (Fig 2B), resulting in a 100-fold increase in 
SB fluorescence 422. SRB-2-tagged RNA can be clearly visualized with SB-DN in individual 
E. coli cells, indicating that both the folding stability of the SRB-2 aptamer and binding of 
SB-DN are compatible with live imaging of bacterial cells.

Contact quenchers such as DN block fluorescence of a wide variety of fluorophores. 
Therefore, instead of designing an aptamer that binds existing fluorogens, a DN-binding 
(DNB) aptamer was introduced 318. Binding of DNB to a DN-fluorogen conjugate leads 
to a structural rearrangement of the DN-fluorogen pair and to fluorescence (Fig 2B). 
Importantly, non-conditional fluorophores with different spectral properties, such as 
rhodamine green, tetramethylrhodamine or sulforhodamine can be used in combination 
with the same DNB aptamer 318. To this end, the DN quencher conjugated to SB was 
replaced by the alternative quencher p-nitrobenzylamine, through which SRB-2 and DNB 
aptamers can be simultaneously used in E. coli cells (Fig 2B) 318.

Future studies will have to show if recent improvements of existing aptamers are applicable 
and robust enough for in vivo imaging of RNAs in bacterial cells or whether further 
advances of current or new aptamers are needed to obtain systems that accurately function 
in an intracellular environment.

III. RNA tagging using nucleic acid-probe annealing techniques

The oldest technique to visualize RNA in individual cells using fluorescence microscopy is 
based on in situ hybridizations of oligonucleotide probes to complementary nucleic acid 
sequences 574. Although aptamer-based techniques as described in the previous sections 
have gained much attention, fluorescent in situ hybridization (FISH) has remained the 
predominant tool for the examination of cell-to-cell variations in transcript numbers. The 
technique itself was initially developed to visualize DNA but adapted to allow quantification 
and localization of mRNA in single cells using fluorescence microscopy. Contemporary 
RNA FISH protocols use oligonucleotides of 17-22 nucleotides that are complementary 
to the RNA under study 279,280. TThe oligonucleotides are typically pre-labeled with a 
fluorophore or another reactive moiety. Fluorophore-based mRNA tagging is extensively 
used and has improved considerably over the past years. A set of straightforward FISH 
protocols now enables scientists to detect mRNA molecules at the single-molecule level. 
Continuous developments have led to many variations on the original technique, such 
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as multiplexed error-robust FISH (MERFISH), which allows detecting up to thousands 
of different RNA species simultaneously 423,424, fluorescence in vivo hybridization (FIVH) 
for live-cell mRNA imaging in mammalian cells (discussed below) and Turbo RNA FISH 
in which the hybridization time is increased by changing to alcohol-based fixation and 
increasing probe concentration 425.

Fluorescent in situ hybridization (FISH). FISH was one of the first techniques facilitating 
the in situ visualization of single molecules (smFISH) in individual cells 426,575. Initially, 
FISH experiments suffered from high background fluorescence caused by unspecific 
and unbound oligonucleotide probes, obscuring the distinction between true and false-
positive signals. Also, the incorporation of fluorophores and the hybridization efficiency 
hampered effective detection of the mRNAs under study. Signal-to-noise ratios were too 
low to detect single mRNA molecules, but these problems were solved in several ways. 
The hybridization of target transcripts with many singly labeled short oligonucleotides 
results in sufficient specificity and amplifies the signal above background 279. Alternatively, 
transcripts can be appended with a repetitive sequence to which one probe can bind 
multiple times although this requires genetic modification of the target sequence (Fig 3A). 
Both strategies have been successfully applied to quantify endogenous transcripts in E. coli 
98,280,378,427–429 and an extensive protocol is available for the quantification of gene expression 
in bacteria by means of smFISH 280. Using different sets of fluorescent probes that either 
tag the head, the body, or the tail of a specific transcript, smFISH can also be employed 
to reveal events such as transcription initiation, elongation and transcript degradation 477. 
 
Scaling up of probe numbers and/or hybridization sites effectively relieve the methods’ 
shortcoming of yielding great variations in signals due to non-optimal probe hybridization 
and labeling. However, this adjustment does not work in case short RNA species such 
as bacterial small RNAs have to be visualized using fluorescence microscopy techniques. 
Surrogate signal amplification can be achieved through several innovative strategies, 
including the use of branched DNA (bDNA) hybridization (BDH) 430, multiply-labeled 
tetravalent RNA imaging probes (MTRIPS) 431, Padlock probes followed by rolling circle 
amplification (RCA) 432,433, hybridization chain reaction (HCR) 434,435 and enzyme-labeled 
fluorescence (ELF)-based signal amplification 436,437 (see Fig 3A for and overview; excellent 
reviews on these innovations can be found in 268,438).

Backbone modification of oligonucleotide probes has further increased binding specificities 
(Fig 3C). Locked nucleic acid (LNA) probes are more rigid because the 2’ oxygen and 
the 4’ carbon in the RNA nucleotide are linked, leading to highly specific Watson-Crick 
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base pairing 439,440. Peptide nucleic acid (PNA) probes consist of an uncharged peptide 
backbone 441,442. The lack of negatively charged phosphate groups creates an increase in 
PNA probe-RNA binding compared to DNA probe-RNA binding and, thus, in enhanced 
specificity 442,443.

MERFISH was introduced by the group of Zhuang in 2015 and is a strategy based on 
multiplexed fluorescence in situ hybridization with high-performance 423,424. It allows 
visualizing up to 140 mRNA molecules at the same time in single cells in an error-
robust fashion. The technology helps in understanding how expression profiles vary 
between single cells and how different sets of transcripts are spatially organized at the 
subcellular level. MERFISH employs a two-step hybridization scheme in combination 
with combinatorial labeling through which each targeted mRNA sequence is translated to 
and can be identified via a unique binary code (Fig 3B). Importantly, this technique has 
been successfully applied in single E. coli cells, in which it has led to the acknowledgement 
that mRNAs that include genes encoding membrane proteins are generally localized in 
proximity of the cytoplasmic membrane, whereas mRNA species that only contain open 
reading frames for soluble, secretory or outer membrane proteins are scattered throughout 
the cytoplasm 98.

Fluorescence in vivo hybridization (FIVH). In order to introduce multiple nucleic acid-
based probes into a cell, chemicals are added that fixate the cell contents and permeabilize 
the cytoplasmic membrane. Fixation inactivates nucleases, thus preventing the rapid 
degradation of single-stranded DNA probes and RNA-DNA hybrids. Notwithstanding 
this, in an ideal situation mRNAs are studied in living bacterial cells. Fluorescence in 
vivo hybridization (FIVH) can be achieved but requires alternative probe delivery and 
circumvention of at least the degradation of probes by cellular nucleases. Synthetic probes, 
such as LNA and PNA probes, but also 2’-O-methylated oligonucleotides (2OMe; Fig 3C) 
display improved nuclease stability, which make them especially suited for in vivo imaging 
of RNA 444. In addition, a bright fluorescent signal has to be generated by probe-target 
interactions while background fluorescence by unbound probes has to be minimal. 

Molecular beacons are modified FISH probes that consist of a binding domain, 
complementary to the target RNA, and two flanking regions that base pair when the probe 
is unbound 445–447 (Fig 3D). OOne end of the probe contains an organic fluorophore, while 
the other is labeled with a quencher that keeps the fluorophore in a dark state as long as the 
termini of the probe are in close proximity. Quenching is alleviated when the molecular 
beacon adopts a linear structure upon interaction with target RNA, yielding fluorescence. 
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Fig 3. Advances in FISH and FIVH methods for the visualization of mRNAs at single-molecule 
resolution. (A) Signal amplification techniques to achieve smFISH. smFISH: The most common method 
to achieve smFISH is to design multiple probes (red tadpoles) that each hybridizes to a 20-nt sequence of 
the target transcript. BDH: Branched DNA (bDNA) hybridization (BDH) can be employed to maintain 
probe-annealing specificity. In the first hybridization step, two Z-shaped capture probes recognize the 
target transcript. These probes jointly constitute an annealing site for the capture extender oligonucleotide 
(L shapes). The latter contains hybridization sites for fluorescent probes (red tadpoles). The capture probes 
are the only sequence-specific subunits in this system and, thus, are the only probes that require redesign 
if another transcript has to be targeted, whereas the capture extender and the fluorescent probes are 
universal. MTRIPs: multiply-labeled tetravalent RNA imaging probes consist of a tetravalent streptavidin 
molecule (grey circle) to which four biotin-labeled fluorescent probes (red dots) are attached via their 
biotin-moieties (black dots). The recognition of one probe arm is sufficient to elevate the fluorescent signal 
above background fluorescence. Padlock probes + RCA: Rolling circle amplification using a single padlock 
probe: A highly specific LNA probe (blue arrow) is used for a reverse transcriptase reaction (1), creating an 
mRNA-DNA hybrid. The mRNA is then partially degraded using RNase H (black scissors; 2). A padlock 
probe (half-moon shape) hybridizes to the cDNA (blue line) that is still anchored to the non-degraded part 
of the mRNA molecule (3). cDNA that stretches beyond the padlock probe is degraded, while the knick 
formed by the two ends of padlock probe is ligated, yielding a circular probe that serves as a primer during 
RCA (4). One fluorescently labeled probe (red tadpole) can now be hybridized to repeats (black stripes) 
within the rolling circle product (grey line), creating a significant and spatial-conserved signal. 5. HCR: 
Hybridization chain reaction. DNA initiator probes hybridize with the target sequence (1), after which 
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toeholds on the probes’ 3’ and 5’ end (blue and purple extensions) can bind fluorescent probes (blue and 
purple arrows), thereby opening the metastable hairpins in the latter (2). A new initiator segment is generated 
that can function as a new toehold for hybridization with a second probe, resulting in a chain reaction of 
probe hybridization at the mRNA target and signal amplification. 6. LNA-ELF-FISH: A biotin-labeled LNA 
probe (black tadpole) hybridizes to the mRNA target sequence. A streptavidin-alkaline phosphatase (AP) 
conjugate (grey-pink shape) binds to the biotin moiety (black dot on tadpole). To visualize mRNA, enzyme-
labeled fluorescence (ELF) signal amplification is performed by feeding AP (pink shape) with 2-(5’-chloro-
2-phosphoryloxyphenyl)-6-chloro-4(3H)-quinazolinone (green peanuts). After cleavage by AP, a yellow-
green fluorescent precipitate in the proximity of AP activity is formed. (B) MERFISH employs multiple 
rounds of probe hybridization to visualize many transcripts at the same time. Via a sequential labeling 
scheme, the identity of each targeted transcript can be decoded. In the first annealing step, multiple probes 
bind to all the mRNA targets. These initial probes consist of a highly specific sequence complementary to 
that of its target and two or three additional sequences that form targets for fluorescently labeled probes. In 
the first hybridization round, a fluorescent probe (red tadpole) is added with one specific sequence, which 
therefore binds to transcripts that contain an initial probe carrying the complementary sequence. These are 
then washed or cleaved off, after which the second fluorescent probe (orange tadpole) is added that binds 
to the second target sequence. In this way, transcripts do or do not sequester fluorescent probes during 
subsequent hybridization round, leading to a specific binary code which allows deducing the identity 
of many transcripts in the same cell. (C) Molecular structures of RNA, LNA, PNA and 2’-O-methylated 
(2OMe) backbone units. RNA: ribose moieties. DNA: deoxyribose backbone (lacking 2’-hydroxyl group). 
LNA: modified RNA nucleotide in which the 2’ oxygen and 4’ carbon are connected, such that the ribose is 
in a locked conformation. PNA: N-(2-aminoethyl)-glycine units that are connected via peptide bonds and 
therefore electrically neutral. 2OMe-ribonucleotides: the ribose moiety contains a 2’-methoxy group instead 
of a 2’-hydroxyl group, which leads to faster hybridization and higher melting temperatures. (D) FIVH 
technologies. Molecular beacons: The 5’ and 3’ ends of molecular beacons are labeled with a quencher and 
a fluorophore (black and grey dots in cherry-like shape). An unbound beacon undergoes intermolecular 
base pairing by which the fluorophore and quencher stay in close proximity. The molecular beacon opens 
upon annealing to target RNA, rendering fluorescence (red dot). Two molecular beacons can be employed 
to create a FRET pair (red and green dots). FIT probes: Intercalation probes that contain a fluorogenic base 
(grey dot) which is forced to adopt its fluorescent conformation (yellow dot) upon hybridization to target 
RNA. RT aptamer: The core domain of the RNA-targeting (RT) aptamer consists of an unstable aptamer 
that binds the black hole quencher (BHQ; black part of dumbbell), whereas the outer regions contain 
complementary sequences to the target RNA. The RT aptamer only adopts a conformation that stably binds 
BHQ and the target RNA when the latter molecules are both present. BHQ loses its quenching capacity 
upon stable probe binding, yielding fluorescence of the fluorophore (orange dot) conjugated to BHQ. Sticky 
flares: Gold nanoparticles (yellow circle) conjugated to oligonucleotides (tadpoles with grey tails and black 
heads). These oligonucleotides function as docking sites for fluorescent hybridization probes (tadpoles with 
black tails and grey heads). The fluorescence of probes is quenched as long as they remain bound to the 
gold nanoparticle, but will fluoresce (depicted by red tadpole) once they detach and bind the target RNA 
instead. QUAL probes: Two 2OMe-based probes are introduced in the cell that anneal head-to-tail to the 
target RNA. The first probe contains a fluorophore (grey/red dot) and a dabsyl quencher (black dot). The 
second probe contains a reactive phosphorothioate group (asterix) that attacks and thereby removes the 
dabsyl moiety when the probes hybridize next to each other.
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mRNAs have been visualized in vivo via microinjection of 2OMe-based molecular beacons 
in a variety of mammalian cells 445–448. It was soon realized that most probes that were 
either microinjected or introduced using pore-forming agents were in fact sequestered 
in the nucleus, obscuring mRNA visualization in the cytoplasm. This was overcome 
by linking a tRNA moiety to a molecular beacon since tRNAs mainly function in the 
cytoplasm and are exported from the nucleus to the cytoplasm 449. Signal-to-noise ratios 
can be further enhanced by using two molecular beacons of which the two fluorophores 
form a FRET pair, albeit that this approach lowers the fluorescence quantum yield due to 
a significant loss of energy 450. The most dominant disadvantages of molecular beacons 
include the instability of the hairpin structure, for instance by non-specific interaction 
with other macromolecules, and the standard occurrence of some residual quenching 
after base pairing of the beacon to mRNA. 

Light-Up, Forced intercalation (FIT) and Exciton‐controlled hybridization‐sensitive 
fluorescent oligonucleotide (ECHO) probes consist of PNA or 2OMe-based backbones 
that carry a fluorogenic base 454–457. The incorporated fluorogen thiazole orange (TO; see 
above) exhibits low fluorescence activity whenever the FIT or ECHO probe to which it is 
bound is free in solution. TO undergoes forced intercalation upon hybridization of the 
probe with target RNA, resulting in a significant increase in fluorescence (Fig 3D) 458. Both 
ECHO and FIT probes are suitable for in vivo mRNA imaging upon delivery into living 
eukaryotic cells 455,459–462. Interestingly, injection of approximately four FIT probes gives 
comparable signals as those obtained with the MS2 system in living Drosophila oocytes 461. 

The so-called black hole quencher (BHQ) aptamer initially showed insufficient functionality 
as mRNA appendix and was modified into a probe that anneals to target RNA (Fig 3D) 
463. Three base pairs in the stem-loop of the BHQ aptamer were maintained, while each 
end was extended with ribonucleotide strands complementary to the target transcript, 
resulting in the RNA targeting (RT) aptamer. The RNA-targeting strands interfere with 
the formation of a stable BHQ-binding conformation in the unbound probe but are at the 
same time dependent on BHQ interaction for their hybridization to target RNA. Thus, 
only in the presence of BHQ and target RNA does the probe form a stable BHQ-binding 
loop and bind to specific RNA. In this way, the corresponding BHQ–bound fluorophore 
becomes unquenched. Because the RT aptamer only hybridizes to mRNA in the presence 
of BHQ–fluorophore, the RT aptamer can be co-expressed in cells without affecting the 
endogenous target mRNA. This concept renders the system suitable for application in 
living cells. To further increase sensitivity, multiple RT aptamers, that target different sites 
on a native RNA, could be co-expressed in living cells.
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Gold nanoparticles covered with DNA-based oligonucleotides hybridized to so-called 
“Nanoflares” or “Sticky flares” can be endocytosed by mammalian cells without the need for 
transfection. The second-generation Sticky flares consist of a dye-conjugated DNA-based 
backbone complementary to both the oligonucleotide attached to the nanoparticles and 
the target RNA 451–453 (Fig 3D). The fluorescence of the dye on the Sticky flares is quenched 
as long as the latter remain attached to the nanosphere, but will become detectable if the 
Sticky flares detache from the nanosphere and basepair with adjacent target RNA instead 
452. Moreover, the short double-stranded DNA sequences on Sticky flares are not degraded 
by cellular nucleases. Since bacteria do not perform endocytosis, alternative methods to 
introduce flares should be explored to set up this technique in bacterial cells (see below).
 
Modified nuclease-resistant probes can be introduced in living eukaryotic cells by 
microinjection or via pore-forming peptides. Such strategies have not yet been published for 
bacterial cells. Hence, smFISH is traditionally performed on fixed permeabilised bacterial 
cells with DNA-based probes, resulting in mere snapshots of the processes under study. 
LNA and PNA probes are, however, widely employed for bacterial strain identification 
via 16S rRNA FISH because of their higher specificity over DNA oligonucleotides. 
Interestingly, quenched autoligating (QUAL) probes (Fig 3D) were used to detect 16S 
rRNA sequences in living E. coli cells with high specificity 464. The QUAL probe system 
is based on the use of a DNA probe pair of which one probe is unlabeled and contains 
a 3’-phosphorothioate group, whereas the other contains a quenching dimethylamino-
azobenzenesulfonyl (dabsyl) group adjacent to a fluorophore at its 3’-end. The adjacent 
binding of the two probes on the target sequence leads to removal of the dabsyl moiety, 
which is converted by an attack of the phosphorothioate group on the unlabeled probe. 
Removal of the dabsyl quencher subsequently leads to fluorescence. The use of QUAL 
probes with a 2OMe-backbone results in slightly better signals but to a reduced specificity 
due to an increase in binding affinity 465. Highly specific hybridization was achieved with 
9-mer dabsyl DNA probes, enabling the discrimination between 16S rRNAs of three 
closely related and live bacteria, E. coli, Salmonella enterica and Pseudomonas putida. To 
deliver QUAL probes to the cytoplasm of live bacterial cells, the latter were incubated with 
probes in a hybridization buffer consisting of saline-sodium citrate (SSC) and sodium 
dodecyl sulfate (SDS) surfactant 464,465. Both SSC and SDS affect the viability of cells in 
a dose-dependent fashion, but their addition to a specific concentration is required to 
obtain the desired signals 466. Whether signals are bright enough for the detection of single 
molecules remains to be elucidated. 
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Of the developed FIVH techniques for use in mammalian cells, the RT aptamer has 
two major advantages. First, it is the only FIVH system that does not require physical 
introduction into the cells. Second, it offers a mechanism to limit background 
fluorescence. As discussed, the RT aptamer can be expressed in cells and is, therefore, very 
likely functional in bacteria. Although protection against ribonucleases may be limited, a 
continuous expression of RT aptamers abolishes the need for precarious probe delivery via 
microinjection or pore-forming compounds and therefore shows great potential for the 
establishment of similar techniques in bacterial cells. 

IV. Enzyme-based strategies to light up RNA

Last but not least, efforts are undertaken to covalently label RNAs in cells with reporter 
molecules via so-called bio-orthogonal “click” chemistry, which often makes use of one-
pot azide-alkyne cycloaddition (AAC) to achieve bioconjugation. The RNA of interest 
can be post-synthetically and chemo-enzymatically modified by transferases to contain 
click-compatible moieties that are then joined to other substrates through biocompatible 
AAC (reviewed in 576). Alternatively, azide- or alkyne-containing UTP analogs can be 
incorporated by RNA polymerases 567. In both approaches, the major pitfall is that the 
incorporation of clickable groups does not provide substrate selectivity. tRNA-modifying 
enzymes are promising candidates in this respect because they modify one tRNA species 
with high precision, resulting in site-specific labeling. The tRNAIle2-modifying enzymes 
present in prokaryotes, archaea and eukaryotes differ in that they recognize non-similar, 
unique sequence domains. The archaeal tRNAIle2-agmatidine synthetase (Tias) can 
therefore be used in mammalian 293T cells to specifically incorporate an azide-carrying 
agmatine in 5S RNA carrying a genetically encoded archaeal tRNAIle2-tail, after which the 
tRNAIle2-5S fusion RNA can be fluorescently labeled with Sulfo-Cy5-azide via AAC 467. 
In order to achieve the described Tias-based RNA labeling, both the archaeal tRNAIle2-
modifying and the cognate tRNA recognition site have to be absent, which is the case in 
mammalian cells. The most common click reaction involves CuI-catalyzed azide-alkyne 
cycloaddition (CuAAC), which requires the incorporation of toxic Cu(II) molecules. 
Therefore, the studies presented above utilized cell fixation prior to CuAAC. However, 
copper-free AAc reactions, like strain-promoted AAc (SPAAC), could be employed to 
realize site-specific and covalent RNA labeling in living cells. 
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Outlook and Discussion

Studies that focus on the spatiotemporal behavior and abundance of diverse RNA molecules 
help to gain deeper insights into the real-time organization of genetic information in 
bacteria. In contrast to the progress made for analyses in eukaryotic cells, the development 
of in vivo RNA imaging techniques for individual bacterial cells has progressed more 
slowly. The biggest challenge in this area is to obtain sufficiently high signal-to-noise ratios 
without influencing the endogenous behavior of the RNA under study. Furthermore, the 
technique should ideally be compatible with acquiring high-frequency images or long-
term time-lapse movies to investigate the RNA dynamics. 

RBP-based techniques, such as the MS2, PP7 and eIF4A systems have been adapted for 
use in bacterial cells more than a decade ago but have, unfortunately, met with limited 
success. Although MS2 can be used to follow transcript production in time, one has to 
keep in mind that the diffusion and localization of MS2-labeled transcripts are severely 
estranged from the natural situation due to the addition of bulky complexes. The number 
of MS2-binding appendices can be reduced when studying high-abundant RNAs and/
or by careful fine-tuning of the ratio between target RNAs and RBP levels. However, this 
would still not allow quantifying low-abundant or single RNA molecules to reflect native 
cell genetics. New RBP-based methods have recently emerged that make use of Cas9 or 
Pumby modules 383,386. Their use circumvents the need to extend target RNA, but rather 
allows labeling of the endogenous transcripts. Localization via Pumby proteins, Cas9 or 
other RBPs is typically achieved using fluorescent proteins. Notwithstanding this, the 
value of fluorescent proteins in RNA, and for that matter, in protein-labeling techniques 
is slowly diminishing. This is not only because of the relatively bulky size of fluorescent 
proteins but also because organic fluorophores display significantly better photophysics 
in terms of stability and brightness than fluorescent proteins. Multiple Pumby modules 
in combination with the proper fluorophore-binding peptide tags have a true potential 
in boosting in vivo RNA labeling in bacteria and would even allow single-molecule 
visualization and tracking. Also, the recently developed RNA-targeting (RT) aptamer 
is a bright light in bacterial mRNA detection as the system combines the advantages of 
targeting native transcripts with high specificity and bright and stable fluorophores. 

To date, smFISH is the only available technique to reliably count the number of mRNA 
molecules in bacterial cells while at the same time acquiring data with high spatial 
resolution 98,280,427,429. Recent improvements in signal-to-noise ratios and binding specificity 
through backbone modification of the probes now make it possible to detect shorter RNA 
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fragments, such as eukaryotic microRNAs or bacterial small non-coding RNAs 427,428,468. 
FFurthermore, multiplexing strategies have been developed that incorporate spectral 
barcoding or an iterative hybridization/imaging procedure (MERFISH), in which probes 
with different fluorophores that sequentially target mRNAs are designed in such a way 
that careful analysis of the color combination within one mRNA spot informs on the 
identity of that transcript 423,424,469–471. In this way up to thousands of RNAs can be detected 
in one single cell. Thus, smFISH is extremely useful for monitoring gene expression and 
transcript localization. One major drawback remains, however, namely that FISH is not 
compatible with in vivo imaging of bacteria. Rather, it conveys static data of - in fact 
- highly dynamic processes. On top of that, cell fixation required for FISH could also 
influence the localization of the studied RNA by itself. 

Novel modifications deal with most shortcomings of FISH in live eukaryotic cells. 
Alterations that turn FISH into FIVH include backbone changes that render probes 
resistant to cellular nucleases and a variety of signal amplification strategies, such as the 
development of molecular beacons and dye-intercalating probes. However, delivery of 
these relatively large oligonucleotides into the cell requires microinjection, transfection 
or the action of pore-forming peptides. These techniques are not (yet) compatible with 
the small-sized and cell wall-enclosed bacteria. Electroporation can be used to internalize 
short DNA fragments or proteins up to 100 kDa in E. coli while at the same time keeping 
cells in a viable state 301–303,472. It would be of great interest to elucidate whether fluorescently 
labeled FIVH probes, such as molecular beacons or LIT probes, could be introduced in 
bacteria in a similar fashion. Probes are sometimes introduced in eukaryotic cells using 
cell-penetrating peptides like streptolysin O. Along this line of thought, pore-forming 
compounds such as the antibiotic peptide nisin may be used to temporarily permeabilize 
Gram-positive membranes 473. More recently, advances in microfluidic cell “squeezing” 
resulted in the formation of short-lived holes in the membranes of mammalian cells, 
allowing introducing small synthetic fluorophores without affecting cell viability. The 
feasibility of this technique for the relatively rigid bacterial cells remains to be examined 474. 
Alternatively, living cells can be incubated in hybridization buffer with low concentrations 
of SSC and SDS with the knowledge that this will negatively affect probe hybridization 
or cell viability. Possibly, probe introduction and hybridization in stringent hybridization 
buffer, followed by careful washing with a less stringent buffer, could improve survival.

The shortfall of FISH in imaging RNAs in living bacterial cells has led to the development 
of methodologically different RNA-labeling techniques. Approaches that have received 
the most attention in recent years make use of aptamer-binding fluorogenic dyes. Many 
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small organic dyes are able to diffuse into cells and are good candidates for less intrusive 
RNA imaging strategies. A number of fluorogen-aptamer pairs have been reported for 
live-cell RNA imaging, of which most required considerable optimization after their first 
introduction. Next-generation aptamers are now coming of age. Additional technical 
improvements and development of new fluorogen-binding aptamers circumvent many 
of the problems that are encountered with protein-based RNA-labeling techniques and, 
thus, hold great promise for future in vivo RNA studies. Moreover, the recently developed 
aptamers and their organic dye ligands are, in theory, compatible with other aptamer-dye 
pairs by taking advantage of the variation in spectral characteristics of the fluorophores. 
Especially those techniques that would allow detecting single RNA molecules for 
prolonged periods of time would boost the knowledge on bacterial cell biology. So far, all 
fluorogen-binding aptamer methods that have been used to detect transcripts in bacteria 
have employed multicopy plasmids to express the mRNA. Also, all of the studies have so far 
been undertaken in E. coli only. These are clear indications of the fact that most techniques 
are still under development and none have yet yielded physiological information on 
endogenous bacterial transcripts, many of which are typically low-abundant and short-
lived. 

Conclusion

Although monitoring of single mRNA molecules in bacteria has proven difficult, important 
information has been gained regarding the spatial behavior of RNA species inside bacterial 
cells. The techniques have allowed uncovering the transcription kinetics of promoter 
systems in E. coli at the single-cell level 367,378,429,475–477 and led to the acknowledgement that 
various mRNAs are in fact localized in bacterial cells 98,99. The systems that were used to 
enable these pioneering studies are now gradually being replaced by more accurate, less 
invasive techniques. Importantly, many resolutions to initial drawbacks in the procedures 
have been proposed but remain to be validated for their use in bacterial cells. It is therefore 
very likely that a generic RNA-labeling system will be presented in the near future, 
allowing to make major steps in the understanding of the hidden and long-underestimated 
subcellular localization and dynamic behavior of bacterial RNA molecules. 
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Abstract

By using fluorescence imaging, we provide a time-resolved single-cell view on coupled 
defects in transcription, translation and growth during expression of heterologous 
membrane proteins in Lactococcus lactis. Transcripts encoding poorly produced membrane 
proteins accumulate in mRNA-dense bodies at the cell poles, whereas transcripts of a well-
expressed homologous membrane protein show membrane-proximal localization in a 
translation-dependent fashion. The presence of the aberrant polar mRNA foci correlates 
with cessation of cell division, which is restored once these bodies are cleared. In addition, 
activation of the heat-shock response and a loss of nucleoid-occluded ribosomes are 
observed. The work presented gives new insights and a detailed understanding of aberrant 
membrane protein biogenesis, which can be used for strategies to optimize membrane 
protein production in L. lactis.
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Introduction

Integral membrane proteins (MPs) are key elements in essential cellular processes such 
as signal transmission and membrane transport. Elucidation of their molecular structure 
is important since their malfunctioning lies at the heart of a great number of diseases 
and because they constitute important drug targets 478. Cell-based expression systems are 
widely employed to produce convenient amounts of recombinant MP for downstream 
biochemical characterization. In this respect, bacterial species are considered valuable 
production hosts, next to yeast and insect cells 32,41,479. A significant bottleneck in the 
drug discovery pipeline, however, is that MP overexpression in bacterial hosts such as 
Escherichia coli and Lactococcus lactis for structural and drug-screening studies remains a 
significant challenge. Therefore, ample research has aimed to elucidate the physiological 
responses of these bacteria to MP overexpression by means of, for instance, transcriptomic 
and proteomic analyses in order to identify cellular constraints hampering production 
19,34,64. Although the ‘omics’ data give a good representation of the average state of the cells 
in a culture, they do not record problems in MP production at the level of individual cells. 
Impediments can occur anywhere along the process, from transcription to translation 
to the insertion of correctly folded proteins in the cytoplasmic membrane. Functional 
synthesis of most polytopic MPs is dependent on co-translational translocation realized by 
the signal recognition particle (SRP) pathway, which is responsible for the timely delivery 
of elongating, MP-producing ribosomes to the membrane 480. With the rise of techniques 
to peek inside single cells, the spatiotemporal background of processes that underlie 
problematic synthesis can now be identified and examined in great detail.

Recently, it was shown in E. coli that mRNA species encoding SRP-dependent proteins 
(mostly integral MPs) display translation-dependent membrane localization, including 
polycistronic mRNAs containing ORFs for both soluble and integral MPs 98,99,427. All 
other mRNAs, including those of the SecB-dependent periplasmic and outer MPs, were 
maintained throughout the cytoplasm 98. The SRP-dependent pathway is conserved among 
all kingdoms of life, but the subset of molecular components deviate between species 481. 
The notion that mRNAs of SRP-dependent proteins have a defined spatial organization in 
bacteria is extremely important in this context. Since codon choice and tRNA-availability 
differ between cells of prokaryotic or eukaryotic origin, the signal that is responsible for 
SRP interaction may be unavailable when trying to express a non-optimized gene in an 
evolutionarily distinct host. It is therefore tempting to speculate that mRNAs and the 
heterologous MPs they encode, may not be properly targeted to the membrane due to a 
lack of the correct bacterial ZIP-code for balanced SRP-dependent membrane delivery.
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To address the impact and effect of mRNA targeting on heterologous production of MPs, 
we investigated the spatial organization of MP-encoding mRNAs in L. lactis at the single 
cell level. In contrast to mRNAs of well-expressed MPs that localize at the membrane 
in agreement with previous studies, our results indicate that poorly expressed MPs 
experience obstacles during translation, which eventually lead to accumulation of mRNA 
transcripts at the cell poles. These immobile mRNA clusters are spatially distinct from the 
location of protein aggregation seeds and from the site where the mRNAs are transcribed. 
They are also formed when translation is obstructed. Once their disassembly is initiated, 
a synchronized restoration of translation and growth takes place. Our findings add an 
empirical understanding of why heterologous MPs are poorly expressed in bacterial 
hosts and provide a time-resolved single-cell view on coupled defects in transcription, 
translation and growth during aberrant synthesis.

Results

Transcripts of poorly expressing membrane proteins accumulate in immobile polar 
foci

Differential localization of bacterial mRNAs of SRP-dependent proteins has thus far only 
been shown to exist in E. coli 98,99,427. Therefore, we first tested, by wide-field fluorescence 
microscopy, whether mRNAs specifying either integral MPs or cytoplasmic proteins adopt 
different subcellular sites in the Gram-positive bacterium L. lactis. L. lactis bcaP mRNA 
was chosen as a model encoding a well-expressed endogenous amino acid transporter 64,482. 
L. lactis codY mRNA, specifying a central regulator of nitrogen metabolism 482, and gfp 
mRNA were utilized as representatives specifying cytoplasmic proteins. Fluorescence in 
situ hybridization (FISH) was adapted in order to be able to image transcripts with the same 
probe by appending the transcripts with repetitive MS2 binding sites (12bs) (For validation 
of the method see Chapter 2) 279,280. The MS2 binding sites were chosen because these 
allow for live cell imaging of the transcripts as discussed below. Since we were specifically 
interested in the fate of various membrane-protein-mRNAs upon their overproduction, 
the nisin-induction system for overexpression (NICE) was used to produce recombinant 
mRNA and cognate proteins 71. The successful production of STREPII-tagged BcaP and 
CodY proteins was confirmed by immunoblotting (Fig S1A). After 1 hr of induction with 
5 ng ml-1 nisin, starting at mid-exponential phase, codY12bs and gfp12bs mRNAs were mainly 
detected in the cytoplasm outside the area occupied by the chromosome (Fig 1A and 
S1B), while the bcaP12bs transcripts appeared as fluorescent patches along the inside of the 
cytoplasmic membrane (Fig 1B). We realize that pinpointing the location of overexpressed 



109

transcripts does not reflect the native situation. However, the production of recombinant 
MPs traditionally uses high-copy number expression vectors. Hence, we wanted to study 
the temporal and subcellular factors of MP biogenesis in a malfunctioning scenario to 
understand (over)-expression bottlenecks.

Next, we employed FISH to examine the localization of mRNA encoding two poorly 
expressed heterologous MPs: A sucrose transporter from Solanum tuberosum (SUT1) and 
the human γ-secretase component, Presenilin 1 missing exon 9 (PS1Δ9). Both proteins 
are only produced to levels less than 10% of that of BcaP 63,64. In contrast to bcaP12bs, 
SUT112bs and PS1Δ912bs transcripts appeared as single bright fluorescent foci in one or 
both poles in the majority of cells (Fig 1C, D). We ruled out that the polar mRNA foci 
were methodological artefacts by visualizing untagged PS1Δ9 and bcaP mRNA with 
gene-specific FISH probes (Chapter 2). In order to get a population-wide view of the 
subcellular distribution of the overexpressed transcripts, >600 randomly chosen cells 
expressing either bcaP12bs, SUT112bs, bcaP12bs or codY12bs and visualized with the ms2 probe, 
were analysed using MicrobeTracker 326. Fluorescent spots inside the cells, as well as spot 
coordinates relative to the cell contour, were obtained using a Gaussian fitting algorithm 
in the ImageJ ISBatch plug-in 327. The peak coordinates were normalized and all spots 
were jointly projected in one half of a model cell (dimensions: 800 × 900 nm, based on 
average length and width of L. lactis cells grown in GCDM*; Fig S1C). Location maps 
of subcellular fluorescence and intensity profiles thereof enabled further discriminating 
mRNA encoding CodY, BcaP, PS1Δ9 and SUT1 (Fig 1A-E). bcaP12bs mRNA localizes along 
the cytoplasmic membrane, codY12bs mRNA molecules tend to accumulate at the periphery 
of the chromosome, while SUT112bs and PS1Δ912bs mRNA foci are mostly confined to the 
cell poles. Approximately half of the imaged cells expressing PS1Δ9 or SUT1 contained 
densely packed, polar mRNA clusters (Fig 1F) marked by spatially confined, yet bright 
fluorescence (Fig S1D). This type of mRNA-dense spots was far less pronounced or absent 
in cells expressing bcaP12bs or codY12bs, respectively (Fig S1D).

In a previous study, no clear differences in the population-averaged levels of transcripts 
were observed when producing different MPs in L. lactis 63. Analysis of the images obtained 
with FISH showed that the population averages of bcaP12bs and PS1Δ912bs transcript levels 
were roughly similar, but that the distribution of mRNA levels per cell differed quite 
considerably between the two populations (Fig 1G). After induction, an increase in bcaP12bs 
transcript levels was evident when compared to non-induced cells, but this was less so 
in cells expressing PS1Δ912bs mRNA (Fig 1G). Instead, 50% of the latter cells contained 
very little or no PS1Δ912bs mRNA. In cells with detectable levels of PS1Δ912bs mRNA, 90% 
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had polar mRNA clusters (Fig 1G). A small fraction of these cells contained extremely 
high levels of PS1Δ912bs mRNA; cells with high levels of overexpressed mRNA were absent 
in the bcaP12bs-expressing population. In the remaining ~10% of cells, the PS1Δ912bs 
mRNA localized in a manner similar to that of overexpressed bcaP12bs transcripts. Higher 
intracellular levels of PS1Δ912bs mRNA correlated with a greater disposition for a cell to 
carry polar mRNA clusters (Fig 1H). This suggests that there is an expression window for 
this particular transcript above which cluster formation prevails (mRNA level >10 AU).

Fig 1. Transcripts of poorly expressing membrane proteins accumulate in immobile polar foci. (A-
D) Left panels: Localization of codY12bs, bcaP12bs, PS1Δ912bs or SUT112bs transcripts in L. lactis NZ9000 
cells. Centre panels: Corresponding phase contrast images. Scale bar = 2 µm. Coloured panels: Location 
maps constructed from fluorescent TAMRA spots observed in 1185, 877, 765 and 661 cells, respectively, 
highlighting the preferential localization of each overexpressed mRNA in one half of a model cell. Thick 
transparent lines: Cell boundaries including portion occupied by cell wall and membrane as approximated 
using BcaP-GFP expressing cells (See Fig S1C). Thin transparent lines: Boundaries of chromosomal areas 
as approximated using DAPI staining in living cells (See Fig S1C). Scale bars depict the relative density of 
each mRNA species. (E) Intensity profiles drawn along the centre of the y-axis of the location maps ((A-
D), coloured panels) of cells expressing bcaP12bs (solid black line), codY12bs (dotted black line), PS1Δ912bs 

(solid red line) or SUT112bs (dotted red line). (F) The percentage of cells with bcaP12bs, PS1Δ912bs or SUT112bs 
polar mRNA clusters. Error bars: Standard errors. (G) The population-wide distribution of bcaP12bs or 
PS1Δ912bs mRNA content obtained from single-cell measurements depicted in box plots and histograms 
(lower panels). Red bars (right panel): The fraction of cells with polar PS1Δ912b mRNA clusters. Blue lines: 
Gamma distributions fitted to expression data. (H) The percentage of cells containing polar bcaP12bs (black) 
or PS1Δ912bs (red) mRNA clusters plotted as a function of intracellular TAMRA levels (corresponding to 
bcaP12bs or PS1Δ912bs mRNA levels).
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Live cell imaging reveals spatiotemporal aberration of heterologous-membrane-
protein mRNA and a decline in transcription

FISH only provides a static view on mRNA localization. We implemented the MS2 system 
to label mRNAs in living cells to examine mRNA dynamics (For validation of the method 
see Chapter 2) 99,276,283. In this approach, transcripts are visualized with MS2 phage coat 
proteins fused to GFP that specifically recognize the MS2 binding sites that are fused to 
the transcripts. To detect the MS2 binding site-extended transcripts, the MS2-GFP protein 
(MG4: optimized for use in L. lactis; see Chapter 2) was expressed from the chromosomal 
pseudo10 locus 292 using the inducible nisA promoter (PnisA). Importantly, GFP in this study 
refers to a monomeric super-folder GFP optimized for L. lactis (271; Chapter 2). The spatial 
distribution of the different MS2-GFP-tagged mRNAs was similar to that observed with 
FISH (Fig S2). Time-lapse movies revealed that many bcaP12bs mRNA foci were relatively 
slow-moving clusters that seemed to be associated with the membrane (Movie S1). codY12bs 
mRNAs diffused as highly dynamic moieties; slow-moving foci similar to those present in 
bcaP12bs-expressing cells were absent (Movie S2). PS1Δ912bs and SUT112bs mRNA formed 
static and long-lived clusters (>1 hr) at the cell pole (Movie S3 and S4).

Growth of and mRNA localization in PS1Δ912bs-expressing cells were followed over time 
using MS2-GFP (MG4). One-third of the cells did not grow and polar foci remained 
visible for up to 4 hrs (Movie S5 and Fig 2A, B). In another population tertile, polar foci 
redistributed into multiple smaller foci synchronously with a switch from prolonged (~3 
hrs) growth arrest to cell expansion with disturbed division (Movie S6 and Fig 2A, B). 
The last fraction contained less-intense fluorescent foci - an indication that PnisA-induced 
expression had been relatively low in these cells - that disappeared within 1 hr, after which 
growth continued as normal (Movie S7 and Fig 2A, B). Hence, only mild expression at 
the initiation of the time-lapse experiment led to micro-colony formation after removal of 
polar mRNA clusters (Fig 2C). We identified a clear sequence of post-transfer PS1Δ912bs 
mRNA patterns (Movie S5 and S6, Fig 2D). First, mRNA appeared as crescent patches at 
the poles. Then, a redistribution to spots with Gaussian distributions occurred. These spots 
eventually fell apart into multiple smaller foci and ultimately disappeared. Under identical 
conditions, bcaP12bs-expressing cells did not cease to grow and PnisA-driven expression 
continued for 60 - 90 min after transfer from liquid medium to microscopy slides lacking 
the inducer nisin (Movie S8 and Fig 2E). 

Using MS2-GFP, we consistently observed that there are at least two deviant subpopulations 
of PS1Δ912bs-expressing cells: Non-growing cells with mRNA clusters and dividing cells 
without any visible PS1Δ912bs mRNA. Presumably, the latter cells grow because they are 
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not (yet) induced or have already terminated PnisA-controlled transcription. PnisA-driven 
co-expression of MS2-GFP with PS1Δ9, but not with BcaP, decreased without affecting 
the population-wide growth (Fig 2F). Hence, either transcription from at least PnisA or 
translation in general is abrogated in L. lactis cells producing recalcitrant MPs. In any case, 
both scenarios create a negative feedback that contributes to reduced production yields. 

Polar mRNA clusters are spatially unrelated to protein aggregation seeds

To examine if polar mRNA clusters correspond to sites of protein aggregation, BcaP 
and PS1Δ9 were fused to GFP. Even though GFP fused to the extra-cytoplasmic PS1Δ9 
C-terminus likely interferes with its membrane insertion, information can still be gained 
on completion of translation, protein targeting and protein-mRNA colocalization. The 

Fig 2. Time-resolved analysis of PS1Δ912bs mRNA 
abundance and localization using time-lapse 
microscopy. (A) PS1Δ912bs mRNA expression 
in L. lactis LG010 cells was induced following 
a standard regime after which the cells were 
transferred to a microscopy slide carrying a thin 
layer of 1.5% agarose dissolved in GCDM* lacking 
nisin, for time-lapse fluorescence microscopy 
analysis. Shown are the portions of 100 cells in 
the culture that contain polar PS1Δ912bs mRNA 
clusters that do not divide after transfer (ND), 
that grow very poorly and adopt swollen and 
deviating cell shapes (-), that grow at a moderate 
rate (+/-) and that grow at a normal rate (+). 
(B) Histogram displaying the time it takes for 
100 individual cells to remove MS2-GFP-tagged 
PS1Δ912bs mRNA clusters from their poles, as 
visualized with time-lapse microscopy. (C) Box 
plots displaying the initial MS2-GFP expression 
levels, which is directly correlated to the mRNA 
level, in PS1Δ912bs-expressing cells that either 

resumed growth (+) or remained in a non-growing state (-). ***: A Students t-test was performed to test 
for significance (p < 0.005). (D) Schematic representation of the post-transfer sequence of patterns adopted 
by MS2-GFP-tagged PS1Δ912bs mRNA (coloured in red). (E) Histogram displaying the time it takes for 
100 individual cells to stop nisin-driven transcription of bcaP12bs mRNA upon transfer of induced liquid 
cultures to agarose pads with growth medium lacking nisin, as determined from MS2-GFP distributions in 
cells using time-lapse microscopy. (F) MS2-GFP expression (right axis) monitored in L. lactis LG010 cells 
after standard induction, expressing nothing (empty vector control; grey), BcaP (black) or PS1Δ9 (red) and 
their averaged growth (blue line, left axis). The MS2-GFP fluorescence values are normalized for OD600. 
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cells were induced to express BcaP-GFP or PS1Δ9-GFP for 1 hr, after which the level and 
subcellular localization of each of the GFP-tagged proteins and their respective mRNAs 
were examined using FISH. Cells with polar bcaP-gfp12bs mRNA clusters (<1% of the 
population) contained the highest amount of bcaP-gfp12bs transcripts and held relatively 
high levels of BcaP-GFP (Fig 3A). The production window for bcaP12bs, defined as the 
range of mRNA levels that do not lead to mRNA clusters, was significantly wider than that 
of PS1Δ912bs mRNA (Fig 3B). PS1Δ9-GFP was clearly detected albeit at levels at least an 
order of magnitude lower than BcaP-GFP (Fig 3A-C). No reports on inclusion bodies in L. 
lactis exist, but misfolded MPs are known to cofractionate with the membrane proteome 
66. In agreement, we occasionally observed membrane-proximal fluorescent protein 
aggregates, even in BcaP-GFP-expressing cells (Fig S3A). The protein aggregates did not 
typically co-occur with polar clusters of bcaP-gfp12bs mRNA. When present in the same 
cell, they did not colocalize (Fig S3A). No signs of PS1Δ9-GFP membrane insertion were 
detected. Rather, PS1Δ9-GFP was present as aggregation seeds 483 at the membrane (Fig 
3C and S3B). Of the larger PS1Δ9-GFP aggregates, the majority (90%) did not colocalize 
with, but was often found in the proximity of polar mRNA foci (Fig 3C). 

We attempted to indirectly detect (aggregates of) truncated or incompletely translated 
fusion proteins by localizing the molecular chaperone DnaK. DnaK associates with protein 
aggregates and inclusion bodies in E. coli 483,484. Levels of DnaK-GFP were significantly 
elevated 15 min after initiation of PS1Δ912bs expression (Fig 3D). The cellular distribution 
of DnaK-GFP was examined in combination with FISH to visualize PS1Δ912bs or bcaP12bs 
mRNA. The distribution of DnaK-GFP inside bcaP12bs expressing cells was similar to that 
of DnaK-GFP in control cells (Fig 3E and S3D). Clusters of DnaK-GFP only formed in 
PS1Δ9-expressing cells, but hardly ever at the pole(s), where PS1Δ912bs mRNA gathers (Fig 
3E and S3D). Rather, DnaK-GFP localized to the most intense PS1Δ9-GFP protein foci: 
DnaK foci are on average a similar distance away from polar PS1Δ912bs mRNA clusters as 
were the PS1Δ9-GFP foci (Fig S3E). Location maps of PS1Δ9-GFP and DnaK-GFP foci 
show that they have very comparable intracellular distributions and quite different from 
that of PS1Δ912bs mRNA (Fig S3F). Although no overlap in localization between polar 
PS1Δ912bs mRNA clusters and DnaK-GFP was observed, elevated levels of DnaK-GFP are 
correlated with the presence of polar PS1Δ912bs mRNA clusters, indicating that those cells 
are, or have been, under severe stress (Fig 3F).
 
Plasmids predominantly colocalize with the nucleoid, not with mRNA-dense polar 
clusters

We entertained the possibility that pNZ8048 plasmids are predominantly present in the 
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cell pole(s) like other multi-copy number plasmid, which could seed the formation of 
foci for mRNAs of poorly expressed MPs due to high local transcription 485–487. Plasmid 
pNZ8048 was visualized using a Gram-positive ParB/parS system and DNA FISH (M. 
Kjos, J. Siebring, J.W. Veening, personal communication). A parS site was introduced in 
pNZ8048, pLG-BcaP and pLG-PS1Δ9 and L. lactis LG045a was constructed, a strain that 
constitutively produces low levels of ParB-GFP (the parS binding protein fused to GFP). 
The L. lactis NZ9000 genome does not contain a ParA homologue 488, allowing visualization 
of the subcellular location of parS-labeled pNZ8048 derivatives (Fig 4 and S4). 

ParB-GFP expressed in cells carrying pNZ8048 without a parS sequence distributed 
homogeneously (Fig S4A). Unlike some high-copy plasmids in other bacterial species 
485–487, pNZ8048 primarily populates the area occupied by the chromosome in L. lactis (Fig 
S4A, B). Conjoint visualization of the plasmids and the full-length transcripts they specify 
shows that they are spatially separated (Fig 4A, B and D). Since our plasmid imaging 
approach does not have the time-resolution to monitor rapid spatiotemporal changes, we 
cannot rule out the possibility that transertion, the coupled transcription, translation and 

Fig 4. pNZ8048 plasmids predominantly localize 
in the chromosomal area, not with mRNA-
dense polar clusters. Plasmids tagged with 
parS/ParB-GFP were conjointly visualized with 
overexpressed bcaP12bs mRNA (A) or PS1Δ912bs 
mRNA (B) using FISH. Right panels show false-
coloured images in which mRNA and plasmids 
are represented in red and cyan, respectively. 
Images were subjected to deconvolution to 
enhance the contrast. Scale bar = 2 µm. Yellow 
lines indicate cell contours. (C) The intracellular 
distribution of ParB-GFP foci under various 
gene expression scenarios (empty vector control 
(-), BcaP or PS1Δ9 expression) is represented as 
location maps to highlight the predominant sites 
of plasmid localization averaged over all cells (± 
200 cells per experiment). (D) Intensity profiles 
of overexpressed mRNA and conjointly visualized 
plasmids created from the location maps to 
illustrate differences in distribution of pLG-BcaP 
(black solid line), pLG-PS1Δ9 (red solid line), 
bcaP12bs (black dotted line) and PS1Δ912bs (red 
dotted line) along the x-axis of the model cells.  
Scale bars in microscopy images represent 2 μm.
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translocation of MPs, does not occur here 489. Adding nisin to induce expression of bcaP12bs 
or PS1Δ912bs transcripts did not severely affect the location of pNZ8048-derived plasmids, 
but location maps of plasmids show that induction of PS1Δ9 caused the area occupied by 
plasmids to slightly shrink compared to control cells (Fig 4C, D). 

Because polar clustering of PS1Δ912bs transcripts cannot be explained by the spatial 
distribution of pNZ8048, we reasoned that downstream processes, including targeting of 
mRNA for degradation or complications in synthesis of PS1Δ9 could be involved. The 
shrinkage of the area occupied by the plasmids (and nucleoid) suggests that transertion of 
PS1Δ9 is inhibited under these conditions.

The relationship between mRNA cluster formation, translation activity and mRNA 
degradation

What is the effect of translation on the localization and degradation of the studied 
mRNAs? Are polar mRNA clusters still available for translation or could they correspond 
to bacterial analogs of dedicated mRNA degradation hubs that are found in eukaryotic 
cells during stress? In E. coli, treatment with translation-inhibiting kasugamycin results 
in a loss of membrane-localized mRNAs 98. We observed the same with overexpressed 
MS2-GFP-visualized bcaP12bs mRNAs when L. lactis cells were treated with translation-
inhibiting antibiotics erythromycin (Ery) and chloramphenicol (Cm) (Fig 5A). The bulky 
MS2-labeled mRNAs did not enter the nucleoid region due to chromosome condensation 
induced by Ery/Cm treatment 490–492 (Fig S5A). In contrast to bcaP12bs, PS1Δ912bs mRNA 
remained visible in the poles after antibiotics treatment. These structures apparently do 
not readily release transcripts upon inhibition of translation. To further investigate the 
effect of translation on mRNA localization, we mutated the aaggagg ribosomal binding 
site (RBS) on gfp12bs transcripts by changing it to aattcgg (Fig S5B) and employed the same 
strategy to disrupt the RBS on bcaP12bs and PS1Δ912bs. Using FISH, we observed that a 
high percentage of the cells expressing RBS-less bcaP12bs or PS1Δ912bs mRNA contained 
transcript clusters (Fig 5B, C). This suggests that the punctuate foci correspond to mRNAs 
that are blocked from translation. Closer examination (Fig 5D) of the population-wide 
localization of the RBS-less mRNAs revealed that they cluster more closely to the nucleoid 
(and thus also to the expression plasmids), while the RBS-containing PS1Δ912bs mRNA 
clusters are predominantly present at the cell poles (see also Fig 1C). 

The localization of ribosomes in L. lactis is similar to that in other bacteria: The major 
fraction of the S2-eYFP protein - and therefore ribosomes - localizes outside the nucleoid 
491,493,494 (Fig 5E and S5C). Time-lapse movies similar to those described above reveal that 
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non-growing cells expressing PS1Δ9 undergo a reorganization of S2-eYFP localization 
from typically nucleoid-occluded to highly homogeneously distributed (Fig 5E). Since 
70S ribosomes are not able to freely diffuse into the nucleoid 491,493,494, a homogenous 
distribution indicates a loss of 70S ribosomes and thus of translation. Non-induced cells 
transferred to agarose slides lacking nutrients showed a similar phenotype, suggesting that 
the loss of 70S ribosomes overlaps with entry into a stationary-like growth phase (Fig 
S5C). Surprisingly, S2-eYFP is excluded from the poles in PS1Δ9-expressing cells (Fig 
5F), which indirectly suggests that polar PS1Δ912bs mRNA clusters are not accessible for 
ribosomes. The finding that Ery/Cm treatment does not lead to a release of mRNA from 
polar clusters strengthens this supposition. Under similar conditions, in about the same 
time required for cells to get rid of polar MS2-labeled PS1Δ912bs clusters (Fig S2B), S2-
eYFP localization and growth were restored to wild type (Fig 5G). 

Determining the lifetimes of mRNAs might help to understand the cause of the polar 
mRNA accumulation observed here. We treated cells expressing different transcripts and 
cognate proteins with rifampicin to stop translation and used FISH to follow the level 
of each mRNA at several time points after rifampicin addition. We used FISH instead 
of Northern hybridization to obtain a population-wide quantifiable view on mRNA 
degradation. Thus, we were able to distinguish subpopulations of cells with significantly 
altered mRNA degradation parameters (see below). Considerable amounts of PS1Δ912bs 
(t½ =10.9 min) and SUT112bs (t½=19.7) transcripts were still present after a 32-min 
treatment with rifampicin, in contrast to codY12bs (t1/2 = 7.1 min) and bcaP12bs (t1/2 = 6.2 min) 
(Fig 5H and S5D). The degradation rate of codY12bs and bcaP12bs were in agreement with 
those reported previously 255, which shows that mRNA degradation rates in L. lactis are 
generally lower than those measured in other fast-growing bacterial species such as E. coli 
and B. subtilis (Fig S5E) 392,495,496. Despite considerable deviations between experimental 
replicates, the half-lives of PS1Δ912bs and SUT112bs transcripts did not differ substantially 
from the estimated median half-life of all mRNAs in L. lactis (t½ = 10.9 min; Fig S5E) 
Separation of cells into populations that did or did not contain polar mRNA clusters 
and recalculation of their half-lives revealed that in cells without polar mRNA clusters, 
PS1Δ912bs and SUT112bs mRNA is degraded at much higher rates than similar mRNA 
trapped inside polar mRNA clusters (PS1Δ912bs: t1/2 = 4.6 min and t1/2(cluster) = 16.1 min; 
SUT112bs: t1/2 = 6.2 min and t1/2(cluster) = 22.4 min; Fig S5F. Degradation of overexpressed 
PS1Δ912bs or bcaP12bs mRNA lacking an RBS takes place at a higher rate (t1/2 = ~2.5 and ~1.7 
min, respectively) than the original transcripts (t1/2 = ~10.9 and ~ 6.2 min, respectively; 
Fig S5G). The fact that the RBS-less PS1Δ912bs and bcaP12bs mRNAs yielded nearly identical 
degradation curves indicate that the mRNA half-life of at least these two mRNA species 
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is mainly influenced by ribosome occupancy in L. lactis. These results also imply that 
the observed slow degradation of PS1Δ9 mRNA does not originate from intrinsic signals 
in the alien mRNA sequence, but depends on binding of ribosomes and/or downstream 
processes. Importantly, the positioning of the major ribonuclease in Gram-positive 
bacteria, membrane-tethered RNase Y 101, remains unaffected by PS1Δ912bs or bcaP12bs 
overexpression (Fig 5I). 

mRNAs of MPs of L. lactis contain an increased U-density

Thus far, we were able to show a subset of cellular consequences of polar mRNA clusters, 
and excluded the localization of plasmids, protein aggregates, the chaperone DnaK, and 
the main constituent of the RNA degradosome, RNase Y, as a direct cause for cluster 
formation. What then, besides ribosome exclusion, could drive the predisposition of 
mRNAs of recalcitrant membrane proteins at the poles? Codons for hydrophobic amino 
acid residues constituting the TMDs of MPs have a strong uracil (U) bias 102. This is more 
pronounced in bacteria such as E. coli than in higher eukaryotic cells as a consequence 
of differences in codon choice.  The increased U-density of MP mRNA was suggested to 
function as a post-transcriptional ZIP-code for membrane targeting 99,102,103. Recently, two 
cold shock proteins, CspE and CspC, were shown to interact with uracil-rich transcripts 
and with the inner membrane of E. coli 103. These findings suggest that the biological 
function of CSPs might not only be to stabilize transcripts during cold shock, but also to 
deliver specific U-rich cargos to the membrane in E. coli. We analysed whether U-density 
might also play a role in mRNA targeting in L. lactis.

Since L. lactis is an AT-rich organism, the general U-density of transcripts is intrinsically 
higher than that of E. coli. If the U-density of transcripts is of importance in bacteria, 
one would expect an even higher U-bias in the preferred codons for hydrophobic amino 
acid residues in L. lactis. This is indeed what we find in L. lactis, while this bias is less 
pronounced in E. coli (Fig 6A). Despite the AT-richness of the genome of L. lactis, the 
U-density of MP-encoding mRNA is significantly higher than that of mRNAs of cytosolic 
proteins, but also than that of MP-encoding mRNAs of E. coli (Fig 6B). This suggests that 
in at least this AT-rich organism the use of mostly U-rich codons for hydrophobic amino 
acid residues has been selected for, through which the relative difference between the 
general U-density of mRNAs encoding membrane or cytoplasmic proteins is maintained.  
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Discussion

L. lactis has emerged as a suitable host for MP production, although expression of 
heterologous MPs is still suboptimal. To gain insights into potential obstacles, we examined 
the fate of transcripts of well and poorly expressing MPs and the relationship between 
mRNA localization, transcription, translation and degradation. In E. coli, transcripts for 
many integral MPs are present in SRP-dependent co-translational translocation complexes 
during the major part of their lifetime 98. Transcripts encoding the homologous transporter 
BcaP localized to the membrane in L. lactis while disruption of their translation led to loss 
of membrane-proximate mRNA foci, suggesting that a similar transertion system operates 
in this bacterium. Transcripts of poorly expressed MPs, H. sapiens PS1Δ9 and S. tuberosum 
SUT1, formed distinctive polar clusters in L. lactis. Importantly, neither the expression 
vector pNZ8048 nor protein aggregates jointly localized at the poles. Although high-copy 
number plasmids have been localized predominantly at the cell poles of bacteria 485–487, 
pNZ8048-derivatives randomly distributed in the cells, with a predisposition in the area 
where the chromosomal DNA is also situated. The ColE1-derived plasmid pBluescript, 
with ~50 copies per cell, does not adopt any specific subcellular location in E. coli 365. Both 
this and our study show that high-copy number plasmids do not necessarily cluster at the 
poles.

The occurrence of polar mRNA clusters was translation-dependent, positively correlated 
to the level of heterologous transcripts and was always accompanied by severe growth 

Fig 6. Increased uracil density in L. lactis transcripts encoding membrane proteins. (A) The codon bias 
for all hydrophobic amino acids (single letter code) in L. lactis MG1363 (left bars) and E. coli K12 (right 
bars). The red bars indicate the codon(s) with the highest uracil content. (B) Boxplots showing the uracil 
density of transcripts coding for membrane proteins in cytoplasmic proteins (CP) or membrane proteins 
(MP) in either L. lactis (Ll) or E. coli (Ec) . Red dots represent outliers. A Student’s t-test was performed: the 
uracil density was significantly different (p < 0.0001; indicated by ****) between the two types of transcripts 
for both E. coli and L. lactis . 
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defects, loss of nucleoid-occluded ribosomes and activation of the heat-shock response. 
Furthermore, PS1Δ9-expressing cells displayed confined plasmid distribution and delayed 
degradation of polar PS1Δ912bs mRNA clusters. The disappearance of polar mRNA foci was 
a prerequisite for cells to be able to grow again and was accompanied by a loss of nisin-
driven transcription but also by re-localization and increase of ribosomal protein S2-
eYFP. The sudden release of many PS1Δ912bs transcripts from polar foci, however, severely 
impacted growth, often leading to defects in cell division. All of these observations are an 
indication that cells with polar mRNA clusters adopt an altered cellular state. Previous 
ensemble studies of L. lactis overproducing MPs suggested that the stringent response 
might be involved 63. High alarmone ((p)ppGpp) levels in E. coli and B. subtilis lead to 
a shift from transcription of rRNA genes to transcription of genes involved in nutrient 
generation, preparing the cell for survival in a nutrient-poor environment 110,111. In 
Staphylococcus aureus, (p)ppGpp inhibits ribosome assembly by binding GTPases involved 
in the maturation of ribosomal subunits 497. It is therefore tempting to speculate that the 
loss of active ribosomes in L. lactis is triggered by the stringent response due to nutrient 
limitation or expression of the heterologous protein PS1Δ9. 

The presence of polar mRNA clusters correlated to cells with a strong induction, as 
evidenced by both the level of overexpressed mRNAs and conjointly expressed MS2-GFP. 
As with the E. coli Walker strains, in which T7 RNA polymerase-driven transcription is 
reduced compared to the parent strain 67,68, the synthesis of less mRNA might improve 
the production of recalcitrant MPs in L. lactis. Lowering the inducer concentration would 
be a straightforward solution albeit that nisin-driven expression triggers a heterogeneous 
response at doses below 0.5 ng ml-1 44. Interestingly, mutations in the sensor histidine 
kinase NisK led to a 2- to 8-fold improvement in MP production due to an increase in 
leaky expression in L. lactis DML1-3 strains 66. We can now assume that this background 
transcription causes a steady state production of low levels of recombinant mRNA that do 
not lead to mRNA clustering or proteotoxic stress, prior to induction of gene expression.
The question remains wat exactly causes the mRNA cluster formation. Below, three 
scenarios are discussed.

Availability for ribosomes. Overexpressed mRNAs encoding soluble proteins were 
mainly present in the nucleoid-free space, whereas RBS-less transcripts accumulated 
at the boundaries of the chromosomal area instead of the poles. A model on the spatial 
organization of intracellular mRNA localization in bacteria predicts that a great proportion 
of transcripts reside in the nucleoid-free space and that a cyclic pattern of ribosome flow 
occurs, in which ribosomes that have finished translation in the nucleoid-free space 
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pick up new transcripts from the nucleoid 498. Transcripts might thus not readily diffuse 
away from their site of production without effective binding by ribosomes, resulting in 
the cluster formation at the nucleoid periphery observed here. Importantly, the adaxial 
clusters of untranslatable bcaP12bs or PS1Δ912bs transcripts resembled polar mRNA clusters 
in terms of density, while S2-eYFP was excluded from the poles whenever PS1Δ9 was 
produced. Abrogated translation of PS1Δ912bs transcripts might therefore be the cause of 
their polar clustering. In support of this theory, Broude and colleagues have reported the 
concentration of untranslated artificial mRNAs at the poles in bacterial cells 309.

SRP recognition. When SRP recognition and delivery of ribosome nascent chains fails, 
synthesis of MPs continues in the hydrophilic cytoplasm, leading to protein misfolding 
and aggregation 481. A consensus SRP-specific signal peptide on integral MPs has never 
been identified, but recent data suggest that translational pausing at mRNA elements 
30-40 codons downstream of the codons that specify the SRP binding site triggers SRP-
binding 149,150. Neither the gene encoding PS1Δ9 nor that for SUT1 was codon-optimized 
for L. lactis. Due to differences in codon choice and tRNA-availability, trans-acting signals 
that promote SRP-binding may be absent when trying to express a non-optimized gene in 
an evolutionarily distinct host 149,150. The idea that the timely targeting of ribosomes to the 
membrane by SRP constitutes a bottleneck during MP overproduction has been explored 
in E. coli 20,250. Competition between binding to the ribosome-nascent chain of trigger 
factor (TF), a folding chaperone for cytoplasmic proteins and SRP influences efficient 
targeting of MPs 20. An increase in correctly inserted MPs was established by decreasing 
the amount of TF while at the same time elevating the SRP level. Some N-terminal fusion 
proteins are known to improve MP production, putatively through promoting SRP-
dependent targeting and/or membrane insertion of the overexpressed protein 40,499–501. 
In principle, such adaptations could also be responsible for guiding ribosomes carrying 
alien mRNA to the membrane. For instance, interchanging the N-terminal domains of 
PS1Δ9 and BcaP might result in a reversal in mRNA localization patterns and improved 
production of PS1Δ9.

ZIP-codes in mRNA sequences. The existence of cis-acting elements in bacterial mRNA 
sequences driving subcellular transcript localization has remained a matter of debate. In 
eukaryotes, RNA ZIP-codes are widespread; they are typically found in the untranslated 
portion of transcripts 502. Differential localization of transcripts encoding MPs in bacterial 
cells is generally believed to be governed by the action of SRP 98,503. There are, however, a few 
indications that elements within the coding sequence of transcripts dictate the localization 
of certain mRNAs in a translation-independent fashion (reviewed in 503). The basis for 
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cis-acting elements that dictate mRNA localization in both eukaryotes and prokaryotes 
remains largely unknown. Most likely, these elements form structures or contain specific 
sequences that are recognized by RNA-binding proteins (RBPs). In Campylobacter jejuni, 
for instance, the transcript coding for the FlaA filament localizes to the cell poles in 
elongating cells in a translation-dependent fashion 504. The polar localization is repressed by 
direct binding of post-transcriptional regulator CsrA to RNA structures on the 5’ UTR of 
flaA, which prevents translation of flaA. B. subtilis ComN, a post-transctiptional regulator 
of competence development, is responsible for the localization of its target transcript, 
comE, to septa and polar regions of the cell 288. One transcript, coding for the E. coli inner 
MP BglF, localized to the membrane in a translation-independent fashion 99. In case BglF 
was co-transcribed with cytoplasmic proteins, the corresponding polycistronic transcript 
also localized at the membrane without the need for its active translation 99. However, 
this observation was recently contradicted by a follow-up study, which suggested that 
translation of transcripts and thus the SRP signal sequence are required for membrane 
localization of mRNAs 98.

The fact that, through codon bias, uracil-richness in MP transcripts has been preserved 
in bacteria strengthens the idea that it might play a role in MP biogenesis. This is not 
only because hydrophobic amino acid residues are generally represented by a greater 
number of U-rich codons. The higher U-density in transcripts of MPs is preserved 
when comparing the codons for hydrophobic amino acid residues in MPs with those in 
cytoplasmic proteins 102. Also, the U-bias in transcripts for MPs is much more pronounced 
in prokaryotes than in higher eukaryotes. Recently, two cold shock proteins with RNA 
chaperone activity in E. coli were found to preferentially interact with U-rich transcripts, 
which might represent the missing link 103. Because bcaP mRNA (U-density = 0.36) and 
other endogenous MP transcripts contain a higher U-density than the heterologous 
PS1Δ9 (0.29) and SUT1 (0.31) mRNAs, it is tempting to hypothesize that the homologous 
bcaP12bs mRNA is recognized (better) by L. lactis CSPs that are homologous to E. coli CspE 
and CspC, such as CspE, CspB and CspD2. They would then be pulled away from the cell 
centre; resulting in fewer RBS-less mRNA clusters. Furthermore, if CSPs exert the same 
function in L. lactis as in E. coli, a decline in these membrane-targeting factors would lead 
to a loss of membrane-proximal mRNA localization and perhaps to polar predisposition 
instead. Indeed, expression of L. lactis CSPs was downregulated in CFTR and PS1Δ9-
expressing cells but not in those expressing BcaP 62–64. 

Support for RBP-triggered localization in bacteria is thus emerging and features are 
gradually uncovered of the interplay of transcript localization and their translation with 
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certain RBPs. It remains to be elucidated whether mRNA elements and RBPs play a role in 
the localization of heterologous transcripts as observed in the current study and, thus, in 
the successful production of non-native MPs.

Methods

Bacterial strains, media and culture conditions 

Bacterial strains and plasmids used in this study are listed in Table S1. For cloning 
purposes, Lactococcus lactis NZ9000 was grown as a standing culture at 30 °C in Difco™ 
M17 medium (BD, Franklin Lakes, NJ, USA) containing 0.5% (w/v) glucose (GM17). When 
required, chloramphenicol and/or erythromycin were added at a final concentration of 5 
µg ml-1 or 3 µg ml-1, respectively. For all other analyses, L. lactis was grown in chemically 
defined medium (CDM; pH 6.8) with 0.5% glucose 322 lacking riboflavin (GCDM*). 
Chemically defined SA medium with 0.5% (w/v) glucose and 20 µg ml-1 5-fluoro-orotic 
acid (5-FOA; Sigma-Aldrich, St. Louis, MO, USA) as a sole pyrimidine source was used 
for the generation of chromosomal knock-ins, as described previously 323. Escherichia coli 
DH5α (Life Technologies, Gaithersburg, MD, USA) was used for cloning purposes; it was 
grown aerobically at 37 °C in LB medium (Formedium, Norfolk, UK) with, when required, 
erythromycin or ampicillin at a final concentration of 150 or 100 µg ml-1, respectively. All 
antibiotics were obtained from Sigma-Aldrich.
 
Recombinant DNA techniques and oligonucleotides 

Standard molecular cloning techniques were performed essentially as described 324. 
Chromosomal DNA from L. lactis was isolated using the Wizard® Genomic DNA 
Purification Kit (Promega Life Sciences, Madison, WI, USA). Plasmids and PCR products 
were isolated and purified using the High Pure Plasmid Isolation and PCR Purification 
kit (Roche Applied Science, Mannheim, Germany) and the NucleoSpin® Gel and PCR 
Clean-up kit (Macherey-Nagel, Düren, Germany) according to the manufacturers’ 
instructions. Enzymes were purchased from Fermentas (Thermo Fisher Scientific Inc, 
Waltham, MA, USA) and New England Biolabs (Ipswich, MA, USA). PCR reactions were 
performed with Phusion or DreamTaq polymerase (both from Fermentas) according to 
the manufacturer’s protocol. In case DNA fragments were prepared for uracil-excision 
DNA-based engineering, PfuX7 polymerase was employed (Morten HH Nørholm, 
DTU, Denmark). The obtained PCR fragments were mixed and treated with the USERtm 
enzyme mixture (New England Biolabs), yielding 9-12 nt-long overhangs annealing to 
complementary overhangs. No ligation was required and USER-treated mixtures were 
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directly used to transform L. lactis or E. coli. Oligonucleotides employed in this study are 
listed in Table S2 and were purchased from Biolegio BV (Nijmegen, The Netherlands). 
Competent E. coli cells were transformed using heat-shock, while electro-competent L. 
lactis cells were transformed using electroporation with a Bio-Rad Gene Pulser (Bio-Rad 
Laboratories, Richmond, CA). All nucleotide sequencing was performed at Macrogen 
Europe (Amsterdam, The Netherlands).

Plasmid and strain construction 

Nucleotide sequences of the primers described below are presented in Table S2. Pertinent 
regions of all plasmids were sequenced to confirm their proper nucleotide sequences. All 
plasmids and strains that were used or constructed during this study are listed in Table S1.

Construction of L. lactis LG029 expressing DnaK-GFP. A DNA fragment containing 
1000 nts of the sequence upstream of the dnaK stop codon and a second fragment covering 
800 nts downstream of the dnaK stop codon were amplified from L. lactis MG1363 using 
primer sets pLVG163/pLVG164 and pLVG165/pLVG166, respectively. A DNA fragment 
encoding a flexible linker fused to monomeric super-folder GFP was amplified from 
pSEUDO10:mg4 using primer pair pLVG060/pLVG61, while plasmid pCS1966, serving as 
the backbone vector, was amplified using primers pLVG072/pLVG073. All four fragments 
were purified, mixed, treated with the USERtm enzyme mixture and introduced in E. coli 
DH5α. The resulting plasmid, pCS1966-dnaK-gfp, was transferred to L. lactis NZ9000. 
A double-crossover recombination strategy, based on 5-FOA counter-selection, yielded 
strain LG029, which contains a clean replacement of the original dnaK gene with dnaK-
gfp.
 
Construction of L. lactis LG045a expressing ParB-GFP. The parB gene, originating from 
lactococcal plasmid pLP712 was amplified from pSEUDO39:parB-mKate2 (J. Siebring, 
M. Kjos, J.W. Veening, personal communication) using primers pLVG117 and pLVG118. 
A 100-nts DNA region containing the constitutive promoter of rnY, PrnY, was amplified 
from the chromosome of L. lactis MG1363 using primer pair pLVG052/pLVG119. A DNA 
fragment encoding a flexible linker fused to monomeric super-folder GFP was amplified 
from pSEUDO10:mg4 with pLVG060 and pLVG061. The pSEUDO39 backbone was 
amplified from pSEUDO39:mKate2 (J. Siebring, personal communication) with pLVG062 
and pLVG063. Fragments were assembled via USERtm treatment and introduced in E. coli 
DH5α cells, after which the correct plasmid, pSEUDO39:PrnY-parB-gfp, was obtained 
and inserted in the silent pseudo39 locus of L. lactis NZ9000, yielding strain LG045a.
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Construction of L. lactis LG024a ectopically expressing RnY-GFP. The L. lactis gene 
2156 (rnY) including 100 nts of its upstream region were amplified from L. lactis MG1363 
chromosomal DNA using primer pair pLVG052 and pLVG053. For the construction of 
pSEUDO39:rnY-gfp, the pSEUDO39:mKate2 plasmid was amplified with pLVG063 and 
pLVG062, while a DNA fragment encoding a flexible linker fused to monomeric super-
folder GFP was amplified from pSEUDO10:mg4 with pLVG060 and pLVG061. The three 
fragments were mixed, treated with the USER enzyme mixture and used to transform E. 
coli DH5α cells. The obtained plasmid, pSEUDO39:rnY-gfp, was then introduced in the 
silent pseudo39 locus of L. lactis NZ9000, resulting in strain LG024a.

Nisin-inducible genes containing MS2 binding sites. We used identical 5’ and 
3’-sequences in all transcripts used in this study, which allowed specifically studying 
the role of the coding regions. Plasmids pLG-SUT1 and pLG-GFP were constructed by 
uracil excision-based cloning. The backbone of pLG-BcaP, lacking the bcaP gene, was 
amplified using primers pLVG071 and pLVG106 for pLG-SUT1. The gene SUT1 was 
amplified from pNZ-StSUT1 using primer set pLVG107/pLVG108. The fragments were 
treated with USERtm as described previously and introduced into electro-competent L. 
lactis strain NZ9000 and/or LG010. pLG-BcaP-GFP and pLG-PS1Δ9-GFP were created 
as follows: A DNA fragment with a flexible linker followed by the gene for monomeric 
super-folder GFP was amplified from pSEUDO10:mg4 using primer set pLVG060/
pLVG121. Backbone DNA fragments were created using primer pair pLVG096/pLVG120 
or pLVG145/pLVG120 with pLG-BcaP or pLG-PS1Δ9 as templates, respectively. Each 
amplified backbone fragment was mixed with the GFP gene-carrying DNA fragment, 
treated with USERtm and introduced in L. lactis NZ9000.

Disruption of the ribosomal binding sites on pLG-GFP, pLG-BcaP and pLG-PS1Δ9. 
The RBS upstream of gfp12bs, bcaP12bs or PS1Δ912bs on pLG-GFP, pLG-BcaP or pLG-PS1Δ9, 
respectively, was mutated from aaggagg into aattcgg by site-directed mutagenesis, using 
primer pair pLVG109/pLVG110, yielding pLGΔRBS-GFP, pLGΔRBS-BcaP and pLGΔRBS-
PS1Δ9, respectively. The plasmids were picked up in L. lactis NZ9000.
 
Introduction of the parS sequence on plasmids pNZ8048, pLG-BcaP and pLG-PS1Δ9. 
A parS sequence (M. Kjos, J. Siebring, J. W. Veening, personal communication) was 
introduced in pNZ8048, pLG-BcaP and pLG-PS1Δ9 by site-directed mutagenesis, using 
primers pJS89 and pJS90. Both primers contain a sequence extension that assembles 
into the functional parS sequence after annealing of the overhangs. The newly generated 
plasmids pNZ8048(parS), pLG(parS)-BcaP and pLG(parS)-PS1Δ9 were introduced in L. 
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lactis LG045a.

Protein analysis, Western blotting and immunodetection

L. lactis NZ9000 carrying pLG-BcaP or pLG-CodY was inoculated 1:100 in chemically-
defined medium containing 0.5% (w/v) glucose (GCDM; (18)) and grown as standing 
culture at 30 °C to an OD600 of 0.4, after which it was induced with 5 ng ml-1 of nisin A (nisin; 
Sigma-Aldrich). Cells were harvested 2 hrs post-induction by centrifugation at 9,000×g 
for 15 min at 4 °C, washed with ice-cold 100 mM potassium phosphate (KPi) pH 7.0 and 
resuspended to OD600 of 1 in ice-cold 100 mM KPi. For lysis, glass beads were added to 1 ml 
of the cell suspension and cells were broken by 3×35 sec incubations in a mini-bead beater 
(Biospec Products, Bartlesville, OK) with 1-min intervals of cooling at 4°C. Cell debris was 
removed by centrifugation at 7650×g for 15 min (4 °C). To detect overexpressed StrepII-
tagged BcaP, membrane fractions were collected by high-speed centrifugation (267,000×g 
for 30 min at 4 °C) in an Optima TLX Ultracentrifuge (Beckman Coulter, Brea, CA, USA). 
For immunodetection of StrepII-tagged BcaP, membranes were washed with 10 mM KPi 
buffer containing 10% glycerol, resuspended in 2×SDS loading buffer (1M Tris-HCl, pH 
6.8, 10% SDS, 20% (v/v) glycerol, 25% (v/v) β-mercaptoethanol, 0.05% bromophenol 
blue), boiled for 5 min, subjected to SDS-(12.5%) PAGE. For immunodetection of StrepII-
tagged CodY, cleared cell lysates were mixed with 2×SDS loading buffer, boiled for 5 min 
and separated by SDS-(12.5%) PAGE. Proteins were transferred by semi-dry blotting to a 
polyvinylidene difluoride membrane (Roche Applied Sciences). 

Preparation of cells for in vivo fluorescence microscopy imaging or RNA FISH 

Generally, L. lactis was grown overnight in GM17 with appropriate antibiotics prior to 
microscopy analysis. Overnight cultures were washed in sterile 1×PBS (137 mM NaCl, 2.7 
mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 6.8) and inoculated 1:100 in GCDM*, 
to limit background fluorescence and antibiotics when required. Cultures were grown to 
mid-exponential phase (equivalent to an OD600 of ~0.4) and induced with nisin at a final 
concentration of 5 ng ml-1. Depending on the experiment, cells were incubated for another 
0 to 90 min.

For in vivo fluorescence microscopy imaging, 0.4 µl of a culture was transferred onto a 
microscopy slide that was prepared as follows: Multi-test-slides (MP Biomedical, Santa 
Ana, CA, USA) were cleaned using 5M KOH and MilliQ, after which they were coated 
with 1.5% agarose (Sigma-Aldrich) dissolved in fresh GCDM*.



128

For RNA FISH, performed essentially as described 279 and adapted for E. coli cells 280, the 
cells were fixed by directly adding formaldehyde to the cultures to a final concentration 
of 3.7%. After incubation for 30 min at RT, the treated cells were washed twice with 
dyethylpyrocarbonate (DEPC)-treated 1×PBS, resuspended in 1×PBS containing 10 mg 
ml-1 lysozyme (Sigma-Aldrich), incubated for 30 min at 37 °C, washed twice with 1×PBS 
and permeabilized in 70% ethanol. Permeabilized cells were washed twice with RNA FISH 
wash buffer (40% formaline and 2×SSC (150 mM NaCl, 15 mM sodium citrate, pH 7.0) 
in DEPC-treated MilliQ), resuspended in RNA FISH hybridization buffer (10% (w/v) 
PEG6000 (Sigma-Aldrich), 2 mM vanadyl ribonucleoside complex (VRC, 200 mM; New 
England Biolabs), 1 mg ml-1 yeast RNA, 40% formaline and 2×SSC in DEPC-treated MilliQ) 
containing 1 mM of the ms2 probe (TAMRA-5’-CTGCAGACATGGGTGATCCTC-3’-
TAMRA) and incubated for 16 hrs in a water bath at 30 °C. Prior to imaging, excess probe 
was removed by two washings with 200 μl RNA FISH wash buffer. Finally, the cells were 
resuspended in 2×SSC and transferred to a microscopy slide coated with 1.5% agarose in 
1×PBS.

For DNA FISH, cells were treated similar to preparation for RNA FISH, except for the 
following changes. An RNase (Roche) step (50 µg ml-1, 1hr and 37°C) was incorporated 
after permeabilization with ethanol and cells were washed twice with 1×PBS. Prior to 16-
hrs probe hybridization step, cells were heated to 78°C for 10 min in hybridization buffer, 
after which the TAMRA-labeled ms2 probe was added to a final concentration of 1 mM. 

To stop translation, both chloramphenicol and erythromycin were added to an induced 
culture, each to a final concentration of 200 µg ml-1. Cultures were then incubated for another 
30 min, after which cells were examined using fluorescence microscopy. To determine the 
degradation rate of overexpressed transcripts, the mRNAs were produced for 1 hr in the 
presence of 5 ng ml-1 of nisin. Then rifampicin was added to a final concentration of 200 
µg ml-1 to inhibit transcription. Cells were fixed (see below) at different time points after 
rifampicin addition (0, 1, 2, 4, 8, 16, 32 and 64 min) and prepared essentially as described 
in the following paragraph. This procedure was repeated at least twice for each mRNA 
on separate days. The mRNA half-lives were determined as further described in Data 
analysis.

Fluorescence microscopy 

All micrographs were obtained with a DeltaVision Elite inverted epifluorescence microscope 
(Applied Precision, GE Healthcare, Issaquah, WA, USA) equipped with a stage holder, a 
climate chamber, a seven-color combined set InsightSSI Solid-State Illumination module 
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and an sCMOS camera (PCO AG, Kelheim, Germany). A 100× phase-contrast objective 
(NA 1.4, oil-immersion, DV) was used for image capturing, in combination with SoftWorX 
3.6.0 software (Applied Precision) to control the microscope setup and to perform single-
time-point or time-lapse imaging of cells. The following standard fluorescence filter sets 
were used for visualization: GFP, excitation at 475/28 nm and emisson at 525/48 nm; 
TAMRA/TRITC, excitation at 542/27 nm and emission at 597/45 nm; DAPI, excitation 
at 390/18 nm and emission at 435/48 nm (all using a polychroic beam splitter suitable for 
DAPI, FITC, TRITC, Cy5); eYFP, excitation at 438/24 nm, emission at 548/48, using a 
polychroic beam splitter suitable for CFP/eYFP/mCherry. TAMRA images were captured 
with 1 sec exposure time, S2-eYFP with 5 sec exposure time and GFP fusions with 0.5 to 
1 sec exposure time. If stated in the figure legends, deconvolution was performed using 
SoftWorX 3.6.0 software (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA).
 
Fluorescence measurements using a plate reader 

L. lactis was grown overnight in GM17 with appropriate antibiotics. Cells were collected 
by centrifugation, washed in sterile 1×PBS, inoculated 1:100 in GCDM* with 5 µg ml-1 
chloramphenicol and divided as quintuplos in wells of a transparent 96-wells microtitre 
plate. The cultures were grown at 30 °C to mid-exponential phase (equivalent to an OD600 
of ~0.4) and induced with nisin at a final concentration of 5 ng ml-1. Fluorescence was 
measured with the following equipment and settings: Infinite F200 plate reader (Tecan 
Group Ltd., Männedorf, Switzerland) with I-control 1.10.4.0 software (Tecan Group Ltd.), 
GFP filter set (excitation at 485 nm and emission at 535 nm). GFP signals were collected as 
top readings with a gain setting of 60. GFP fluorescence was divided by the corresponding 
OD600 measurements to correct for cell density effects. L. lactis LG029(pNZ8048) was used 
as an empty vector control to obtain fold changes in expression of DnaK-GFP. 

Data analysis 

MATLAB-based (Mathworks, Natick, MA, USA) MicrobeTracker software was used to 
automatically track cell contours 326 (http://www.microbetracker.org). Both ImageJ (http://
imagej.net) and MicrobeTracker software were used to detect fluorescent spots or measure 
single-cell fluorescence. 

For reconstruction of the location maps, the following image processing procedure 
was applied. Spot detection was performed using a Gaussian fit algorithm available in 
the ImageJ plug-in ISBatch 327, collecting the coordinates of the spots relative to the 
image file as well as the Gaussian fitting parameters of each spot. Spots corresponding 
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to intracellular signals were obtained using tracked cell meshes. Spots lying outside the 
meshes were discarded. The remaining spot coordinates were transformed and normalized 
to intracellular coordinates to fit in the dimension of one half of a coccoid model cell. To 
construct the model cell, the average L. lactis cell outline and nucleoid size were extracted 
from image files of live DAPI-stained L. lactis NZ9000 cells using cell and nucleoid 
tracking. The membrane-width inside the cell outline was estimated using images of 
cells expressing the fluorescent MP BcaP-GFP. The resulting demi-coccoid form had a 
dimension of 800 × 900 nm, representing the average width × length × 0.5h) of an L. lactis 
cell grown in GCDM*. Remaining spots were conjointly projected into this model cell. 
The resulting spot occupancy was plotted as density maps using MATLAB. The Gaussian 
fitting parameters obtained from the ISBatch plug-in were used to calculate the intensity 
(I) of fluorescent spots (I = πw²h, where w = full-width at half-maximum (FWHM); h = 
height or maximum of Gaussian fit parameter). 

To obtain mRNA degradation curves, FISH was employed to obtain total TAMRA signals 
per cell for each time point after rifampicin addition. TAMRA signals minus background 
signals were extracted from the images using MicrobeTracker. Bootstrapping (5 × 500 
randomly picked cells per population) was performed to examine the accuracy of the 
sampling distribution. Single exponential decay curves described by N(t) = N0 e¯λt were 
fitted to the averages of normalized median values obtained from independent experiments 
using MATLAB. Transcript half-lives were calculated from the decay coefficients (λ) using 
t½ = ln(2)/λ. 

The ObjectJ plug-in for ImageJ was employed to track cell lengths and S2-eYFP distribution 
along the Y-axes of the cells (https://sils.fnwi.uva.nl/bcb/objectj). All box-and-whisker 
plots (box plots) are represented according to the Tukey method for plotting whiskers.

To the determine the U-density of transcripts encoding either cytoplasmic proteins or 
MPs, the nucleotide sequences of genes encoding all cytoplasmic proteins and MPs were 
identified and extracted from the genome sequences of L. lactis MG1363 and E. coli K12 
using tools available on the Genome2D webserver (https://genome2d.molgenrug.nl). The 
number of thymines was divided by the total number of nucleotides of each gene to obtain 
the uracil density per gene. The codon usage indexes for both organisms were obtained 
from the CAIcal webserver (http://genomes.urv.es/CAIcal). 
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Supplementary data

Table S1. Strains and plasmids used and contructed in this chapter. abr = Antibiotic resistance 
marker. Cm = Chloramphenicol, Ery = Erythromycin, Amp = Ampicillin. References to research papers 
introducing employed strains and plasmids are given as PMID numbers

Strain Species Genetic marker(s) Abr Reference
NZ9000 L. lactis MG1363 pepN::nisRK PMID: 8837421

LG010 L. lactis NZ9000 pseudo10::PnisA-MS2dΔA-sfgfpm Chapter 2

LG029 L. lactis NZ9000 dnaK::dnaK-sfgfpm This chapter

LG045a L. lactis NZ9000 pseudo39::pSE39-PrnY-parB-sfgfpm Ery This chapter

LG024a L. lactis NZ9000 pseudo39::pSE39-PrnY-rnY-sfgfpm Ery This chapter

NZ9000(rpsB::rpsB-eyfp) L. lactis NZ9000 rpsB::rpsB-eyfp This chapter

DH5α E. coli fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17

PMID: 8479929

Plasmid Host Description Abr Reference
pNZ8048 L. lactis NICE (nisin-controlled expression) system Cm PMID: 8837421

pSEUDO E. coli L. lactis integration vector; pseudo10 locus Ery PMID: 31764949

pCS1966 E. coli L. lactis integration vector Ery PMID: 18539798

pSEUDO39:mKate2 E. coli L. lactis integration vector; pseudo39 locus Ery This lab

pSEUDO39:parB-mKate2 E. coli L. lactis integration vector; pseudo39 locus Ery This lab

pSEUDO::Pusp45-sfgfp(Bs) E. coli L. lactis integration vector; pseudo10 locus Ery PMID: 23956387

pSEUDO39:PrnY-parB-gfp E. coli L. lactis integration vector for inserting parB*-sfgfpm under 
control of the L. lactis rnY promoter in pseudo39 locus

Ery This chapter

pCS1966-dnaK-gfp E. coli L. lactis integration vector for replacing dnaK with dnaK-sfgfpm Ery This chapter

pLG-BcaP L. lactis NICE of bcaP(strepII)12bs Cm Chapter 2

pLG-BcaP-GFP L. lactis NICE of bcaP-sfgfpm
12bs Cm This chapter

pLG-CodY L. lactis NICE of codY(strepII)12bs Cm Chapter 2

pLG-PS1Δ9 L. lactis NICE of PS1Δ9(strepII)12bs Cm Chapter 2

pNZ-StSut L. lactis NICE of H6-SUT1 Cm PMID: 21904605

pLG-PS1Δ9-GFP L. lactis NICE of PS1Δ9-sfgfpm
12bs Cm This chapter

pLG-SUT1 L. lactis NICE of SUT1(strepII)12bs Cm This chapter

pLG-GFP L. lactis NICE of gfp 12bs Cm Chapter 2

pNZ8048(parS) L. lactis contains ParB-binding sequence parS Cm This chapter

pLG(parS)-BcaP L. lactis NICE of bcaP(strepII)12bs; contains ParB-binding sequence parS Cm This chapter

pLG(parS)-PS1Δ9 L. lactis NICE of PS1Δ9(strepII)12bs; contains ParB-binding sequence parS Cm This chapter

pLGΔRBS-BcaP L. lactis NICE of RBS-less bcaP(strepII)12bs Cm This chapter

pLGΔRBS-PS1Δ9 L. lactis NICE of RBS-less PS1Δ9(strepII)12bs Cm This chapter

pLGΔRBS-GFP L. lactis NICE of RBS-less gfp 12bs Cm This chapter
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Table S2. Oligonucleotides.

Name Sequence (5' → 3')
pJS89 GGGGGCTAAATTTAGCCCCCTTTTCTAATGTCACTAACCTGCCCCG

pJS90 GGGGGCTAAATTTAGCCCCCCCGACTGTAAAAAGTACAGTCGGC

pLVG052 ATTCCCCGGGCAUGCGACAGTTATTGAAGTAGCTG

pLVG053 ACCAGATCCCGCUTTTGCGTAGTCAATCGC

pLVG060 AGCGGGATCTGGUGGAGAAGCTGAAG

pLVG061 ACCTTGACTATUATTACTTATAAAGCTCATCCATGC

pLVG062 AATAGTCAAGGUCGGCAATTCTGC

pLVG063 ATGCCCGGGGAAUTCAGACTGGAAGC

pLVG071 ATGGTGAGTGCCUCCTTATAATTT

pLVG072 AGTGAGGGTTAAUTGCGCGCTTG

pLVG073 ATGTTACTGCUGATAATGTAGATATC

pLVG096 ACCAGATCCCGCUTTCTTTTTGCGACGATTTCC

pLVG106 ATGCTTGGTCACAUCCTCAAT

pLVG107 AGGCACTCACCAUGGGTGAGAATTTATATTTTCAAGGTG

pLVG108 ATGTGACCAAGCAUGTTTAATAGAGAGCCCCATGG

pLVG109 ATAAATTATAAUTCGGCACTCACCATGG

pLVG110 ATTATAATTTAUTTTGTAGTTCCTTCGAAC

pLVG117 ACCAGATCCCGCUTTCATCAACAACTCAATCAATTTTTTC

pLVG118 AGAGGAGACTAAUGAGTAATAGTTTCGGATTTACAG

pLVG119 ATTAGTCTCCTCUAAAGTGAGTAATCATTCC

pLVG120 ATGTGACCACTTUTAAAGCTCATCCATGCC

pLVG121 TAAGTGGTCACAUCCTCAATTTGAAAAATG

pLVG122 AGGCACTCACCAUGGCAAAAGGAGAAGAGCTG

pLVG145 ACCAGATCCCGCUTGCCCTTGGAAGTATAAATTTTC

pLVG163 AGCAGTAACAUTTGACGAATTGACACATGATC

pLVG164 ACCAGATCCCGCUTTGCTTTCTTCAAAGTCGCCATC

pLVG165 AATAGTCAAGGUTATTTTAAAAAAGTACTGATCGTTTCGTC

pLVG166 ATTAACCCTCACUCAAAGGGAAGAGTACAAATCGTG
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Fig S1. Verification of protein production of 12bs-labeled transcripts and analysis of mRNA distribution 
inside fluorescent foci. (A) Analysis of overexpressed CodY-StrepII (30.2 kDa) in cell-free extracts and 
of BcaP-StrepII (50.6 kDa) in membrane fractions of L. lactis NZ9000 by Western hybridization using 
anti-StrepII antibodies. BcaP protein is known to migrate faster than expected on the basis of its molecular 
mass and typically shows up as a band at a position where proteins of around 37.5 kDa would migrate 
482. (-) = Empty-vector control. (B) Micrographs of L. lactis NZ9000 cells expressing gfp12bs mRNA and 
GFP protein. PC = phase contrast. Scale bar represents 2 µm. (C) To obtain the model cell which served 
as a projection space used for the localization maps, we analysed the area occupied by the nucleoid and 
the membrane inside of the obtained cell meshes. The length and width of the cell meshes (cell outline) 
as well as the nucleoids stained by DAPI (cyan) were extracted from 200 living cells in various states of 
division (left panel). The average thickness occupied by the membrane and the cell wall was extracted from 
living cells expressing the fluorescent membrane protein BcaP-GFP (left panel). The right panel depicts 
a schematic and scaled representation of cell that had just divided, including the obtained length and 
width averages (displayed in µm). Straight black lines: cell contours obtained from cell meshes; Turquoise 
lines: chromosomal area; Green lines: cell membrane and cell wall. (D) Heat maps depicting the spatial 
distribution of transcripts within foci formed by bcaP12bs, codY12bs, PS1Δ912bs or SUT112bs mRNA.  Gaussian 
fit parameters: FWHM = full-width at half maximum of spot height h; magnitude (M) = π×FWHM×2h, 
The white dashed lines serve as a reference and indicate the cut-off of maximal FWHM values reached of 
spots with increased FWHM-to-magnitude ratios. Contrast bar: low (blue) to high (yellow) density of spot 
parameter distribution.
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Fig S2. Localization of MS2-labeled transcripts. Overexpressed codY12bs, bcaP12bs, PS1Δ912bs or SUT112bs 
transcripts visualized in vivo with conjointly expressed MS2-GFP in L. lactis LG010 cells (left panels). 
Corresponding phase contrast pictures are shown in the center panels; scale bars = 5 µm. Location maps 
of spot projections (right panels) from the MS2 datasets obtained from 794, 1290, 609 and 841 cells, 
respectively, highlighting the preferential localization of each overexpressed mRNA (Method described 
in Material and methods). Thick transparent lines: Cell boundaries including the portion occupied by cell 
wall and membrane as approximated using BcaP-GFP expressing cells (See Fig S1C). Thin transparent 
lines: Boundaries of chromosomal areas as approximated using DAPI staining in living cells (See Fig S1C). 
Scale bars depict the relative density of each mRNA species.
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Fig S3. Covizualization of overexpressed membrane protein mRNA with cognate proteins or DnaK-
GFP. (A) Deconvolved signal images of conjointly visualized bcaP12bs mRNA and the corresponding 
membrane protein BcaP fused to GFP. The upper panels show cells in which BcaP-GFP aggregation seeds 
are present, whereas cells with dense polar bcaP-gfp12bs mRNA clusters in combination with membrane-
localized BcaP-GFP are exemplified in the lower panels. The yellow arrowhead in the right-upper panel 
indicates an overlapping fluorescent mRNA and protein focus. Right panels: false-coloured overlays (red: 
mRNAs; cyan: proteins). (B) Fluorescence micrographs of L. lactis NZ9000 cells with TAMRA-labeled 
PS1Δ9-gfp12bs transcripts (left panel), PS1Δ9-GFP (second panel from the left) and the false-coloured 
overlay (third panel from the left; red: PS1Δ9-gfp12bs; cyan: PS1Δ9-GFP). Deconvolved false-coloured signal 
images of cells showing non-aggregated PS1Δ9-gfp12bs transcripts (red) and PS1-GFP (cyan). Right most 
panel: Original false-coloured image. Yellow arrowheads indicate signals that show proximal localization 
of PS1Δ9-GFP protein and mRNA. (C) Upper two panels show fluorescence micrographs of DnaK-GFP 
localization in L. lactis LG029 cells collected and examined during exponential growth without stress. The 
upper left panel displays the effect on DnaK-GFP localization of fixation with 3.7% paraformaldehyde 
(PFA). The upper right panel shows the distribution of DnaK-GFP in living cells. The lower panels depict 
DnaK-GFP localization in L. lactis LG029 cells expressing either bcaP12bs or PS1Δ912bs. Cells were fixed 
with 3.7% PFA and prepared for FISH analysis prior to imaging. (D) Histograms and their fitted normal 
distributions of the distances (x-axis) between centers of polar PS1Δ9-gfp12bs mRNA clusters and PS1Δ9-
GFP (grey) or DnaK-GFP (red) foci in 100 single NZ9000 or LG029 cells, respectively. (E) Location maps 
of preferential localization of PS1Δ912bs mRNA, PS1Δ9-GFP or DnaK-GFP. Intracellular coordinates of 
fluorescent foci corresponding to overexpressed PS1Δ912bs mRNA and of conjointly visualized PS1Δ9-
GFP or DnaK-GFP were extracted from fluorescence micrographs and projected into one model cell as 
described previously. | Scale bars in all micrographs correspond to 2 μm.
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Fig S4. Localization of pNZ-derived plasmids in single L. lactis cells. (A) Fluorescence micrographs of 
L. lactis LG045a cells constitutively expressing ParB-GFP, either carrying pNZ8048 without parS sequence 
(left panel) or pNZ8048 with consensus parS sequence (right panel). (B) pLG-BcaP plasmids visualized 
in L. lactis NZ9000 using DNA FISH and the TAMRA labeled MS2-FISH probes after non-induced cells 
were treated with RNase I to remove (complementary) RNA. (C) Location maps depicting the preferential 
localization of ParB-GFP foci in all of the tracked cells (± 200 cells per experiment) under various gene 
expression scenarios (empty vector control (-), BcaP or PS1Δ9 expression). (D) Intensity profiles of 
conjointly visualized overexpressed mRNA and plasmids created from the location maps to illustrate 
differences in distribution pLG-BcaP (black solid line), pLG-PS1Δ9 (red solid line), bcaP12bs (black dotted 
line) and PS1Δ912bs (red dotted line) along the x-axis of the model cells. | Scale bars in microscopy images 
represent 2 μm. 
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Snapshots of Movie S1 and Movie S2. Time-lapse movie of L. lactis cells with MS2-GFP-
labeled bcaP12bs mRNA or codY12bs mRNA. 
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Snapshots of Movie S3 and Movie S4. Time-lapse movie of L. lactis cells with MS2-
GFP-labeled PS1Δ912bs mRNA or SUT112bs mRNA. 
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Snapshots of Movie S5 and Movie S6. Cells from a nisin-induced culture were transferred to a microscope 
slide with an agarose patch containing growth medium without additional inducer. Scale bar represents 
2 µm. Left panel: Time-lapse movie of L. lactis cells with MS2-GFP-labeled PS1Δ912bs mRNA clusters that 
ceased to grow. Right panel: Time-lapse movie of L. lactis cells with MS2-GFP-labeled PS1Δ912bs mRNA 
clusters that were removed from the poles, after which the cells elongated without cell division.
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Snapshots of Movie S7 and Movie S8. Cells from a nisin-induced culture were transferred to a microscope 
slide with an agarose patch containing growth medium without additional inducer. Scale bar represents 
2 µm. Left panel: Time-lapse movie of L. lactis cells with MS2-GFP-labeled PS1Δ912bs mRNA clusters that 
were removed from the poles, after which cell division was restored. Right panel: Time-lapse movie of L. 
lactis cells where MS2-GFP-labeled bcaP12bs mRNA foci disappear. 
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Abstract

Malfunctioning of particular membrane proteins lies at the heart of several detrimental 
human diseases. To discover, understand and correct bottlenecks in the cellular production 
of high quantities of membrane proteins for structure/function or drug discovery studies 
is a huge challenge. Single-cell studies have drastically improved our understanding of 
microbial physiology but have not often been applied to optimize protein production. 
Studying the transcriptional, post-transcriptional and translational processes in single 
cells of the protein production host Lactococcus lactis revealed that recalcitrant membrane 
proteins do not form inclusion bodies but, instead, their transcripts accumulate at the 
cell poles in severely stressed cells. In this chapter, we further examine why polar mRNA 
clusters might occur and how this error in localization can be avoided in order to elevate 
production levels of membrane proteins. In addition, we elaborate on how specific 
parameters of L. lactis growth and the employed expression system might influence 
successful production.
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Introduction

Accumulating evidence advocates the use of the Gram-positive bacterium Lactococcus 
lactis as a host for the production of recombinant proteins, including secretory and integral 
membrane proteins (MPs) 41,42,275,505,506. This development was triggered by the discovery 
of a reliable induction system for the controlled expression of proteins in L. lactis, later 
coined the NICE system for Nisin Controlled gene Expression 71. However, trying to 
express MPs from eukaryotic sources in distantly related organisms such as bacteria often 
leads to aberrant production and requires time-consuming optimization strategies to 
elevate protein levels 479. The fact that the screening of parameters influencing protein 
production is still the primary road towards achieving improvements illustrates that this 
empirical process would benefit from a detailed understanding of the possible bottlenecks 
occurring during the production of heterologous MPs in a bacterial host such as L. lactis. 

To better comprehend possible transcriptional and post-transcriptional anomalies that 
occur during MP production in L. lactis, we previously analysed the fate of three mRNAs 
encoding different MPs, expressed using the NICE system (Chapter 4). Transcripts of 
the well-produced branched-chain amino acid permease BcaP of L. lactis were found in 
multiple foci that moved along the cytoplasmic membrane. The formation of these foci 
depended on the ability of ribosomes to translate bcaP mRNA: Disruption of translation 
by treatment with translation-inhibiting drugs or removal of the RBS from the transcripts 
led to a drastic reduction of membrane-localized bcaP mRNA. We therefore hypothesized 
that bcaP mRNA is mainly present in translation machineries that are tethered to the 
membrane by the act of co-translational translocation. During bacterial MP biogenesis, 
the ribosome-nascent chain (RNC) is recognized by the signal recognition particle 
ribonucleoprotein complex (SRP), which consists of the Ffh protein and SRP RNA 480,481,507. 
SRP delivers the RNC to the membrane-residing and SecY-bound SRP receptor FtsY after 
which co-translational translocation of integral MPs is established 480,508. In agreement 
with our finding concerning bcaP mRNA in L. lactis, mRNA transcripts of SRP-dependent 
inner membrane proteins typically localize to the cytoplasmic membrane in E. coli 99,424.

The localization patterns of transcripts encoding two poorly produced eukaryotic MPs, S. 
tuberosum SUT1 and H. Sapiens PS1Δ9, were different from that of bcaP mRNA. SUT1 and 
PS1Δ9 transcripts accumulated in dense and static clusters at the cell poles in 50% of the L. 
lactis cell population (Chapter 4). Various explanations for the occurrence of polar mRNA 
clusters were entertained, among which the location of the transcription and degradation 
processes, the influence of translation and the site of aggregation of the protein products 
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specified by the heterologous mRNAs. However, neither the localization of the expression 
vector, nor that of the protein aggregates, the chaperone DnaK or the main constituent of 
the RNA degradosome (RNase Y) was the direct cause for polar clustering of recalcitrant 
MP mRNA. We also observed an impediment in nisin-controlled transcription and a 
decrease in active translation machineries in many cells expressing PS1Δ9. Furthermore, 
a disruption in proteostatis was apparent by the presence of high levels of GFP-tagged 
DnaK, a chaperone important for general protein folding. 

It was hypothesized that lactococcal SRP may not readily recognize RNCs of heterologous 
MPs, which would result in abnormal levels of MPs being translated in the cytoplasm 
(Chapter 4). If so, many of the overexpressed mRNA molecules would not be targeted 
to the membrane from the moment of induction onwards, leading to the observed 
proteotoxicity and accumulation of MP mRNA at the poles. However, the role of SRP in 
targeting MP RNCs to the membrane has been questioned as Ffh is not essential in closely 
related Streptococcus species or required for targeting of ribosomes to the cytoplasmic 
membrane in E. coli 165,166,168–172. Also, PS1Δ9-GFP aggregation nuclei are typically 
observed at the membrane and not in inclusion bodies when the protein is overexpressed 
in L. lactis (Chapter 4). It is thus likely that mRNAs and RNCs of recalcitrant MPs are 
initially targeted to the membrane and that this part of the pathway does not constitute the 
initial bottleneck. Instead, the subsequent overrepresentation of non-codon-optimized 
transcripts and cognate RNCs at membrane-proximal ribosomes may be responsible 
for changes in cell physiology by amino acid limitation and/or disruption of membrane 
integrity, eventually leading to a loss of membrane targeted MP mRNAs. This is in keeping 
with previous observations that the cell envelope stress and stringent responses are 
triggered upon recalcitrant MP production in L. lactis 62,63. Interestingly, ffh expression and 
membrane-bound Ffh were upregulated under these circumstances 62,63. A first assumption 
could be that initial RNC targeting to the membrane has fallen short. Recently, however, E. 
coli SRP was found to interact beyond the first transmembrane domain (TMD) and to bind 
several successive TMDs of a nascent MP 121. Thus SRP is likely involved in the sequential 
retargeting of partially inserted but still nascent MPs. With respect to MP production in L. 
lactis, more SRP might be required to aid in the succesive membrane targeting of nascent 
TMDs of overexpressed MPS, which could explain the increase in ffh expression and of 
membrane-tethered Ffh proteins 62,63.

Membrane integrity during MP production can be disupted by, for instance, a reduced 
translocation capacity or high amounts of misfolded MPs in the membrane. Hypothetically, 
translocons could have a higher chance of becoming jammed when processing non-
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codon-optimized heterologous MPs, as sudden obstructions in the translation of the latter 
may occur in case that would require high levels of rare amino-acyl tRNAs (aa-tRNAs). In 
addition, a rise in the amount of misfolded proteins poses a great demand on the protein 
quality control system, which may interfere with default protein synthesis. In any case, the 
rate at which non-codon-optimized transcripts and alien MP RNCs are presented to the 
translation and translocation machineries in L. lactis cells seem to be crucial parameters to 
take into account when designing strategies for the optimization of MP production. The E. 
coli Walker and Lemo strains exemplify the advantages of reducing MP production rates 
67–69. These strains show a declined transcriptional response to induction, which promotes 
successful MP production. 

In this chapter, we assessed two factors related to MP expression that can result in 
suboptimal transcript and/or display of nascent heterologous MPs in L. lactis. The obtained 
data contribute to the generation of a more empirical understanding of erroneous MP 
production. With respect to elevating the chance of adequate expression, we elaborate 
in each section on how adaptations related to each factor could help in designing new 
optimization strategies. First, the effect of homologous and heterologous N-termini on MP 
production was studied by analysing in vivo mRNA localization and protein production. 
The generation and examination of chimeric proteins led to the acknowledgement that 
N-termimi exert a profound effect on mRNA localization and that fusion of recalcitrant 
MPs to an endogenous N-terminus alleviates some but not all bottlenecks of inapt MP 
production. Importantly, transcripts that normally have a tendency to accumulate at the 
poles could be targeted to the membrane by employing a fusion tag based on N-terminus 
including the first putative RNC of BcaP. Second, we analysed transcription parameters of 
the NICE system during MP production in L. lactis. These were used to generate a model 
describing mRNA and protein production and to calculate how growth rate, inducer 
concentration and gene copy number affect the mRNA and MP production rates. Using 
these analyses, we predict how several adaptations to the current NICE protocol could 
improve future production of specifically recalcitrant MPs.

Results and Discussion

The presence of the N-terminus of an endogenous membrane protein recovers mRNA 
membrane localization

What could instigate the aberrant localization of transcripts of heterologous MPs in L. 
lactis? To test whether polar localization of PS1Δ9 transcripts occurs from the initiation 
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of nisin-driven gene expression onwards, we used FISH to examine the localization of 
bcaP and PS1Δ9 transcripts that were extended with a tail containing twelve MS2 protein 
binding sites (12bs) after 7.5 min of expression (See Chapter 2 for more details on 
constructs and validation of mRNA visualization techniques). The localization of bcaP12bs 
and PS1Δ912bs transcripts appeared to be quite similar (Fig 1A and B), suggesting that 
PS1Δ912bs transcripts are initially targeted to the membrane like bcaP12bs transcripts. To 
examine if and how MP RNCs might influence mRNA localization, we interchanged the 
N–terminal domains of BcaP (BcaPN) and PS1Δ9 (PS1Δ9N). The resulting hybrid proteins, 
PS1Δ9N-BcaP and BcaPN-PS1Δ9, contain the N-terminal portion, including the first two 
transmembrane domains (TMDs), of the one protein trailed by the remainder of the other 
protein (illustrated in Fig 2A). Expression of either one of the hybrid proteins was induced 
for 1 hr using 5 ng ml-1 nisin (further referred to as the standard induction regime), after 
which cells were harvested to examine the localization of the chimeric transcript using 
FISH. Remarkably, a great amount of bcaPN-PS1Δ912bs transcripts were now localized 
at the membrane instead of in polar clusters (Fig 2B, C). Vice versa, PS1Δ9N-bcaP12bs 
mRNAs were mainly found in polar clusters (Fig 2B, C). We therefore concluded that the 
localization of the transcripts is mainly dictated by sequences located in the N-terminal 
region of MPs. 

To examine the effect of N-terminal domains on their protein production, overexpression 
of the original and hybrid proteins was monitored using quantitative blotting, in which the 
membrane fractions of L. lactis cells were collected and directly spotted onto nitrocellulose 
membranes. In agreement with the mRNA localization patterns, the presence of BcaP RNC 
as a leading sequence of PS1Δ9 elevated production yields compared to PS1Δ9, whereas 
the presence of the PS1Δ9 RNC as the N-terminal domain of BcaP lowered production in 
comparison to BcaP (Fig 2D). The final expression level of PS1Δ9N-BcaP was higher than 
that of BcaPN-PS1Δ9. We subsequently employed an L. lactis NZ9000 derivative in which 

Fig 1. bcaP12bs and PS12bs mRNA localization 
after 7.5 min of induction. (A) Subcellular 
localization of bcaP12bs and PS1Δ912bs mRNA 
as visualized using FISH. (B) Location maps 
of the population-averaged localization of 
bcaP12bs or PS1Δ912bs transcripts after 7.5 min 
of induction with 5 ng ml-1 of nisin. White 
lines in location maps outline the estimated 
cell membrane plus cell wall. Average cell 
contour dimension: 800×900 nm.
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dnaK had been replaced by dnaK-GFP to monitor the amount of early and late proteotoxic 
stress encountered by cells producing the MP variants (Chapter 4). In Fig 2E, DnaK-GFP 
levels during the production of the four proteins, BcaP, PS1Δ9, PS1Δ9N-BcaP and BcaPN-
PS1Δ9 are plotted as fold changes relative to the DnaK-GFP level of unstressed cells. DnaK-
GFP levels rose instantaneously and were highest in cells expressing PS1Δ9N-BcaP and 
PS1Δ9 whereas the response in BcaP or BcaPN-PS1Δ9-expressing cells was relatively mild. 
Similar to what we found previously, DnaK-GFP is triggered to a greater extent in cells 
with a high level of polar mRNA clusters (Chapter 4). Linear regression analysis (Table 
S1) revealed that the N-terminal domain of PS1Δ9 is correlated to the appearance of polar 

Fig 2. N-terminal domains of membrane proteins influence mRNA localization and protein production 
in L. lactis. (A) Schematic representation of the TMD organization of BcaP (1) and PS1Δ9 (2) and chimeric 
proteins 3 and 4, in which a portion of the N-terminal domains of PS1Δ9 (PS1Δ91-162) is replaced by a 
similar region of BcaP (BcaP1-76) or vice versa, respectively. Grey bars: BcaP TMDs; red bars: PS1Δ9 
TMDs; blue dot: StrepII-tag; grey joist: membrane, top = outside.(B) Localization of bcaPN-PS1Δ912bs (3) 
or PS1Δ9N-bcaP12bs (4) transcripts visualized with FISH. (C) The percentage of cells (n = 400) expressing 
transcripts encoding protein 1, 2, 3 or 4 (see panel A) that do not contain polar mRNA clusters. Error bar 
= standard error. (D) Analysis of a dot blot showing the relative production of the proteins depicted in A. 
Proteins were probed with StrepMAB-Classic and HRP-linked anti-mouse antibodies. The BcaP (1) signal 
is set to one; all other signals are displayed as fold changes (FC) relative to the BcaP signal. Spotted are 
membrane fractions of L. lactis NZ9000 cells in which expression of the indicated proteins was induced for 
2 hrs. (E) Fold-changes (FC) of DnaK-GFP levels as a response to the expression of the proteins depicted 
in A, compared to empty vector control (dotted line).
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mRNA clusters and increased DnaK-GFP levels, whereas the production output (protein 
yield) is not significantly influenced by the N-terminal domain alone, but rather by the 
ratio of BcaP and PS1Δ9 sequences present in the complete sequence of the expressed MP. 

The N-terminal domain of L. lactis MP BcaP can function as a tag to improve PS1Δ9 
expression

The finding that polar accumulation of bcaPN-PS1Δ912bs mRNA decreased while the 
corresponding protein production improved prompted us to design a general optimization 
strategy for improved production of recalcitrant MPs. The same N-terminal domain 
of BcaP was now fused to the N-terminus of PS1Δ9 via a flexible linker that included 
a TEV protease cleavage site (Fig 3A). We coined this new fusion partner BcaP leading 
segment (BLS). To test the effectiveness of BLS on PS1Δ9 production, the various L. lactis 
NZ9000 strains were grown in two types of media: GCDM* and GCDM*cas. The latter 
media is supplemented with extra peptides through the addition of casitone and has been 
shown to positively affect the production of MPs in L. lactis 65. Induction was performed 
according to the standard regime, after which the quantity of original and chimeric MPs 
in the membrane fraction was examined as described above. In both types of media an 
increased signal of BLS-PS1Δ9 over PS1Δ9 was observed (Fig 3B and C). Moreover, 
mRNA specifying BLS-PS1Δ9 was more often observed at the membrane than clustered 

Fig 3. The effect of BLS-fusion on PS1Δ912bs localization and PS1Δ9 production. (A) Schematic 
representation of protein construct 5, consisting of PS1Δ9 (red bars) extended with a C-terminal STREPII-
tag (blue dot) and fused via its N-terminal domain and a flexible linker containing a TEV protease site 
(yellow dot) to the fusion partner BLS (for BcaP Leading Segment; grey bars). Grey joist: cytoplasmic 
membrane, top = outside. (B) Dot blots of cytoplasmic fractions (C) and membrane fractions (M) of 
L. lactis NZ9000 cells grown in GCDM* with or withour casitone and expressing one of the indicated 
proteins (1 to 4; Fig 1, panel A; 5: this Fig, panel A), probed with StrepMAB-Classic and HRP-linked anti-
mouse antibodies. (C) Quantification of dot blots presented in B, showing the relative production of the 
proteins 1-5. Averaged signals are presented as percentages of the signals obtained for BcaP (1). (D) mRNA 
localization of PS1Δ912bs or BLS-PS1Δ912bs visualized with FISH.
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in the cell poles (Fig 3D).

BLS has great potential as a fusion partner to elevate the levels of recalcitrant (heterologous) 
MPs in L. lactis, putatively by properly guiding their insertion in the cytoplasmic 
membrane. Although the BLS-tag seems to improve production and targets mRNA to 
the membrane, growth is more severely affected in L. lactis expressing BLS-tagged MPs 
(data not shown), suggesting additional room for improvement. Also, the folding status 
of the BLS-PS1Δ9 protein remains to be elucidated. The L. lactis cell envelope stress 
response kinase and regulator pair CesSR activate the cell envelope stress response and 
their overexpression improves growth of L. lactis during the expression of recalcitrant MPs 
64. Producing the BLS fusion protein accompanied by CesSR overexpression might reduce 
growth constraints and boost production.

BLS is not the first N-terminal fusion tag that has been employed to improve MP 
production. An assortment of N-terminal translational fusion proteins such as MBP, 
Trx, Mistic, SUMO, YnaI and YbeY are common mediators whenever cumbersome MP 
production is met in E. coli 500,501,509–512. Previously, the use of signal peptides from L. lactis 
OppA, PrtP and Usp45 as N-terminal fusions to yeast ADP/ATP carriers was shown to 
greatly improve overexpression in L. lactis 40. Introduction of signal peptides can only be 
used when the N-terminus of a specific MP faces outward. Recently, other fusion partners 
such as Mistic and Trx were shown to improve production of membrane-integral linoleate 
isomerases from Pavlova viridis and Lactobacillus acidophilus and a large multimeric 
protein complex (baseplate (Bpp) of Tuc2009) in L. lactis 56,513. Next to these translational 
fusions, transcriptional fusions leading to bicistronic mRNAs improve MP production 
in E. coli 90. Importantly, the first gene specified a known N-terminal translational fusion 
protein such as Mistic and YbeY, but their start codon was not required to obtain elevated 
levels of MPs encoded by the second gene 90. The effectiveness of this methodology is 
mostly attributed to changes in mRNA folding, which is thought to effectuate an increase 
in translation initiation. Nevertheless, the BLS fusion partner designed here is the 
only fusion protein so far that has been specifically developed for the improvement of 
production of MPs with a cytoplasmic N-terminus in L. lactis. 

The exact mechanism for improved mRNA targeting effectuated by BLS remains to be 
elucidated. However, at least two scenarios can be excluded due to the fact that PS1Δ912bs 

transcripts are still present at the membrane after 7.5 min of expression. First, PS1Δ912bs 

transcripts would have been present in the cytoplasm if SRP-dependent membrane 
targeting of PS1Δ9 RNCs had been cumbersome from the beginning of expression onwards. 
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Second, little or no PS1Δ9 RNCs would have been displayed if PS1Δ912bs transcripts had 
contained secondary structures hamperering translation iniation. Prolonged expression of 
PS1Δ9 and PS1Δ9N-BcaP, on the other hand, does lead to reduced RNC display because 
PS1Δ912bs transcripts are no longer targeted to the membrane after 1 hr of expression. This 
phenomenon could be caused by a depletion of required aa-tRNAs, while the right aa-
tRNAs might still be plentiful during the initial phase of PS1Δ9 expression, yielding RNC 
complexes compatible with membrane targeting and translocation of nascent MPs. 

Interestingly, problems encountered during PS1Δ9 production are not merely determined 
by the N-terminal domain of PS1Δ9, but largely by the remainder of the sequence. This 
is illustrated by the relatively low production of BcaPN-PS1Δ9 compared to PS1Δ9N-BcaP. 
The observation that we find bcaPN-PS1Δ912bs transcripts at the membrane may simply be 
explained by the fact that translation of the N-terminal domain of BcaP is not hampered 
because its gene sequence is codon-compatible with the L. lactis aa-tRNA pool. Hence, 
RNCs are present that promote membrane targeting of bcaPN-PS1Δ912bs transcripts 
even if translation of the PS1Δ9 portion of the protein is no longer feasible. Next to the 
possibility that the codon choice in the 5’ sequence of PS1Δ9 comprises a limiting factor, 
the N-terminus of PS1Δ9 might interfere with membrane insertion - an option further 
examined in the following section.

N-terminal fusion of a bulky cytoplasmic domain disturbs conventional membrane 
protein and mRNA localization 

As described above, interchanging the N-terminal domains including the first two TMDs 
of BcaP and PS1Δ9 severely affects subcellular mRNA distribution and protein production. 
However, the exact reason for mRNA cluster formation remains to be elucidated. It has 

Fig 4. Length of soluble N-terminal domains of L. lactis integral 
membrane proteins. The AAs number preceding the first predicted 
TMD was obtained for all L. lactis integral membrane proteins estimated 
to have at least five TMDs and plotted here as a function of the number 
of predicted TMDs (red to purple along the rainbow colour spectrum). 
The 80-AAs-long soluble N-terminal domain of PS1Δ9 is indicated as a 
reference by the black dot. Whisker plot on top of the scatter plot depicts 
the median N-terminal domain length and standard deviations of all 
incorporated membrane proteins.
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been estimated that the affinity of eukaryotic SRPs for target RNCs drops significantly 
when the chain grows longer than 140 amino-acid residues (AAs) and that the average 
interaction of E. coli SRP occurs 55 AAs away from the peptidyl-transferase site of the 
ribosome 121,136,138,142. Most N-terminal domains of L. lactis integral MPs are shorter than 20 
AAs (Fig 4). PS1Δ9 contains a 80-AAs-long N-terminal domain that folds into a defined 
cytoplasmic subdomain 514. Only four cytoplasmic N-terminal domains longer than 80 
AAs exist in MPs of L. lactis. The long N-terminal domain of PS1Δ9 might therefore 
constitute an obstruction during co-translational translocation, for instance by interfering 
with SRP recognition or correct insertion into the Sec machinery. We therefore examined 
the effect of long N-terminal cytoplasmic domains on MP membrane insertion in L. lactis.

To mimic the effect of an N-terminal cytoplasmic domain on MP biogenesis in L. lactis, 
we fused the red fluorescent protein mKate2 (232 AAs) to the N-terminus of BcaP and 
PS1Δ9, designated mK2-BcaP and mK2-PS1Δ9. As a control, mKate2 was fused to the 
C-terminus of BcaP (BcaP-mK2). Previously, a similar fusion of GFP to BcaP did not 
affect membrane insertion (Chapter 4). The MS2 system (Chapter 2) was employed to 
concomitantly study the localization of mRNA and encoded proteins in single L. lactis cells. 
BcaP-mK2 protein and its cognate mRNA acted as BcaP-GFP (Chapter 4): BcaP-mK2 was 
membrane-localized and highly dynamic, resulting in its homogeneous distribution in the 
membrane. The bcaP-mk212bs transcripts appeared as multiple fluorescent foci that moved 
at a slower pace than BcaP-mK2 along the cytoplasmic membrane (Fig 5A and movie 
data not shown). Some colocalization was observed, but this is likely an artefact of the 
homogeneous distribution of BcaP-mK2 in the membrane (39% ± 20% colocalization).

Fig 5. The influence of bulky soluble domains 
on the localization of BcaP and PS1Δ9 protein 
and mRNA. (A-C) Upper panels: Schematic 
representation of fusion proteins. Orange 
dots: mK2; grey bars: BcaP TMDs; red bars: 
PS1Δ9 TMDs; blue dot: StrepII-tag. Grey joist: 
cytoplasmic membrane, top = outside. Middle 
panels: Localization of mRNA using MS2-GFP 
labeling and corresponding mK2-fusion proteins. 
Lower panels: Localization maps of population-
wide localization of the mK2-fusion protein (left) 
and cognate mRNA (right). Data collected from 
at least 150 cells per map. 
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In contrast to BcaP-mK2, mK2-BcaP was present at specific sites at the membrane rather 
than being homogeneously distributed (Fig 5B). The patterns of mK2-BcaP localization 
observed in a fraction of cells highly resembled those of DnaK-GFP and PS1Δ9-GFP 
(Chapter 4). We therefore expected the mRNA to localize at the poles, but mK2-bcaP12bs 
mRNA colocalized with its protein product at the membrane instead (Fig 5B; 68% ± 
10% colocalization) Short time-lapse movies revealed that both the transcripts and the 
proteins were immobile. A similar observation was made for the mK2-PS1Δ9 protein 
and transcripts (Fig 5C; 65% ± 14% colocalization). We thus assume that the visualized 
complexes include mRNAs, ribosomes and nascent MPs, and that membrane targeting of 
these complexes is not hampered, but that the presence of long N-terminal cytoplasmic 
domains obstruct membrane insertion or folding of the MPs studied here. 

The finding that mK2-BcaP and mK2-PS1Δ9, but also PS1Δ9-GFP (Chapter 4), behave 
as static entities suggests that the proteins are not or not properly inserted in the 
membrane. The membrane-localized patches may represent aggregation nuclei consisting 
of misfolded, partially inserted MPs and/or non-inserted MPs that stick to the membrane 
due to exposed hydrophobic domains normally burried in the membrane. To examine 
whether mK2-BcaP and mK2-PS1Δ9 are inserted into the membrane or merely stick to 
the membrane as aggregation nuclei, cytoplasmic and membrane fractions were collected 
of cells expressing BcaP-mK2, mK2-BcaP and mK2-PS1Δ9 2 hrs after induction with 5 
ng ml-1 nisin. All three fusion proteins were detected in the stringently washed membrane 

Fig 6. The influence of bulky soluble domains on 
MP production, cell growth and nisin-driven gene 
expression. (A) Western blot analysis of membrane 
fraction extracted from cells expressing one of 
the mK2-fusion proteins, detected using anti-RFP 
antibodies. White arrowheads indicate fusion proteins 
with properly folded mK2 proteins, whereas black 
arrowheads indicate those misfolded mK2 proteins. 
In the graph below, the quantity of MP production in 
respect to BcaP-mK2 (set to 100%) is shown. Green 
= w/ correctly folded  mK2; Red = w/ misfolded 
mK2; Black = degraded protein. (B) The growth of 
L. lactis LG010 cells during the expression of MS2-
GFP as well as one of the mK2-fusion proteins. The 
OD600-normalized, time-resolved production rate of 
MS2-GFP and the mK2-fusion proteins are shown in 
(C) and (D), respectively. Induction was performed 
at 200 min.
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fraction but not in the cytoplasmic fraction, indicating a tight membrane association 
(Fig 6A). Overall, production and membrane insertion of BcaP-mK2 were much higher 
than those of the N-terminal mK2 fusions, indicating that MPs with large cytoplasmic 
N-termini are not very suitable for overproduction in L. lactis. 

Two separate bands were observed in all membrane fractions. One represents the properly 
folded mK2 fusion protein, of which the mK2 domain is SDS resistant, whereas the other 
is misfolded mK2 fusion protein and migrates slower during SDS-PAGE 66. As there is no 
information on the default folding behaviour of mK2 in L. lactis, no conclusions can be 
drawn from mK2 misfolding patterns. Also, since the mK2 portions of the N-terminal 
fusion proteins are translated and folded before MP sequences emerge from the ribosome, 
it remains unclear to what extent misfolding of the contiguous MP influences mK2 folding. 
In principle, mK2 could be correctly folded while the rest of the protein is only partially 
folded. 

In Chapter 4, it is shown that the expression of PS1Δ9 using the nisA promoter (PnisA) 
has a pronounced effect on the co-expression of other proteins using a second PnisA. FISH 
analysis showed that PS1Δ9 transcript numbers are severely reduced or absent in many 
cells, indicating that PS1Δ9 expression leads to a shut-down of at least PnisA-regulated 
transcription. We therefore analyzed PnisA-driven transcription in cells co-expressing 
MS2-GFP with BcaP-mK2, mK2-BcaP or mK2-PS1Δ9 by monitoring the development 
of MS2-GFP and mK2 fluorescence over time during cell growth (Fig 6B-C). The PnisA-
driven production of MS2-GFP was highest when BcaP-mK2 was co-expressed and clearly 
reduced in cells that co-expressed mK2-BcaP or mK2-PS1Δ9. In addition, the growth 
rate of the latter two populations slowed down after induction. The production of mK2 
fluorescence was initially highest in cells expressing mK2-BcaP or mK2-PS1Δ9.  However, 
this was only maintained during a short period of time after which both growth and 
production rates declined. BcaP-mK2 production rates continued to increase for a longer 
period following nisin induction leading ultimately to increased BcaP-mK2 production. 
These results are indicative of a specific protein threshold that can be reached in case non-
optimal MPs are expressed. 

In conclusion, mK2-BcaP and mK-PS1Δ9 and their transcripts colocalized in static clusters 
at specific sites at the membrane, unlike BcaP-mK2 and bcaP-mK212bs. The reason for the 
occurrence of N-terminal mK2 fusions at such highly specific sites is examined in Chapter 
6 of this thesis. As evidenced by fluorescence microscopy analysis, membrane insertion 
of MPs with long N-terminal domains that reside in the cytoplasm is not completed even 
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though cell fractionation suggested that all fusion proteins were membrane-bound. Since 
mRNA and proteins reside at the same location, it seems most likely that translocation 
and/or membrane insertion, but not (SRP-dependent) membrane targeting, is obstructed 
by the presence of long N-terminal domains. MP overexpression in E. coli leads to the 
saturation of translocons 19,515. Although Sec translocons are widely conserved, it has been 
suggested that subtle differences between prokaryotic and eukaryotic SecY exist and that 
these variations might cause TMDs of eukaryotic MPs to interact longer with the E. coli 
translocon 19. The saturation of E. coli SecY leads, among others, to activation of the heat 
shock response by an increase of aggregated proteins 19,515. Although evidence for such 
a scenario in L. lactis is missing, it is tempting to speculate that accumulation of mK2-
BcaP and mK2-PS1Δ9 leads to partially inserted MPs that are stuck at the translocon. 
Importantly, examination of the mK2-MP fusions clearly showed that defined cytoplasmic 
domains at the N-termini of MPs are incompatible with translocation, but do not induce 
polar mRNA clustering.

Consequences of the NICE dose response on MP expression 

Throughout this thesis work, we have employed the NICE system as a standard to express 
MPs in L. lactis 71. PnisA-driven expression is achieved via the addition of nisin, which 
is sensed by the sensor histidine kinase NisK that in turn stimulates NisR to activate 
transcription of genes placed downstream of PnisA. In Chapter 4, two parameters related to 
the NICE system were identified that impacted the successful production of heterologous 
MPs. First, we observed a highly heterogeneous response to a 1 hr-induction with nisin (5 
ng ml-1) at both the transcript and protein level (Chapter 4 – Fig 3A and B). This implies 
that the population at the single-cell level is not as dose-responsive as in an ideal situation. 
Also, a population in which each cell gives approximately the same response better 
facilitates expression fine-tuning. However, the heterogeneous response did enable us to 
study the effect of a specific level of induction on subcellular transcript localization, which 
enabled us to identify the second parameter: Cells that highly respond to nisin induction 
(those with high mRNA levels) have a greater predisposition for polar PS1Δ912bs mRNA 
clusters (Chapter 4). As mentioned before, polar mRNA clusters prevailed in severely 
stressed and non-growing cells displaying reduced transcription and translation (overall, 
had adopted a state of cellular arrest). On the other hand, the localization of PS1Δ912bs 
mRNA in cells with relatively low levels of PS1Δ9 expression was comparable to that 
in cells expressing BcaP. In view of the second parameter, a simple strategy to optimize 
PS1Δ9 production would thus be to reduce inducer levels so that mRNA levels of PS1Δ9 
remain below the mRNA aggregation threshold.
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Fig 7. Re-evaluation of the NICE dose response: Correlation between transcript numbers and nisin 
concentration. (A) Scatter plots of the population-wide bcaP12bs (left) or PS1Δ912bs (right) transcript 
number per cell as a function of nisin concentration. The number of transcripts per cell was determined 
using FISH and fluorescence microscopy as described in Appendix 1. The number of cells used for each 
analysis are described above each scatter. (B) Percentage of cells with mRNA dense polar clusters as a 
function of the nisin concentration used to induce the expression of either BcaP (black circles) or PS1Δ9 
(red circles). (C) The percentage of induced cells (red circles) from (A) as a function of nisin concentration. 
An exponential fit (red line) best describes the relationship between inducer concentration ranging from 
0.05 to 5 ng ml-1 nisin and the percentage of induced cells. (D) The median number of transcripts per cell as 
a function of nisin concentration. Depicted are medians of the complete population (black circles) from (A) 
and medians of the induced population (red dots). Solid red and dashed black lines depict the best fit for 
induced cells or the complete dataset, respectively. (E) The production rates (k1) of bcaP12bs mRNA (black 
circles) and PS1Δ912bs mRNA (red circles) as functions of nisin concentration. Cubic polynomial functions 
were fitted to the data (see Appendix 2); the expression data obtained with nisin concentrations below 0.05 
ng ml-1 were excluded due to the low number of induced cells (indicated by the vertical black line).
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To further investigate the effects of nisin levels on transcript production and localization, 
we re-evaluated the dose response of the NICE system at the mRNA production level. 
Nisin was added to a range of final concentrations and the number of bcaP12bs or PS1Δ912bs 
mRNAs per cell after 1 hr of induction was determined using FISH  (Fig 7A; see Appendix 
1 for a detailed description of the method to calculate mRNA numbers from raw signal 
data). In agreement with previous experiments (Chapter 4), around 50% of the nisin-
induced population contained PS1Δ912bs mRNA clusters at 5 ng ml-1 nisin. Lower levels of 
nisin led to a reduction in polar mRNA clusters, but also to a decrease in the number of 
induced cells (Fig 7B, C). We find an exponential relationship between nisin concentration 
and the fraction of induced cells between 0.05 and 5 ng ml-1 nisin. Nisin concentrations 
below this range barely trigger induction, whereas concentrations higher than 0.05 ng 
ml-1 result in full induction. Our data fit the observation previously reported, where the 
use of 1:100,000 dilution of nisin extract (corresponding to 0.05 ng ml-1 purified nisin) 
marginally triggered induction 44. 

The observation that nisin levels below 5 ng ml-1 only trigger gene expression in a fraction 
of the cells reveals a clear bottleneck in protein production: Induction levels that promote 
localization of PS1Δ9 mRNA without polar accumulation are below the limit of achieving 
full induction of the population. If all cells, however, would respond to the production 
level just below the mRNA aggregation threshold, more and longer protein production 
can be established. The reduced dose-response also implicates that those cells that are cells 
induced at lower concentrations are in fact expressing more transcripts per cell than if the 
whole population would have been induced (Fig 7D). 

The appearance of obstructions in MP production might occur because (1) the 
overexpressed MPs have reached an absolute ‘toxic’ threshold or (2) the speed at which 
mRNAs and MPs are being produced is too high for the cell to cope with. The (steady-
state) level of transcripts that can be realised before polar clustering appears constitutes 
an important factor that might dictate optimization strategies. To gain insight in the 
transcription parameters of the NICE system, the average production rate (k1) of bcaP or 
PS1Δ9 mRNA molecules <n> per induced cells can be estimated (equation 5.1). Equation 
5.1 takes into account that the level of mRNAs in a cell is a function of a two-state model 
including mRNA synthesis and degradation (adapted from 282). We ignored the fact that 
gene expression takes place from multiple plasmids, but regarded PnisA-driven transcription 
from all plasmids as one system. Furthermore, we assumed a constant k1 after induction. 
The degradation rate (k2) of bcaP or PS1Δ9 mRNA was taken from previous analyses 
(Chapter 4). Since k1 and k2 are relatively high compared to mRNA dilution through cell 
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division, the latter parameter can be neglected (i.e. 282), leading to:

                                                                                          (equation 5.1)

Solving equation 5.1 at 60 min after induction yields equation 5.2:
 

                                    (equation 5.2)

 The average mRNA synthesis rate (k1) as a function of increasing inducer concentrations 
is shown in Fig 7E. The k1 values of cells induced with 0.05 – 10 ng ml-1 nisin fitted best 
to a polynomial function with three parameters, A1, A2 and A3 (See Appendix 2). We 
found that k1PS1Δ9 is lower than k1bcaP, which could be due to a reduction in transcriptional 
activity as reported earlier (Chapter 4). Alternatively, the number of pNZ8048 plasmids 
might be reduced when carrying the PS1Δ9 gene, a known effect of genes specifying toxic 
products.

The obtained functions and parameters were used to model NICE-specific mRNA and 
protein levels after induction using the SimBiology application in the MATLAB software 
package (See Appendix 2). For protein synthesis (k3), we assumed that translation 
initiation is the rate-limiting factor of translation, which was estimated to occur only once 
per mRNA per minute in L. lactis and E. coli 59,60. Since proteins are relatively stable, cell 
division – correlated to growth rate (k4) - constitutes the major dilution rate for proteins, 
leading to the following equation to acquire the average number of proteins (m) per cell:

                                                                                                    (equation 5.3)

To illustrate and summarize the use of the NICE system to achieve BcaP or PS1Δ9 
production, the average numbers of mRNA and protein molecules per cell over time for 
three inducer concentrations, 0.05, 0.5 and 5 ng ml-1 nisin, were deduced from the model. 
These are depicted in Fig 8A and B, respectively. We estimate that around 7500 MPs per 
cell are required to establish successful protein production under the growth conditions 
employed here (Appendix 2). High PS1Δ9 expression leads to two aberrant subpopulations 
of cells (Chapter 4): Either no or only very low levels of overexpressed mRNA are observed 
or an extremely high accumulation of transcripts has taken place. In both cases, PS1Δ9 
might have reached a certain threshold too fast, leading to an abrupt ending of (1) PnisA-
specific transcription but continued cell division or (2) a halt in division but continuous 
transcription. Both bottleneck scenarios have been incorporated in the model (Fig 8B). It 
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Fig 8. Induction kinetics of the NICE system during membrane protein production. (A and B) 
Simulation of absolute numbers per cell of bcaP/PS1Δ9 mRNA (collection of solid red-shaded lines) and 
BcaP/PS1Δ9 protein (collection of solid green-shaded lines) produced over time. Cells expressing the 
transcripts/proteins from plasmid pNZ8048 were induced with 0.05, 0.5 or 5 ng ml-1 nisin. The dotted lines 
in both A and B illustrate examples in which cell division is incorporated, while the solid curves depict the 
results of a model in which protein dilution through cell division is incorporated as a constant dilution rate. 
The black horizontal dotted lines indicate the hypothetical threshold of protein molecules per cell that has 
to be reached for sufficient protein production*. The green and red dashed lines in (B): the ideal mRNA and 
protein production of PS1Δ9 at 5 ng ml-1 of nisin, in other words, without the occurrence of bottlenecks in 
cell division, transcription or translation. Grey area: stationary phase. (C) Simulations of the increase in the 
number of PS1Δ9 proteins per cell over time. Included are the following optimization strategies: The effect 
of expression from a single gene introduced in the chromosomal pseudo10 locus (pse10) instead of from a 
gene on a multi-copy plasmid (pNZ) and the effect of a doubled division time (sg = slow growth) compared 
to normal, fast growth (fg). Numbers (10, 0.5 and 5) in the legend are the concentration (in ng ml-1) of nisin 
in the system. Horizontal black dotted lines: the hypothetical threshold of protein molecules per cell that 
has to be reached for sufficient protein production. Light grey area: stationary phase for fast-growing cells. 
Dark grey area: Atationary phase for slow-growing cells. Inlay: Close-up of the production of mRNA and 
proteins during the first 10 min post-induction. (D) The total number of BcaP or PS1Δ9 proteins produced 
per ml of cell culture as calculated from the simulations depicted in A, B and C. All values are corrected 
for cell density and percentage of induced cells. * = Production above detection threshold. Bars from left to 
right, per variable: calculated number of proteins after 1, 2 and 3 hrs of induction and maximal production 
reached.
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is tempting to speculate that the first scenario follows the second one, because it accounts 
for the presence of subpopulations at 60 min after induction. 

Reducing transcription rates of a heterologous MP improves the final protein yield in 
E. coli cells 67–69. This most likely promotes proper production of the protein without 
imposing an extreme metabolic burden on the cell by depleting cellular resources, 
such as tRNAs and amino acids required for normal growth or by the build-up of large 
amounts of misfolded proteins. The same scenario seems to be responsible for improbed 
expression of MPs in the L. lactis DML1-3 strains: Mutations in the sensor histidine kinase 
NisK of the NICE system led to a 2- to 8-fold improvement in MP production due to an 
increase in leaky expression 66. After finding the effects of full induction on transcripts 
of recalcitrant MPs (Chapter 4), we hypothesize that the background transcription from 
leaky expression caused by the mutations in NisK leads to a steady state production of 
low non-toxic levels of recombinant mRNA prior to induction of gene expression. Hence, 
reducing the expression levels might circumvent the loss of transcription and cell division 
caused by problematic protein production. This is illustrated in the model presented in 
Fig 8B: Lower induction levels (0.05 or 0.5 ng ml-1) are predicted to lead to an increased 
number of PS1Δ9 proteins after >2 hrs of induction. However, as discussed above, these 
nisin concentrations do not induce the complete population and, consequently, does not 
yield enough protein for downstream processes (Fig 8D). 

One way to achieve full induction while simultaneously maintaining low mRNA 
production rates is to decrease the gene copy number. The pseudo10 locus in the L. lactis 
MG1363 chromosome is a suitable site for chromosomal integrations and a compatible 
toolkit is available 292. Hence, a straightforward strategy would be to introduce the 
expression cassette located on the pNZ8048 plasmid in this chromosomal locus. We have 
previously observed that a gfp-containing expression cassette led to 10-fold reduction in 
protein levels when it was expressed from the chromosomal pseudo10 locus instead of 
pNZ8048 (Chapter 2). We incorporated this information into the BcaP expression model 
to simulate PS1Δ9 expression from the pseudo10 locus. Induction of expression with 10 
ng ml-1 nisin from a single-copy gene was comparable to that of 0.5 ng ml-1 nisin when the 
gene was located on the plasmid (Fig 8C). The main difference is that under the former 
condition, the entire population will be stimulated, which ultimately leads to an increased 
final yield (Fig 8D). Furthermore, the protein synthesis rate is lower, which relieves cells 
from a significant burden and likely promotes timely and successful formation of RNCs, 
proper membrane targeting and/or guided translocation of heterologous MPs. 
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Even though an increase in protein yield could be achieved by expression of a single 
gene copy, the hypothetical threshold of 7500 proteins per cell is not reached. PnisA is not 
active in stationary phase, implicating that protein expression can only be achieved in a 
relatively short time frame. The use of pseudo10-NICE-based expression in combination 
with prolonged cultivation in a chemostat should further improve production yields. 
Alternatively, a reduction of the protein dilution rate, which is defined by the growth 
rate, could lead to an accumulation of more proteins per cell. Slower growth of cells in 
a culture can be achieved in several ways, for instance by replacing glucose with glycerol 
as the carbon source. The model delineates that a two-fold reduction in growth rate in 
combination with the use of pseudo10-NICE leads to an increase of PS1Δ9 protein levels 
above the hypothetical threshold after 6 hrs of induction (Fig 8C and D). Note that this 
optimization strategy is only effective when the protein production rate is the limiting 
factor during PS1Δ9 production. When absolute quantities of PS1Δ9 per cell lead to 
production bottlenecks irrespective of the protein production rate, the addition of a 
fusion partner such as BLS is more suitable. The effectiveness of pseudo10-NICE-based 
expression in combination with a reduced growth rate and/or the BLS tag remains to be 
elucidated. 

Conclusion

In this chapter we have analysed and discussed the influence of (1) the N-terminal domain 
of MPs and (2) the characteristics of the NICE system on the production of recalcitrant 
MPs. 

By examining the localization of various transcripts under different circumstances, we 
found that the length and type of N-terminal domain of MPs do not affect the targeting 
of MP-translating ribosomes to the membrane. MP translocation, insertion and folding 
are, however, severely obstructed by the presence of such domains. The clustering of 
MP transcripts at the poles of L. lactis cells depends on factors other than bottlenecks in 
membrane targeting and insertion. Neither the gene coding for PS1Δ9 nor that for SUT1 
was codon optimized for L. lactis. Therefore, the divergence in PS1Δ9 and SUT1 codon 
choice and host tRNA-availability might very well be responsible for cluster formation of 
their transripts. This would at least explain why (1) the level of transcripts of recalcitrant 
MPs in a cell is correlated to the appearance of polar mRNA clusters (Chapter 4), (2) the 
N-terminal domain of the chimeric proteins dictates transcript localization whereas the 
portion of PS1Δ9 sequence in the chimeric proteins determines their production level, (3) 
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active translation machineries disappear (Chapter 4), and (4) transcripts of the N-terminal 
mK2-MP fusions do not cluster at the poles. 
 
By inserting the N-terminal BLS upstream of a heterologous MP, initiation of translation 
and translocation are equal to that of the well-produced BcaP protein. This by itself proved 
to be a convenient way to optimize MP levels: An improvement in both mRNA localization 
and BLS-PS1Δ9 production was realized, although the use of BLS as a fusion partner did 
not necessarily lead to a dramatic reduction of proteotoxicity. Nevertheless, the amount of 
BLS-PS1Δ9 was still radically lower than that of BcaP, which we believe to be an effect of 
the codon usage in PS1Δ9 and difficulties that occur during the translocation process of the 
PS1Δ9 part of the protein. If translocation sets a limit to the speed at which heterologous 
MPs can be produced, improved stoichiometry of available SRP molecules, FtsY proteins 
and Sec translocons, all functioning on the elongating polypeptide at the membrane, 
might lead to a relieve in stress. Alternatively, lowering the mRNA production rate might 
help balancing interactions required for successful co-translational translocation. 

We analysed the transcription kinetics of the NICE system and found that a reduction in 
transcription reduces the number of cells acquiring polar mRNA clusters when forced to 
express recalcitrant proteins. However, lowering the inducer nisin concentration results 
in a marginally reduced dose-response. A declining subpopulation of cells responds to 
the inducer, which affects the average dose-response at the population-wide but not at 
the single-cell level. We hypothesize that a reduction in ‘workload’ to slow steady-state 
MP production in L. lactis relieves stress and improves MP production in a similar way to 
what has been long acknowledged for in E. coli 67,68. It is thus important to better control 
the parameters of the NICE system at lower inducer levels. One easy strategy may be to 
introduce the NICE expression cassette in the genome of L. lactis, thereby stabilizing 
and reducing the gene-copy number to one. In this way, nisin concentrations that are 
high enough to induce the complete population can be employed, while at the same time 
achieving a low production of MP mRNAs.

Methods 

Bacterial strains, media and culture conditions 

Bacterial strains and plasmids used in this study are listed in Table S2. Lactococcus lactis 
NZ9000 was grown as standing cultures at 30 °C in Difco™ M17 medium (BD, Franklin 
Lakes, NJ, USA) containing 0.5% (w/v) glucose (GM17). Chloramphenicol was added at 
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a final concentration of 5 µg ml-1 when required. For protein expression studies, L. lactis 
was grown in chemically-defined medium containing 0.5% (w/v) glucose (GCDM, pH 
6.8) 322 or GCDM supplemented with 1.5% (w/v) pancreatic digest of casein (GCDMcas; 
Bacto Casitone; BS Biosciences, Franklin Lakes, NJ, USA). For analysis of fluorescence 
by microscopy or microtitre plate reading, riboflavin was omitted from CDM, which is 
indicated by GCDM* or GCDM*cas.

Recombinant DNA techniques and oligonucleotides

Standard molecular cloning techniques were performed essentially as described 324. 
Plasmids were isolated using the High Pure Plasmid Isolation (Roche Applied Science, 
Mannheim, Germany). PCR products were purified with the NucleoSpin® Gel and PCR 
Clean-up kit (Macherey-Nagel, Düren, Germany). Restriction enzymes were purchased 
from Fermentas (Thermo Fisher Scientific Inc, Waltham, MA, USA). Oligonucleotides 
(Biolegio BV, Nijmegen, The Netherlands) used in this study listed in Table S3. All PCR 
reactions were performed using PfuX7 polymerase developed in the lab of Morten Nørholm 
516. For uracil-excision DNA-based engineering, PCR fragments were treated with the 
USERtm enzyme mixture (New England Biolabs, Ipswich, MA, USA). Electrocompetent 
L. lactis cells were transformed using electroporation with a Bio-Rad Gene Pulser (Bio-
Rad Laboratories, Richmond, CA). Newly constructed plasmids were routinely sequenced 
(Macrogen Europe, Amsterdam, the Netherlands).

Construction of pNZ8048-based plasmids to express chimeric proteins

Previously, pLG-BcaP and pLG-PS1Δ9 were constructed to monitor mRNA abundance 
and localization (Chapter 4). The DNA fragment specifying the first two TMDs of BcaP 
(amino acid 1-76) was amplified with pLVG143 and pLVG144 from pLG-BcaP, whereby 
pLG-PS1Δ9 was used to amplify a DNA fragment containing PS1Δ9 without the first 
two TMDs using primer pair pLVG139B/pLVG144B. The two fragments were combined, 
treated with USER enzyme and used to transform competent L. lactis NZ9000 to yield pLG-
BcaPN-PS1Δ9. To obtain pLG-PS1Δ9N-BcaP, a DNA sequence encoding the N-terminal 
domain including the first two TMDs of PS1Δ9 (amino acid 1-162) was amplified with 
pLVG140 and pLVG141, while a gene fragment encoding BcaP without its first two TMDs 
was amplified using primer pair pLVG139/pLVG142B and pLG-BcaP as the template. To 
create pLG-BLS-PS1Δ9, a DNA fragment specifying the N-terminal domain including 
the first two TMDs of BcaP (BLS) was placed upstream of the full-length PS1Δ9 gene on 
pLG-PS1Δ9, while at the same time introducing a spacer sequence containing a short 
flexible linker (GSGGE) and a TEV protease cleavage site (ENLYFQG) between the BcaP 
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domains and the downstream protein sequence. DNA containing the BLS fragment 
was amplified from pLG-BcaP using pLVG140 and pLVG146. The backbone DNA was 
amplified from pLG-PS1Δ9 with pLVG139b and pLVG149. The mKate2 gene, codon-
optimized for expression in Streptococcus pneumonia 272, was amplified from pKB01-
mKate2 with pLVG068 and pLVG069. pNZ8048 was amplified to serve as the backbone 
vector with pLVG070 and pLVG071. The fragments were combined as described below and 
introduced in L. lactis NZ9000. The resulting plasmid pNZ-mK2-N’ and plasmids pLG-
BcaP and pLG-PS1Δ9 were digested with NcoI and SpeI. The DNA fragments containing 
bcaP or PS1Δ9 were ligated to linearized pNZ-mK2-N’ and introduced in L. lactis LG010, 
creating plasmids pLG-mK2-BcaP and pLG-mK2-PS1Δ9. To create pLG-BcaP-mK2, 
the mKate2 gene was amplified using pLVG054 and pLVG094, while pLG-BcaP plasmid 
DNA was amplified using pLVG095 and pLVG096. The respective DNA fragments were 
then mixed, treated with the USER enzyme mixture and introduced in L. lactis NZ9000. 
Because the spacer sequence of pLG-BLS-PS1Δ9 appeared to contain an internal RBS site 
with an alternative TTG start codon, site-directed mutagenesis was employed to change 
two codons in order to remove the RBS using 5’-phosphorylated pLVG178 and pLVG179 
and Phusion polymerase, followed by ligation with T4 DNA ligase. The proper plasmid 
was picked up in L. lactis NZ9000 or LG029. 

Protein analysis, Western blotting and immunodetection

L. lactis NZ9000 carrying the appropriate expression vector was inoculated 1:100 in 
GCDM* or GCDM* supplemented with 1.5% casitone (GCDM*cas) if stated and grown 
as standing culture at 30 °C to an OD at 600 nm (OD600) of 0.5, after which it was induced 
with 5 ng ml-1 of nisin A (Sigma-Aldrich, St. Louis, MO, USA). Cells were harvested 1 or 
2 hrs post-induction by centrifugation at 9,000×g for 15 min at 4 °C, washed with ice-cold 
100 mM potassium phosphate (KPi; pH 7.0) and resuspended to an OD600 of 1 in ice-cold 
100 mM KPi. For lysis, 100 µl glass beads were added to 1 ml of the cell suspension and cells 
were broken by 3×35 sec incubations in a mini-bead beater (Biospec Products, Bartlesville, 
OK) with 1-min intervals of cooling at 4°C. Cell debris was removed by centrifugation 
at 7650×g for 15 min (4 °C). To detect the overexpressed proteins, membrane fractions 
were separated from cytoplasmic fractions by high-speed centrifugation (267,000×g for 30 
min at 4 °C) in an Optima TLX Ultracentrifuge (Beckman Coulter, Brea, CA, USA). The 
membrane fractions were washed with and resuspended in 10 mM KPi buffer containing 
10% glycerol. 

For dot blotting, 2 µl of each fraction was directly spotted onto a nitrocellulose membrane 
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(0.45 µm, Bio-Rad). For Western blotting, the fractions were resuspended in 2×SDS loading 
buffer (1M Tris-HCl, pH 6.8, 10% SDS, 20% (v/v) glycerol, 25% (v/v) β-mercaptoethanol, 
0.05% bromophenol blue) and subjected to SDS-(12.5%) PAGE. For immunodetection of 
the cytoplasmic fraction, cleared cell lysates were mixed with 2×SDS loading buffer and 
separated by SDS-(12.5%) PAGE. Proteins were transferred by semi-dry blotting onto a 
polyvinylidene difluoride membrane (Roche Applied Sciences).

Immunodetection of transferred or spotted StrepII-tagged proteins was performed as 
follows. Nitrocellulose membranes were washed with 1×TBS-T (20 mM Tris, 150mM NaCl 
and 0.1% Tween 20, pH 7.5), blocked with 5% bovine serum albumin (BSA) in 1×TBS-T, 
blocked with 0.001% avidin in 1×TBS-T for 30 min, washed with 1×TBS-T, after which the 
proteins were detected with StrepMAB-Classic (IBA, Göttingen, Germany), HRP-linked 
anti-mouse antibodies (GE Healthcare Europe GmbH, Eindhoven, The Netherlands) and 
ECL detection (GE healthcare) according to manufacturer’s instructions. For detection 
of mK2-labeled proteins, nitrocellulose were washed and blocked with BSA as described 
above, after which the proteins were detected with polyclonal anti-RFP antibodies (Rabbit 
Polyclonal Antibody, Life Technologies Invitrogen), HRP-linked Anti-Rabbit antibodies 
(GE healthcare) and ECL detection. 

Preparation of cells for in vivo fluorescence microscopy imaging or RNA FISH

L. lactis cultures grown overnight to stationary phase were washed in sterile phosphate-
buffered saline (1×PBS, pH 6.8) and inoculated 1:100 in GCDM* with chloramphenicol. 
Cultures were grown to an OD600 of ~0.4 and induced for 1 hr with nisin A (Sigma-
Aldrich) at a final concentration of 5 ng ml-1, unless stated otherwise. For live cell imaging, 
0.4 µl of a culture was transferred onto a multi-test-slides (MP Biomedical, Santa Ana, CA) 
coated with 1.5% agarose (Sigma-Aldrich) dissolved in fresh GCDM*. RNA FISH was 
performed essentially as described and adapted for L. lactis cells expressing 12bs-tagged 
mRNAs (Chapter 2).

Fluorescence microscopy and data analysis

Fluorescence microscopy was conducted with a DeltaVision Elite inverted epifluorescence 
microscope (Applied Precision, GE Healthcare, Issaquah, WA, USA) equipped with a 
climate chamber, a seven-color combined set InsightSSI Solid-State Illumination module 
and an sCMOS camera (PCO AG, Kelheim, Germany). To capture phase-contrast and 
fluorescence images, we routinely made use of a 100×phase-contrast objective (NA 1.4, 
oil-immersion, DV) and SoftWorX 3.6.0 software (Applied Precision). Excitation was set 
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to 475/28 nm and emission to 511.5/23 nm to capture GFP fluorescence. For TAMRA 
fluorescence, we employed excitation at 548/35 nm and emission at 592/38 nm. For 
mKate2 fluorescence, excitation was 573.5/33 nm and emission 607.5/19 nm. A polychroic 
beam splitter was chosen depending on the combination of fluorescence (DAPI/FITC/
TRITC/Cy5 for TAMRA fluorescence and DAPI/FITC/mCherry/Cy5 for the combination 
GFP and mKate2 fluorescence). TAMRA and GFP fluorescence was captured with 1 s 
exposure times, whereas an exposure time of 0.5 s was employed for mKate2 fluorescence.

Fluorescence measurements using a plate reader

L. lactis grown to stationary phase cells were washed in sterile 1×PBS and subsequently 
inoculated 1:100 in GCDM* with 5 µg ml-1 chloramphenicol. The diluted cultures then 
were divided as quintuples in wells of a transparent 96-wells microtitre plate and grown 
at 30 °C to mid-exponential phase (OD600 of ~0.4) at which point they were induced with 
nisin (5 ng ml-1). Meanwhile, fluorescence was measured with an Infinite F200 plate reader 
(Tecan Group Ltd., Männedorf, Switzerland) with I-control 1.10.4.0 software (Tecan 
Group Ltd.) equipped with a GFP filter set (excitation at 485 nm and emission at 535 nm) 
and an RFP filter set (excitation RFP at 590 nm and emission at 635 nm). GFP and RFP 
signals were collected as top readings with a gain setting of 60 and 100, respectively. OD600 
readings were used to correct for GFP and RFP fluorescence. Before each measure point, 
the plate was shaken to obtain homogenous cultures.

Data analysis 

Image analysis. MATLAB-based (Mathworks, Natick, MA, USA) MicrobeTracker 
(http://www.microbetracker.org) or Oufti (http://www.oufti.org) software was used 
to automatically track cell contours and obtain cell meshes. ImageJ (http://imagej.net/
ImageJ) software, in combination with the ImageJ plug-in ISBatch 327, was used to detect 
fluorescent spots or measure single-cell fluorescence. Location maps were generated as 
essentially described (Chapter 4). The ImageJ-based Coloc2 plugin was employed to 
determine thresholded Manders colocalization coefficients (M1 and M2) as described in 
517. Prior to Coloc2 analysis, the images were processed with a discoidal averaging filter to 
increase the signal-to-noise ratio of the detected foci and to remove all background signals. 
Cell meshes obtained with Oufti were loaded in to Coloc2 to only analyse colocalization 
events in cells. The obtained M1 value specifies the percentage of co-occurrence of 
total green fluorescence in cells with red fluorescence, whereas M2 is a measure for the 
percentage of co-occurrence of total red fluorescence in cells with green fluorescence. The 
obtained M1 and M2 values for each analysed frame were combined to obtain the mean 
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percentage ± SD of colocalization.

N-terminal domain length of MPs. To determine the lengths of integral MPs encoded 
by the genome of L. lactis MG1363, the amino acid sequences of proteins that were 
predicted to have at least one TMD were separated from all known proteins using tools 
available on the Genome2D webserver (https://genome2d.molgenrug.nl). The number of 
TMDs was predicted using the TMHMM 2.0 webserver (http://www.cbs.dtu.dk/services/
TMHMM). 

Statistical analysis. For the data presented in Fig 5B, a parametric statistical analysis 
(Student’s t-test) was performed with MATLAB software. The null hypothesis was rejected 
at p ≤ 0.05. The whiskers on all box-and-whisker plots (box plots) are represented according 
to the Tukey method for plotting whiskers. The whiskers on all scatter-and-whisker plots 
(scatter plots) correspond to median and interquartile values, unless stated otherwise. 
Whiskers displayed in all other graphs represent standard deviations of the mean.
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Supplementary data

Table S1. Linear regression analysis of intrinsic protein factors contributing to mRNA localization, stress 
development and MP production.

Score

A B mRNA Stress Protein

BcaP 1 1 0.9 0.2 1

PS1Δ9 0 0 0.3 1 0.32

BcaPN-PS1Δ9 0.3 1 0.7 0.5 0.52

PS1Δ9N-BcaP 0.8 0 0.3 1 0.84

Linear regression A

 Slope ± S.E. R2 F1,2 P

mRNA 0.37 ± 0.41 0.22 0.58 0.5263

Stress -0.34 ± 0.52 0.18 0.44 0.5761

Protein** 0.67 ± 0.02 0.99 1641 0.0006

Linear regression B

 Slope ± S.E. R2 F1,2 P

mRNA* 0.50 ± 0.10 0.93 25.00 0.0377

Stress* -0.65 ± 0.15 0.90 18.78 0.0493

Protein 0.18 ± 0.35 0.11 0.26 0.6613

A = Contribution (fraction) of BcaP sequence in total protein sequence
B = N-terminal domain; 1 = BcaP, 0 = PS1Δ9
mRNA = mRNA localization value adopted from Fig 2C 
Stress = DnaK-GFP level adopted from Fig 2E
Protein = MP production level adopted from Fig 2D 
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Table S2. Strains and plasmids used and constructed in this chapter. Abr = Antibiotic resistance marker. 
Cm = Chloramphenicol. References to research papers introducing employed strains and plasmids are 
given as PMID numbers

Strain Species Genetic marker(s) Abr Reference
NZ9000 L. lactis MG1363 pepN::nisRK - PMID: 8837421

LG010 L. lactis NZ9000 pseudo10::PnisA-MS2dΔA-sfgfpm - Chapter 2

LG029 L. lactis NZ9000 dnaK::dnaK-sfgfpm - Chapter 4

Plasmid Host Description Abr Reference
pNZ8048 L. lactis NICE (nisin-controlled expression) system Cm PMID: 8837421

pLG-BcaP L. lactis NICE of bcaP(strepII)12bs Cm Chapter 2

pLG-PS1Δ9 L. lactis NICE of PS1Δ9(strepII)12bs Cm Chapter 2

pLG-PS1Δ9N-BcaP L. lactis NICE of PS1Δ9N-bcaP(strepII)12bs Cm This chapter

pLG-BcaPN-PS1Δ9 L. lactis NICE of bcaPN-PS1Δ9(strepII)12bs Cm This chapter

pLG-BLS-PS1Δ9 L. lactis NICE of BLS-PS1Δ9(strepII)12bs Cm This chapter

pLG-mK2-PS1Δ9 L. lactis NICE of mKate2-PS1Δ9(strepII)12bs Cm This chapter

pLG-mK2-BcaP L. lactis NICE of mKate2-bcaP(strepII)12bs Cm This chapter

pLG-BcaP-mK2 L. lactis NICE of bcaP-mKate2(strepII)12bs Cm This chapter

Table S3. Oligonucleotides. 

Oligonucleotide Sequence (5' → 3')
pLVG054 AGCGGGATCTGGUGGAGAAGCTGAAGCTAAAGGATTGTCAGAACTTATCAAGGAAA

pLVG068 AGGCACTCACCAUGTCAGAACTTATCAAGGAAAATATG

pLVG069 ACCCATGGCTCCUTTAGCTTCAGCTTCTCCACCAGATCCCGCACGGTGTCCCAATTTACTAG

pLVG070 AGGAGCCATGGGUACTGCAGGCATGC

pLVG071 ATGGTGAGTGCCUCCTTATAATTT

pLVG094 AAGCGTCACGGUGTCCCAATTTACTAG

pLVG095 ACCGTGACGCTUGGTCACATCCTCAATTTGAAAAAT

pLVG096 ACCAGATCCCGCUTTCTTTTTGCGACGATTTCC

pLVG139B AGTGCCTCCTUATAATTTATTTTGTAGTTCCTTCGAACG

pLVG140 AAGGAGGCACUCACCATGGG

pLVG141 ACATTTCCCTGUATTTATACAGAACCACC

pLVG142B ACAGGGAAATGUCAACAGTAATGCCCTTTGC

pLVG143 ATAGCAAGCAUAAGCCAAGGCCAC

pLVG144 ATGCTTGCTAUAAGGTCATCCATGC

pLVG144B ATGCTTGCTAUAAGGTCATCCATGCCTGG

pLVG149 AGAGGAGAATTUGTATTTTCAGGGTGGTGGATTTGCTACAGAG

pLVG178 CTGGTGGGGGCGAGAATTTGTATTTTCAGGGTG

pLVG179 ATCCAGCATAAGCCAAGGCC



173





L.A. van Gijtenbeek and J. Kok

Department of Molecular Genetics, Faculty of Science and Engineering, University of Groningen, the Netherlands

Spatiotemporal consequences of 
membrane protein production 
on protein quality control and 
translocation machineries in 

Lactococcus lactis



176

Abstract

A more detailed understanding of processes involved in the biogenesis of membrane 
protein, such as translation efficiency, protein guidance and their insertion in the 
cytoplasmic membrane, is required in order to elucidate the bottlenecks that often preclude 
high-level production of heterologous membrane proteins in Lactococcus lactis. Here, we 
have examined the short-term transcriptional response of L. lactis to membrane protein 
expression. Unlike a well-produced membrane protein, where proteotoxicity becomes 
prevalent only after prolonged expression, the heterologous membrane protein shows 
signs of improper insertion from the beginning of expression onwards. Using fluorescence 
microscopy, we have further analysed the effect of successful and aberrant membrane 
protein expression on the subcellular localization and abundance of members of the protein 
quality control and membrane translocation systems, in combination with overexpressed 
transcripts and/or their protein product. The disaggregation system, as monitored with 
ClpB and DnaK as GFP fusion proteins, typically overlapped with membrane-residing 
aggregation seeds of poorly inserted membrane proteins at specific sites along the cell 
membrane. During extreme membrane-specific proteotoxic stress, mRNAs of membrane 
insertion-deficient membrane proteins and GFP-fused SecE, but not SecA-GFP, localize 
to these subcellular sites. This suggests that translation machineries accumulate at 
translocation sites suffering from aberrant membrane insertion. Accumulation at these 
sites resulted in cells displaying growth deficiencies. Polar relocalization of aggregated 
proteins from these membrane sites to the poles is essential for and preludes the 
continuation of cell division. 
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Introduction

Many bacterial proteins require molecular chaperones to acquire their native structure. 
Chaperones typically start guiding polypeptides from the moment they emerge from the 
ribosomal exit tunnel. As much as ~30% of all proteins of E. coli interact with folding 
assistants 518. Notwithstanding this, cells are continuously challenged by the formation of 
misfolded proteins and small protein aggregates, which requires a network of dedicated 
chaperones, disaggregases and proteases to assure the integrity of the produced proteins 
and to maintain a balanced protein homeostasis (proteostasis) 519–521. During optimal 
growth circumstances, low levels of misfolded proteins and small aggregates are removed 
by basal levels of chaperones and proteases, thereby limiting proteotoxic damage 518–520. 
Many stress situations of which temperature upshift is the most prominent lead to an 
increase in aberrantly folded proteins that exceed the basal capacity of the quality control 
systems, resulting in the formation of larger and insoluble aggregates 519,520. Bacterial cells 
can counter this increase by inducing the tightly regulated heat-shock response (HSR) 
223,522,523. This response involves a dramatic increase of molecular chaperones such as 
DnaK/J/E, GroES/EL and ClpB as well as members of the family of Clp proteases, with the 
purpose of preventing and/or dismantling toxic protein aggregates. 

The HSR is a universal answer to the presence of a disproportionally high number of 
unfolded proteins and is therefore also activated during other changes that affect protein 
folding, such as the stringent response, osmotic stress, low pH and ethanol stress 223,226,524–526. 
The level of misfolded proteins often regulates HSR activation: Misfolded proteins tether 
away free DnaK and/or GroEL that under normal conditions influence the stability of 
HSR-related transcriptional regulators 223,522,527–530. Consequently, transcriptional activation 
or de-repression follows for genes that are part of the heat-shock regulons 223,522,527–530. 

Expression of heterologous membrane proteins (MPs) in bacteria leads to HSR activation 
due to an increase in misfolded and aggregated proteins 19,33,34,62–64,515. HSR induction 
is multifactorial. First, integral MPs in bacteria typically depend on signal recognition 
particle (SRP)-dependent targeting to the cytoplasmic membrane where the translocation 
machinery SecYEG resides 182,508. This process might be cumbersome for heterologous 
MPs. For instance, translational pausing established by internal ribosome-binding site 
(RBS) sequences and/or a non-compatible tRNA demand is thought to affect membrane 
targeting (Chapter 5) 149,150,531–535. The resulting failure in delivery of the nascent MP may 
result in the occurance of highly hydrophobic, misfolded MP molecules in the cell interior, 
facilitating protein aggregation 519,520,536. Second, the deficiency in appropriate insertion of 
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MPs in the membrane also leads to the exposure of hydrophobic amino acid residues in 
the cytoplasm 521,536. The presence of these hydrophobic regions subsequently destabilizes 
the structure of native proteins, ultimately causing a disruption of cellular proteostasis 
521,536. Overexpressed MPs are initially sequestered in small and soluble aggregation seeds 
at the cytoplasmic membrane in E. coli. These form the basis of growing nucleation foci 
that attract other proteins, eventually leading to large - mostly insoluble - aggregates 483,537.

Previously, we have shown that expression of a number of eukaryotic integral MPs leads 
to accumulation of their respective transcripts at the poles of Lactococcus lactis (Chapter 
4). We did not observe colocalization of misfolded MPs or DnaK-GFP fusion proteins 
with these mRNA-dense clusters. Rather, the MPs were localized in membrane-proximal 
aggregation seeds (Chapter 4 and 5), similar to what was observed in E. coli 483. This 
observation suggests that membrane targeting of nascent heterologous MPs initially takes 
place, but that insertion into the membrane constitutes the major rate-limiting factor. As 
a consequence, not or incorrectly inserted transmembrane domains (TMDs) are probably 
exposed to the cytoplasm, iniating the observed membrane-proximal aggregation. 
In agreement, DnaK-GFP rapidly accumulated after the initiation of recalcitrant MP 
production (Chapter 4). 

To study the appearance of quick responses in more detail, we first examined the 
transcriptional response of L. lactis to the short-term production of a well and a poorly 
expressed MP by means of RNA sequencing (RNA-seq). In the second section of this 
chapter, we pinpointed the spatiotemporal localization of components of the disaggregation 
and secretion machineries in the light of aberrant or successful MP expression using 
single-cell and time-lapse fluorescence microscopy.
 

Results

Overexpression of a heterologous MP triggers stress responses at a short-time scale

DnaK expression is upregulated shortly after induction (<15 min) of recalcitrant MP 
expression in L. lactis (Chapter 4). In the current study, we further investigated the 
prevalence of similar short-term responses by analyzing the transcriptional effects of 15-
min MP overexpression. Control cells and cells expressing either BcaP or PS1Δ9 for a period 
of 15 min were subjected to RNA-seq analysis. BcaP specifies a branched-chain amino acid 
permease originating from L. lactis 482, while PS1Δ9 (human Presenilin-1 missing exon 9) 
is a γ-secretase component in which mutations can lead to the development of Alzheimer’s 
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disease 514. While the homologous 12-TMD protein BcaP is generally produced to high 
levels in L. lactis, PS1Δ9 is only very poorly expressed 63,64. After RNA extraction and 
sequencing, reads were mapped onto the L. lactis MG1363 genome, annotated to include 
the recently discovered small RNA genes 47. Data analysis was performed with RNA-seq 
analysis tools available on the T-REx webserver 538. 

Compared to the control, 10 genes were significantly differentially expressed after 15-min 
of BcaP overexpression, whereas the 15-min induction of PS1Δ9 production led to 214 
genes being significantly affected (Table S3 and S4). Hence, PS1Δ9 expression triggered 
a substantial transcriptional response on a short time-scale. In agreement with the DnaK-
GFP expression profile (Chapter 4), HSR members, specifically those of the HrcA regulon 
(hrcA-grpE-dnaK, dnaJ and groES/groEL), were among the highest upregulated genes 
in PS1Δ9-expressing cells. This regulon consist of a gene set that specifies most of the 
protein chaperones required for refolding misfolded proteins. Expression of these genes 
only showed a very mild upregulation in cells expressing BcaP (Fig 1). Gene expression 
of the cold-shock proteins CspD and CspD2 were among the highest downregulated genes 
during short-term PS1Δ9 production (Table S4). 

Besides protein misfolding stress, a cell envelope stress response (CESR), regulated by the 
three-component system CesFSR 64,218, was observed in PS1Δ9-expressing but not in BcaP-
expressing cells (Fig 1). The activation of CESR in PS1Δ9-expressing cells is suggestive of 
a loss of membrane integrity. It may be that the insertion of at least a portion of PS1Δ9 in 
the membrane results in the presence of reactive misfolded PS1Δ9 or in blockage of the 
translocation machinery. Both would directly interfere with production and stability of 
endogenous MPs, quite possibly leading to additional membrane damage and triggering 
of CESR. Remarkably, the CESR member rmaB, encoding a MarR-type iron-dependent 
repressor with unknown targets, appeared to be unresponsive. Fig 1 also shows the changes 
in expression of HSR and CESR member genes after 1 hr of BcaP or PS1Δ9 production 
(previously gathered data from our group 63,64). Clearly, both stress responses are more 
pronounced after short (15 min) than long (1 hr) PS1Δ9 expression. This is not the case for 
BcaP production, where a slower build-up of HSR and CESR is apparent. 

Like L. lactis, most Firmicutes regulate CESR via a three-component system orthologous 
to CesFSR. The regulatory DNA box of the response regulator is conserved to some 
degree among at least Bacillus subtilis, Staphylococcus aureus, Streptococcus pneumonia, 
Enterococcus faecalis and L. lactis 218. Remarkably, Streptococcus mutans CESR and HSR 
are coupled at the genetic level 219: The upstream region of the dnaK-operon contains a 
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functional CesR binding box. Hence, the S. mutans HrcA regulon is upregulated by CesR 
during cell envelope stress. We therefore carefully re-examined the possibility of genetic 
coupling between CESR and HSR in L. lactis using the online MEME Suite 539 but did 
not find any proof for a regulatory CesR box (TCAGHCnnnAGDCTGA) upstream of or 
located in the HSR genes or operons of the L. lactis MG1363 and NZ9000 genomes.

Apart from genes implicated in stress responses, several genes encoding amino acid 
or peptide uptake systems were upregulated during PS1Δ9 production, such as dppA, 
dppD, dppF, oppB2, oppC2, gltQ, gltS, gtpP, llmg_2477, llmg_0081 and llmg_2011. 
The transcriptional repressor CodY controls the expression of most of these genes. 
Furthermore, tRNAs for leucine (llmg_tRNA_09; anticodon 5’-AAG-3’), cysteine (llmg_
tRNA_16; anticodon 5’-GCA-3’) and argenine (llmg_tRNA_17; anticodon 5’-UCU-3’) 
were upregulated. Together, these data suggest that the intracellular levels of some amino 
acids become intrinsically limiting shortly after the initiation of PS1Δ9 expression. 

Fig 1. Transcriptional responses of L. lactis HSR and CESR genes after 15-min or 60-min of BcaP or 
PS1Δ9 production. Scatter dot plots depicting the log2 fold-change (logFC) in gene expression of HSR  
and CESR members after 15 min and 1 hr of induction in L. lactis cells of expression of BcaP (white 
boxes) or PS1Δ9 (grey boxes) compared to control (pNZ8048-carrying) cells. Whisker plots projected 
on top of scatters indicate the median expression with the interquartile range of all depicted genes per 
condition; Dotted line: baseline. (HSR) Blue shaded dots: CtsR regulon members. Red shaded dots: HrcA  
regulon members. Dots with similar shades: genes in the same operon. Bright red: hrcA-grpE-dnaK. Pink: 
groES-groEL. Light pink: dnaJ. Dark blue: clpB. Blue: clpP. Purple blue: clpE. Light blue: ctsR-clpE. (CESR) 
Dark red: ftsH. Red: llmg_1918 (yccA). Black: llmg_1155 (spxB). Pink: rmaB. Purple: cesF-cesS-cesR. Dark 
green: llmg_2163-llmg_2164. Light purple: llmg_0165 and llmg_0169. Bright green: llmg_1115 (xpaC) and 
llmg_1116 (telA1). Yellow: oxaA2. The 15-min data were extracted from RNA-seq data, whereas the 60-min 
data were extracted from 63,64. Note that not all indicated genes are significantly upregulated.
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The L. lactis disaggregation machinery localizes to specific subcellular sites with toxic 
MP aggregates

DnaK, aided by GrpE and DnaJ, and ClpB together constitute the disaggregation 
machinery and dynamically colocalize with aggregated proteins in E. coli 483,524,540,541. 
Previously, it was shown that the localization of aggregation seed formation depends on 
the cellular destination of the protein that initially aggregates in E. coli 483. The introduction 
of a membrane-spanning segment at the N-terminus of heat-sensitive YFP-luciferase 
leads to a relocalization of chaperones like DnaK and ClpB to the E. coli inner membrane, 
where they colocalize with the aggregated proteins 483. Therefore, we here employ the 
‘behaviour’ of the disaggregation machine as a proxy for studying bottlenecks in MP 
biogenesis in living L. lactis cells. To do so, L. lactis LG029 was used in which the native 
dnaK (llmg_1574) had been replaced by dnaK-gfp (Chapter 4). In addition, L. lactis LG030 
was created in which the chromosomal clpB gene (llmg_0986) was replaced by clpB-gfp. 
The original dnaK and clpB promoters thus control the expression of the new fusion genes. 
L. lactis LG029 or LG030 did not display any growth defect under the normal growth 
conditions employed here (0.6-0.7 h-1). 

The single-cell levels of DnaK-GFP and the subcellular localization of the fusion protein 
were examined using fluorescence microscopy after 30-min and 60-min overexpression 
of BcaP or PS1Δ9 (Fig 2A, B). The mean DnaK-GFP signal was significantly higher after 
30-min of PS1Δ9 production compared to the control, but not after 30-min of production 
of BcaP. However 60 min of BcaP or PS1Δ9 expression triggered a similar upregulation 
of DnaK-GFP (Fig 2A). These observations are in keeping with the previously obtained 
time-resolved DnaK-GFP ensemble response (Chapter 4) as well as with results from the 
examination of the combined RNA-seq and DNA microarray datasets, which showed that 
the production of PS1Δ9 immediately results in upregulated expression of members of the 
heat shock response, while this process is delayed when cells are induced to express BcaP. 

DnaK-GFP was observed along the cytoplasmic membrane outside existing division sites 
and away from the poles after 30 and 60 min of PS1Δ9 expression (Fig 2B and Chapter 
4). This suggests that misfolded and aggregated PS1Δ9 proteins accumulate at specific 
sites at the membrane. After 30-min, no increase in or relocalization to the cytoplasmic 
membrane of DnaK-GFP was observed in BcaP-expressing cells. DnaK-GFP upregulation 
is dose-responsive: The more nisin was added for induction of PS1Δ9 production, the more 
DnaK-GFP was produced (Fig 2C). This appeared to be true for BcaP-expression as well, 
albeit that the DnaK-GFP response curve is considerably lower (Fig 2C). The addition of 
10 ng ml-1 nisin triggered more or less the same DnaK-GFP responses in cells expressing 
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Fig 2. Analysis of spatiotemporal attributes of DnaK-GFP and ClpB-GFP during membrane protein 
overexpression. (A) Scatter dot plots depicting the population-wide DnaK-GFP levels (in arbitrary units, 
AU) in single cells extracted from fluorescence micrographs. Fluorescence development after 30 and 60 min 
of BcaP or PS1Δ9 production. Control = empty vector control induced for 60 min. ****: p < 0.0001; Mann-
Whitney U test. (B) Subcellular localization of DnaK-GFP in single L. lactis cells after 30 min (fixed cells) 
or 1 hr (living cells) BcaP or PS1Δ9 production. Upper panels: representative fluorescence micrographs. 
Lower panels: population-averaged localization of DnaK-GFP under each condition. (C) Fold-changes 
(FC) of DnaK-GFP expression in L. lactis cultures induced to express BcaP (black circles) or PS1Δ9 (red 
circles), compared to control cells, as a function of increasing inducer concentration. (D) Scatter dot plots 
depicting the population-wide ClpB-GFP levels in single cells after 60 min of BcaP or PS1Δ9 production. 
Control = empty vector control induced for 60 min. ****: p < 0.0001; Mann Whitney U test. (E) Subcellular 
localization of DnaK-GFP in single L. lactis cells after 1 hr BcaP or PS1Δ9 production. Upper panels: 
representative fluorescence micrographs of live cells. Lower panels: location maps depicting population-
wide ClpB-GFP distribution. (F) Representative fluorescence micrographs of fixed cells in which PS1Δ9-
GFP displays a localization similar to that of DnaK-GFP after 15-min of PS1Δ9 expression (compare with 
panel B). (G) Fluorescence images showing the subcellular localization of DnaK-GFP and mK2-BcaP in 
four representative cells that are in various stages of division. | Scale bars: 2 μm. White lines in location 
maps outline the estimated cell contours. Average cell contour dimension: 800×900 nm.

BcaP or PS1Δ9. Presumably, high nisin levels lead to a high fraction of cells that no longer 
express PS1Δ9 (Chapter 4). The amount and localization of ClpB-GFP were analyzed after 
60 min of MP overexpression in L. lactis LG030. Overall the levels of ClpB-GFP were 
much lower than those of DnaK-GFP (data not shown). BcaP or PS1Δ9-producing cells 
had accumulated more ClpB-GFP than control cells, which was located specifically at the 
membrane and not at the poles (Fig 2D, E). The site of ClpB-GFP accumulation during 
prolonged MP expression was comparable to that of DnaK-GFP (Fig 2B (right panel) and 
2E (right panel). 
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The specific localization of DnaK-GFP and ClpB-GFP during PS1Δ9 induction resembled 
the pattern adopted by overexpressed PS1Δ9-GFP and N-terminal fusions of mK2 to 
BcaP or PS1Δ9 (Chapter 4 and 5), suggesting that a significant amount of MPs localize 
at subcellular sites similar to those of the aggregation machinery. A closer examination of 
overexpressed PS1Δ9-GFP shows that it is present at this distinct location in approximately 
33% of the cells in the population (Fig 2F). An apparent difference is that PS1Δ9-GFP 
aggregates appear significantly more punctuate than the crescent-like patches formed 
by DnaK-GFP and ClpB-GFP. A reminiscent crescent-shaped, membrane-proximal 
localization pattern was sometimes observed for overexpressed bcaP12bs and PS1Δ912bs 
mRNAs in cells where polar mRNA aggregates were absent (Fig S1). To examine if the 
disaggregation machineries truly localize with aggregated MPs, we visualized mK2-BcaP 
or BcaP-mK2 in LG029 cells. In cells expressing mK2-BcaP, DnaK-GFP assembled in close 
vicinity of the aggregation seeds formed by the fusion protein (Fig 2G), while this was not 
the case when the C-terminal fusion protein, BcaP-mK2, was expressed (data not shown). 

Asymmetrical cell division restores growth-related defects induced by membrane-
proximal aggregates 

The formation of membrane-proximal instead of polar protein aggregates caused by 
aberrant MP biogenesis poses a considerable challenge on cells. Non-polar aggregates 
hamper asymmetric division that normally results in the release of aggregate-free, thus 
well-growing and rejuvenated cells 483. To study the fate of L. lactis cells with membrane-
proximal aggregates, the effect of DnaK-GFP and BcaP-mK2 or mK2-BcaP levels on 
growth was studied by means of time-lapse microscopy. During BcaP-mK2 production, 
DnaK-GFP foci were rarely seen and most cells divided at a steady pace (Fig 3A, B). The 
growth rate was independent of the DnaK-GFP or BcaP-mK2 level in a cell (Fig 3B). 
Induction of mK2-BcaP production resulted in DnaK-GFP and mK2-BcaP-containing 
aggregation nuclei as seen previously (Fig 2G and 3A). Cells with high levels of mK2-BcaP 
typically displayed the slowest growth rates and contained high levels of DnaK-GFP (Fig 
3C, D). 

LG029 cells with high levels of both DnaK-GFP and mK2-BcaP grew slowly during the 
first two hours after placing cells on GCDM* agarose slides without inducer. During the 
following adaptation phase, the signal of mK2-BcaP became brighter, presumably due 
to additional mK2 fluorophore maturation and further stimulation by residual nisin 
molecules, and DnaK-GFP remained in the vicinity of mK2-BcaP (Fig 3E). After an hour 
to several hours without cell division, DnaK-GFP and mK2-BcaP redistributed to the 
poles (Fig 3D). Cells were able to grow again after the aggregates were redistributed to 



184

the poles (Fig 3E). Clearly, membrane-proximal aggregates need to be resolved first by 
transposing the aggregated proteins to the poles, after which asymmetric division occurs, 
releasing non-producing but well-growing, rejuvenated L. lactis cells. Cells that are not 
capable of redistributing aggregates to the pole do not divide nor lyse, but mostly swell 
up and loose their typical diplococcic-oval shape. These protein-related observations 
contrasts with what is required for growth restoration when polar mRNA clusters have 
formed: these need to be completely removed from the poles before cell division can take 
place again (Chapter 4).

Fig 3. Effects of mK2 fusions on BcaP and DnaK-GFP localization. (A) Location maps depicting the 
population-averaged BcaP-mK2 or mK2-BcaP distribution in combination with corresonding DnaK-GFP 
distributions. (B) Scatter dot plots depicting the level of DnaK-GFP and mK2 fluorescence as a function of 
growth rate in L. lactis LG029 cells expressing mK2-BcaP. (C) Scatter dot plots depicting the level of DnaK-
GFP and mK2 fluorescence as a function of growth rate in L. lactis LG029 cells expressing BcaP-mK2. (D) 
The level of DnaK-GFP plotted as a function of their corresponding mK2 level in single cells expressing 
either BcaP-mK2 (grey dots) or mK2-BcaP (red dots). The horizontal black line indicates the cut-off above 
with cells show elevelated DnaK-GFP level compared to control cells. (E) Snapshots of time-lapse imaging 
of L. lactis LG029 cells expressing mK2-BcaP. Yellow and red arrowheads each follow one cell that displays 
overlapping DnaK-GFP and mK2-BcaP foci that later redistribute to a cell pole. 
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Subcellular SecA-GFP distribution in L. lactis is not affected by MP overexpression

Efficient membrane targeting of nascent peptides of most integral MPs is followed by 
co-translational translocation by the translocation machinery SecYEG and associated 
proteins such as the ATPase motor protein SecA and the YidC membrane insertase(s) 182. 
At least a fraction of MP transcripts is believed to be tethered to translocation machineries 
via ribosomes and nascent MPs (Chapter 4 and 98). In rod-shaped bacteria such as B. 
subtilis and E. coli, the secretion components adopt a helical structure 237,542–545. In cocci, 
the localization of SecA remains a matter of debate since many localization patterns have 
been reported in closely related Streptococcus spp. In Streptococcus agalactiae (group B 
streptococci), SecA localizes at new division septa 546. In S. pneumoniae, SecA and SecY 
are observed at equatorial regions in pre-divisional cells, but also spread out along the 
membrane of the new hemispheres post-division 237. The old poles are devoid of SecA and 
SecY. In S. pyogenes and S. mutans, SecA is present in one single focus, referred to as the 
Exportal 547,548. 

Because of the wide variety of the subcellular patterns described for SecA and since SecA 
likely coincides with sites of high translocation capacity, we investigated the subcellular 
localization of SecA in L. lactis in combination with that of overexpressed MP transcripts 
and corresponding proteins. The chromosomal secA gene was replaced with secA-gfp, 
which did not affect the growth rate. In control L. lactis cells, SecA-GFP was visible in 
multiple foci along the membrane, but never in a single focus or at the division sites as in 
the related S. mutans (Fig 4A). Rather, SecA-GFP localization resembled the distribution 
of SecA in rod-shaped bacteria 542,544. Importantly, no changes in SecA-GFP localization 
patterns occurred after 60-min overexpression of BcaP or PS1Δ9 (Fig 4A), but the SecA-
GFP level was significantly reduced in the PS1Δ9-expressing population (Fig 4D). BcaP-
mK2 and mK2-BcaP were also produced in the SecA-GFP background strain. While 
SecA-GFP localization remained largely unchanged (Fig 4B, C), the level of SecA-GFP 
was higher in cells expressing mK2-BcaP than in BcaP-mK2-expressing cells (Fig 4C). The 
latter observation suggests that translocation of mK2-BcaP is hampered and, unlike wild 
type PS1Δ9, triggers an upregulation of secA-gfp expression. 

Transcripts of bcaP12bs or PS1Δ912bs were visualized in the SecA-GFP strain using FISH 
to examine where SecA-GFP is localized relative to MP mRNA (Fig 4D). No significant 
colocalization of SecA-GFP foci with MP transcripts was detected after 60-min of their 
overexpression (<25% colocalization). High steady-state mRNA levels are reached within 
minutes in most cells induced with 5 ng ml-1 nisin. Prolonged expression leading to a 
high abundance of visualized transcripts possibly obscures colocalization events (Chapter 
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5). Therefore, we visualized bcaP12bs or PS1Δ912bs transcripts in combination with SecA-
GFP in cells harvested after 7.5 min of induction (Fig 5E). No polar PS1Δ912bs mRNA 
clusters were present yet. Membrane-proximal mRNA foci overlapping with SecA-GFP 
foci were detected for both transcripts, although this was far from true for all mRNA foci. 
No significant increase in colocalization was observed (<25% colocalization).

GFP-SecE localizes in multiple dynamic foci at the membrane that are destabilized by 
mislocalized MP biogenesis 

SecA is a highly mobile, soluble protein of which only a fraction interacts with SecYEG 
translocon at any given moment in B. subtilis 544. We therefore aimed to visualize the 

Fig 4. Analysis of SecA-GFP in single L. lactis cells during MP overexpression. (A) Live cell imaging of 
subcellular SecA-GFP localization in control cells and cells expressing BcaP or PS1Δ9 (standard induction 
regime). Scale bar = 2 μm. (B) Fluorescence micrograph of representative cell expressing SecA-GFP and 
BcaP-mK2. (C) Fluorescence images of the subcellular SecA-GFP distribution and mK2-BcaP localization 
in four representative cells at various stages of division. (D) Scatter dot plots of SecA-GFP levels, extracted 
from (at least) 150 single cells using fluorescence microscopy in cells expression various MPs. ****: p < 
0.0001; Mann-Whitney U test. (E) Representative examples of L. lactis LG027 cells in which SecA-GFP is 
covizualized with bcaP12bs or PS1Δ912bs transcripts expressed during 1 hr. mRNA was visualized with RNA 
FISH  (E) Examples of representative L. lactis LG027 cells in which SecA-GFP is covisualized with bcaP12bs 
or PS1Δ912bs transcripts expressed during 7.5 min and visualized with RNA FISH. | Channels in all merged 
image are deconvolved and false-coloured: Green = SecA-GFP. Red: mK2-fusion or transcripts. Unless 
stated otherwise, the cells were induced to express MPs according to the standard regime. Scale bars: 2 μm.
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translocon to elucidate whether MP mRNAs colocalize with translocons and if MP 
aggregation nuclei contain Sec machineries. Clean chromosomal replacements of secY, 
secE or secG by versions carrying a gfp moiety could not be obtained. We did manage to 
construct a strain in which gfp-secE is expressed from a second PsecE promoter located 
next to the chromosomal locus of the native secE gene. GFP-SecE was observed as 
diffraction-limited foci in the membrane, suggesting that the fusion protein was still 
functional in membrane insertion and interaction with SecY (Fig 5A). The bulky GFP 
molecule at the cytoplasmic N-terminus of SecE could interfere with processes important 
in translocation, such as SecY interactions with SecA or ribosomes, which would render 
a full replacement of secE by gfp-secE lethal 549. The simultaneous visualization of GFP-
SecE and SecE by immunofluorescence showed a partial overlap between the two signals 
(Fig S2A). Stepwise photobleaching revealed that GFP-SecE foci contain multiple GFP 
proteins, suggesting that translocons are assembled in clusters along the membrane (Fig 
S2B). The diffusion coefficient (D) of GFP-SecE foci was determined by measuring the 
mean square displacement (MSD) of foci between frames taken 400 ms apart (Fig S2C), 
revealing multiple population of which the most prevalent one showed a Dmean of 0.022 μm2 
s-1. This is within the range of diffusion coefficients calculated for large integral MPs in L. 
lactis, such as for LacSΔIIA-GFP (Dmean  = 0.020  μm2 s-1) and for BcaP-GFP (Dmean  = 0.019  
μm2 s-1) 304 and thus suggesting membrane insertion. 

No GFP-SecE distribution resembling that of MP aggregation nuclei was observed in cells 
overexpressing BcaP or PS1Δ9 (Fig 5A and B). We did observe a slight but non-significant 
increase in colocalization of bcaP12bs or PS1Δ912bs mRNAs with GFP-SecE foci (26%±9% 
resp 31±14%) over SecA-GFP foci (<25%) after 60-min of expression. Localization studies 
on transcripts and GFP-SecE after a short expression interval were not performed in this 
study. The covisualization of GFP-SecE with overexpressed mK2-BcaP showed that they 
at least partially colocalize (Fig 5C). In these cells, GFP-SecE foci had lost the mobility 
that they did have in control cells (data not shown); the foci remained in the vicinity of the 
mK2-BcaP aggregates (Fig 5C). This was not the case when BcaP-mK2 was overexpressed 
instead (Fig 5C). We excluded that bleed-through of the GFP and RFP channels caused 
the observed colocalization of mK2-BcaP with GFP-SecE foci. GFP-SecE was generally 
upregulated in MP-expressing cells when compared to control cells (Fig 5D), which is in 
accordance with DNA microarray analyses 63,64.
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Discussion

In this chapter, we extended previously obtained transcriptomic data 63,64 with RNA-seq 
data to reveal the short-term effects on the transcriptome arising after 15-min of MP 
overexpression. To follow up on studies presented in Chapter 4 and 5, we furthermore 
employed single-cell fluorescence microscopy to study the connection between the 
appearance of MP aggregates, polar mRNA clusters, the disaggregation machinery and 
the translocation machinery.

Expression of aberrant MPs leads to immediate proteotoxic and cell envelope stresses

To examine possible transcriptional and post-transcriptional bottlenecks that occur during 
MP overexpression in bacteria, we have previously examined the level of transcription 

Fig 5. Subcellular GFP-SecE localization during membrane protein overexpression. (A) Fluorescence 
images of GFP-SecE in living cells in control cells or in cells expressing BcaP or PS1Δ9. Scale bars = 2 μm. 
(B) Fluorescence micrographs depicting exemplary cells in which GFP-SecE and overexpressed bcaP12bs 
or PS1Δ912bs transcripts were co-visualized using FISH. (C) Fluorescence images of representative cells 
expressing GFP-SecA and BcaP-mK2 or mK2-BcaP. (D) The level of GFP-SecE in control cells or in cells 
expressing various MPs. ****: p < 0.0001; Mann-Whitney U test. | Channels in all merged images are 
deconvolved and false-coloured: Green = GFP-SecE. Red: mK2-fusion or transcripts. All cells were induced 
according to the standard regime.
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and the fate of overexpressed transcript specifying heterologous MPs in L. lactis (Chapter 
4). It appeared that many cells expressing heterologous recalcitrant integral MPs obtain 
dense polar clusters consisting of cognate mRNA molecules. Cells with high levels of 
overexpressed mRNA situated in polar clusters contain greatly elevated levels of DnaK-
GFP and show deviations in cellular ribosome distribution and growth. In that study we 
observed that DnaK-GFP levels rise almost immediately after initiation of expression of 
the heterologous MP PS1Δ9, but not after homologous BcaP expression. 

Here the short-term transcriptional response (15 min) to MP overexpression was analyzed 
for two main reasons. First, to examine the immediate transcriptional response, including 
that of sRNA and tRNA genes (not further discussed in this thesis) and to extend the 
already existing 1-hr post-initiation transcriptomic responses described previously 63,64. 
Second, we believe that a short exposure time reveals a cleaner view of the first-most 
response that is, the response that is unaffected by additional factors coming into play and 
influencing transcription in severely stressed, non-growing cells that are present after 1 hr 
of induction.

Comparison of changes in expression after 15-min or 1-hr of induction (obtained from 
datasets in 63,64) of PS1Δ9 or BcaP production revealed that the stress response culminates 
much earlier aftter initiation of PS1Δ9 than BcaP expression. While transcriptomic 
differences during expression of PS1Δ9 or BcaP are abundant after 15-min, they become 
ambiguous after 1-hr of induction. A reduction in the expression of stress-related genes 
was apparent when comparing 15 min with 1 hr of PS1Δ9 expression, whereas the 
transcription of such genes during BcaP expression is higher after 1 hr than after 15 min. 
Apparently, initial PS1Δ9 expression causes immediate proteotoxicity whereas this is not 
even the case at high subcellular BcaP concentrations. As shown in Chapter 4, PS1Δ9-
expressing cells often stop dividing and lose actively translating 70S ribosomes. Reduced 
translation, putatively established by the stringent response, has a pleiotropic effect on 
transcription through reduced production of transcription factors. Indeed, this might 
explain the general decline of stress response activity in PS1Δ9-expressing cells. 

Besides dnaK, all members of the L. lactis HrcA-regulon (hrcA, grpE, dnaK, dnaJ, groES 
and groEL) were highly upregulated after short-term production of PS1Δ9 but not of BcaP. 
The clpB gene was the only significantly upregulated gene of the CtsR regulon, consisting 
of clpC, clpX, clpB, clpP and ctsR, and specifying Clp proteases and chaperones. Together 
with DnaKJ and the nucleotide-exchange factor GrpE, ClpB functions as a disaggregase to 
dismantle protein aggregates 524,540,541. Chaperones such as DnaK and ClpB form a first line 
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of defence when the balance between properly folded and misfolded proteins is disrupted 
223. Deletion of the regulator CtsR does not fully diminish heat-induced expression of 
clpB in L. lactis and E. faecalis 224,550. Together with our RNA-seq data, these observations 
indicate that clpB transcription is regulated at a level additional to the CtsR-controlled 
general heat shock response. So far, the exact link remains unidentified in L. lactis and E. 
faecalis. As proteases constitute the last resort mechanism, the degradation of misfolded 
proteins, it seems logical that chaperones such as DnaK and ClpB are upregulated earlier 
than proteases during proteotoxic stress, which is in agreement with what we observe here. 

Genes belonging to the CesFSR regulon were upregulated after 15-min of PS1Δ9 
overexpression, except the transcriptional regulator gene rmaB (llmg_1860). RmaB is 
a transcriptional regulator of the MarR-family and likely functions as a repressor of its 
own operon (llmg_1860 - llmg_1858), containing lmrA (llmg_1856), as well as of lmrCD, 
since expression of the latter genes is highly upregulated in an rmaB deletion mutant 240. 
Both LmrA and LmrCD constitute membrane-embedded multidrug resistance ABC 
transporters that are downregulated during complete activation of CESR but, remarkably, 
not upon PS1Δ9 expression. The co-overexpression of CesSR, however, enhanced the 
production of PS1Δ9 64, perhaps by reducing the occupancy of the SecYEG translocon 
normally reserved for LmrA and LmrCD membrane insertion. 

HSR and CESR are mechanisms that help cells to cope with an increase in aberrantly 
folded proteins or membrane incongruity, respectively. In some bacteria, HSR is regulated 
by factors that also sense membrane stress. SRP depletion in E. coli, but also in S. mutans, 
Saccharomyces cerevisiae and B. subtilis, results in an upregulation of HSR genes 169,172,551,552. 
Recently, a direct link between SRP functionality and HSR was shown to exist in at least 
E. coli 553. E. coli SRP interacts with the alternative sigma factor 32 (σ32), which activates 
HSR if it is freely available in the cytoplasm, for instance during heat shock 554. Under 
normal conditions, SRP is responsible for guiding σ32 to the membrane, where it is 
degraded by the membrane-residing metallo-protease FtsH 228,553–555. Whenever SRP is 
limiting or FtsH is clearing blocked translocons or misfolded MPs, σ32 degradation will 
be decreased, leading to HSR activation. Therefore, coupling between CESR and HSR in 
E. coli is controlled by at least two distinct mechanisms via protein interactions in the 
membrane biogenesis pathway. In S. mutans, CESR is controlled in a similar fashion 
as in L. lactis, namely by the response regulator CesR and the sensory histidine kinase 
CesS 219. CESR in S. mutans is partially coupled to the expression of HSR genes 219. The 
upstream region of the hrcA-grpE-dnaK operon contains a CesR binding box. We found 
no evidence for the presence of a similar regulatory circuit in L. lactis as no CesR box was 
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present upstream of any of the HSR member genes. Therefore, at least genetic coupling of 
CESR and HSR seems to be absent in L. lactis, which is further supported by the fact that 
the two responses can be induced separately (218,239; van der Meulen, in prep). Regulation 
at the protein level, however, might still be possible. DNA microarrays comparing the 
transcriptomes of L. lactis NZ9000 ΔftsH and control cells during BcaP overproduction 
revealed an upregulation of cesR and its operon members, but a downregulation of hrcA 
and grpE 240 in the mutant strain. Since the transcription regulator HrcA represses its own 
expression, downregulation of hrcA and grpE expression is indicative of the presence of 
more HrcA repressor. It is tempting to speculate that FtsH might be responsible for the 
degradation of HrcA in L. lactis, as is the case in E. coli 225. DNA microarrays do not 
reveal whether the ftsH deletion directly or indirectly triggers HSR 240, which could be an 
interesting topic of future research. The same is true for CESR. Since the CesSR regulon 
is upregulated in L. lactis ΔftsH during BcaP overexpression, it would be interesting to 
examine whether FtsH might be directly responsible for modulation of CesF, a suspected 
inhibitor of CesSR activity. 

A specific demand of PS1Δ9 expression on L. lactis amino acid metabolism

While the stress responses described above might be considered as a general answer to 
proteotoxicity evoked by the production of heterologous MPs, the upregulation of genes 
involved in amino acid and peptide uptake systems (dppA, dppD, dppF, oppB2, oppC2, 
gltQ, gltS, gtpP, llmg_2477, llmg_008 and llmg_2011) and tRNA synthesis (tgt, llmg_
tRNA_09, llmg_tRNA_16 and llmg_tRNA_17) can be regarded as a specific response 
to PS1Δ9 biogenesis. Since the codons of the human PS1Δ9 gene are not optimized 
for expression in L. lactis, a suboptimal tRNA demand can quickly deplete the pool of 
specific amino acids and aa-tRNAs, as observed here. As a consequence, translation of 
PS1Δ9 will eventually halt because the right aa-tRNAs are no longer available, leading to 
induction of the stringent response. The hypothesis that deviations between codon usage 
of the expression host and the heterologous gene is one of the major hurdles obstructing 
heterologous MP production is widely acknowledged and is supported by data presented 
in Chapter 4 and 5 115,479. A reduction of functional, nucleoid-occluded ribosomes was 
prevalent during high-level PS1Δ9 expression (Chapter 4), which points to a loss of active 
translation and ribosome assembly. Interestingly, the stringent response in Staphylococcus 
aureus causes an inhibition in ribosome assembly 497. In Chapter 5, we argue that tRNA 
availability and MP translocation efficiency are the two major contributors to inadequate 
MP production as these two factors were sufficient to explain the localization of various 
chimeric MPs and corresponding transcripts. 
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Protein-specific codon optimization can significantly increase protein production yields. 
However, in order to construct a bacterial production host that does not require codon 
modifications of the gene, it possibly is more valuable to supplement the L. lactis tRNAnome 
52 with tRNAs that are rare in L. lactis, but abundant in eukaryotic cells. This strategy has 
proven to be a fruitful approach in E. coli, although factors such as translation speed and 
translational pausing need to be accounted for in order to achieve functional execution of 
the various co-translational processes (reviewed in 556). The main obstructions in terms of 
codon choice are present in the mRNA domain that specifies the N-terminal portion of 
the protein, which dictates the efficiency of translation initiation and initial elongation. 
Introduction of a general N-terminal tag improving this process can therefore already be 
sufficient to improve production levels. Indeed, this might also be the case for the BLS-tag 
described in Chapter 5 of this thesis. 

What the subcellular localization of protein quality control and Sec systems tells us 
about congestions occuring during MP overexpression 

Aggregated proteins in bacterial cells are often sequestered at the poles, but Bukau and 
colleagues 483 have demonstrated that cell poles are not the necessary destination of 
protein aggregates. The location of aggregation seeds depends on the place where the first 
sequestration of misfolded proteins occurs. Aggregation-prone MPs form aggregation 
nuclei along the cytoplasmic membrane. This has at least two implications during the 
production of recalcitrant MPs. First, aggregation along the cytoplasmic membrane, and 
not only at the poles, poses an important challenge on cell rejuvenation via asymmetric 
inheritance through division 483. Second, the location of aggregate formation informs on 
which scenario has initially driven HSR activation. Polar aggregates likely arise when 
membrane targeting of heterologous MPs is inadequate from the beginning of expression 
onwards. In this case, MPs are mainly synthesized in the nucleoid-free region of the cells, 
where most ribosomes are situated, and not along the membrane. Membrane-proximal 
aggregation, on the other hand, points at obstructions in MP misfolding by improper 
translocation or insertion of MPs into the cytoplasmic membrane.

In Chapter 5, we showed that the proteins PS1Δ9-GFP, mK2-BcaP and mK2-PS1Δ9 appear 
as clusters at specific sites along the L. lactis membrane rather than being homogeneously 
distributed in the membrane or aggregated at the poles (Chapter 5). In the current chapter, 
we confirm that these clusters are in fact membrane-proximal aggregates consisting of 
misfolded MPs, because DnaK-GFP and ClpB-GFP localize to overlapping sites along the 
membrane during overexpression of recalcitrant MPs. In addition, PS1Δ9 transcripts are 
still present at the membrane after 7.5 min of expression (Chapter 5). Thus, at least for MPs 
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with long N-terminal cytoplasmic domains, membrane insertion rather than membrane 
targeting of nascent MPs is hampered. Also, failure of timely SRP-dependent membrane 
targeting of heterologous MPs is not a bona fide cause for the formation of polar mRNA 
clusters.

Polar accumulation of deleterious proteins is considered to be a consequence of nucleoid 
exclusion 557,558. Arguably, sequestration of aggregates at the old poles is a way to avoid 
ageing of clonal populations via asymmetric division in which one daughter cell obtains 
the potentially toxic aggregates, while the other is spared from receiving the non-
functional aggregates and rejuvenates instead. The advantageous effect on growth and 
bacterial aging disappears when aggregation seeds are symmetrically inherited 483,558,559, 
which is the case for the evenly distributed membrane-localized MP aggregates in L. lactis. 
These are inherited in a symmetrical fashion, which is another reason why overexpression 
of MPs is more likely to be detrimental than soluble protein production. The possibility 
that polar localization of mRNA molecules, rather than protein-based aggregates, is 
important for cell rejuvenation was rejected as polar mRNA clusters are removed from 
the poles before growth is resumed (Chapter 4) and therefore do not influence cell aging. 
Interestingly, DnaK-GFP and the membrane-localized mK2-BcaP aggregates eventually 
move away from the membrane to the poles, after which asymmetrical inheritance via 
restored division is initiated. 

As of yet, we found no evidence for colocalization of MP mRNA with SecA or SecE 
in L. lactis. The soluble SecA proteins are highly mobile and mainly required during 
translocation events of long extracytoplasmic domains of MPs 186,187. SecY can incorporate 
hydrophobic TMDs of MPs without the aid of SecA. Accordingly, only a small portion of 
SecA might reside in close proximity of transcripts during the co-translational biogenesis 
of native and overexpressed MPs. In case of SecE, we only analysed colocalization of GFP-
SecE with MP transcripts that were expressed for a relatively long time (1 hr). The level of 
transcripts might therefore be too high to perceive any colocalization events and therefore 
requires a more careful analysis at a shorter interval after induction. 

We entertained the possibility that at least some jammed translocons are immobilized 
at sites containing partially inserted and aggregated MPs. Indeed, membrane-residing 
GFP-SecE, but not SecA-GFP, was observed near aggregated mK2-BcaP. Possibly, jammed 
translocons are immobilized by partial membrane insertion and aggregation of mK2-
BcaP proteins, leading to a loss of free translocons required for default MP biogenesis. 
However, SecE is dependent on YidC for its insertion in the inner membrane of E. coli 560. 
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So, alternatively, while the L. lactis YidC2 homologue OxaA2 is occupied with additional 
processing of improperly folded MP during aberrant protein production 64,240, this may 
lead to incorrect insertion of endogenous MPs like SecE. 

Why does MP aggregation occur at highly specific sites along the membrane?

The recurring and rather typical localization of mK2-BcaP, mK2-PS1Δ9, DnaK-GFP, 
ClpB-GFP and PS1Δ9-GFP as illustrated in Fig 6 is likely a result of insufficient membrane 
insertion of the overproduced MPs. The reason for this localization pattern of misfolded 
and/or aggregated MPs remains elusive. The subcellular distribution of aggregated MPs 
in L. lactis slightly resembles that of GFP-tagged MPs expressed in FtsY or YidC-depleted 
E. coli and B. subtilis cells 211. The SRP-dependent large mechano-sensitive channel MscL 
accumulates in the nucleoid-free space in Ffh-depleted E. coli cells, whereas depletion of 
either YidC, FtsY or components of the Sec machinery results in a punctuate, membrane-
localized distribution of GFP-tagged MPs in E. coli and mislocalization of DivIVA in B. 
subtilis 211,561,562. Also, overexpressed YidC-GFP itself seems to be localized in two punctuate 
foci in the membrane close to the poles in E. coli 515. It therefore appears that these rather 
typical patterns occur when Sec or YidC-mediated translocation and/or membrane 
insertion is disturbed or obstructed. 

The bacterial translocon, including SecYEG and YidC, is known to tightly interact with 
the anionic phosholipid cardiolipin 162. Anionic phospholipids are found in islands 
in the bacterial cytoplasmic phospholipid bilayer. Most cardiolipin is present in the 
polar membrane portion in E. coli cells and distributed there in a fashion similar as 
overexpressed YidC-GFP 515,563. In the close relative of L. lactis, Enterococcus faecalis, 
cardiolipin is typically distributed in the poles and at the division septum 241. Interestingly, 
deletion of liaF, a gene encoding the repressor of the three-component CESR system in 
E. faecalis, results in delocalization of cardiolipin from these sites to multiple foci away 
from the poles and septa 241. Moreover, the localization of cardiolipin clusters under these 
circumstances appears to be very similar to that of MP aggregation nuclei in L. lactis. 
When both liaF and liaR are deleted, cardiolipin patterns are restored 564. Due to the high 
similarity between E. faecalis LiaFSR and L. lactis CesFSR 218, activation of the CesFSR 
response by MP overexpression likely triggers a similar redistribution of cardiolipin in the 
membrane of L. lactis. It is therefore tempting to speculate that the clustering of MPs and 
chaperones at the sites specified in Fig 6 is an effect of cardiolipin reorganization sparked 
by CESR.
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Conclusion

In summary, the short-term effects of heterologous MP production in L. lactis on the 
transcriptome appears to be more pronounced than those caused by the production of 
well-expressed MPs. Both HSR and CESR, as well as many amino acid uptake systems, 
are immediately activated upon PS1Δ9 expression. We furthermore propose that (1) 
the initial crescent-shaped localization of mRNAs and proteins and corresponding poor 
expression is due to inappropriate membrane integration of the nascent MPs, whereas 
(2) the subsequent redistribution of mRNAs into polar foci is an effect of cellular changes 
due to obstructions occurring in translation, for instance as a consequence of shortages 
in required charged tRNAs. Elongating but recalcitrant MPs, especially those with long 
N-terminal domains, are improperly inserted into the membrane, leading to the birth 
of highly reactive aggregation seeds at the cytoplasmic membrane and the sequestration 
of the disaggregation machinery to those areas. It remains to be verified whether the 
localization of mRNA to similar sites osuggests that complete translation machineries 
accumulate here and wheter these sites truly overlap with the location of Sec machineries. 
Finally, we showes that the presence of MP aggregates at the membrane is toxic for L. lactis 
cells and that such aggregates have to be disposed to the poles before cell division can be 
restored. Cells devoid of protein aggregates by asymmetric division can grow again at pre-
induction growth rates.

Methods

Bacterial strains, media and culture conditions

Bacterial strains and plasmids used in this study are listed in Table S1. For cloning 
purposes, Lactococcus lactis NZ9000 was grown as a standing culture at 30 °C in Difco™ 
M17 medium (BD, Franklin Lakes, NJ, USA) containing 0.5% (w/v) glucose (GM17). 
When required, chloramphenicol and/or erythromycin (both from Sigma-Aldrich, St. 

Fig 6. Illustration of the recurring localization 
pattern of various proteins and transcripts 
under conditions of aberrant MP production. 
All indicated molecules, except for GFP-SecE 
(see main text) typically accumulated in foci 
(left) or smears (right) along the membrane 
away from division sites as well as poles. 
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Louis, MO, USA) were added at a final concentration of 5 µg ml-1 or 3 µg ml-1, respectively. 
For all analyses, L. lactis was grown in chemically defined medium with 0.5% glucose 
lacking riboflavin (GCDM*) 322. Unless stated otherwise, all cells were induced with 5 ng 
ml-1 of nisin for 1 hr when they had reached mid-exponential growth phase (standard 
induction). Chromosomal replacements were constructed essentially as described in 323. 
For cloning purposes, Escherichia coli DH5α (Life Technologies, Gaithersburg, MD, USA) 
was grown aerobically at 37 °C in LB medium with, when required, erythromycin (150 µg 
ml-1). 

Recombinant DNA techniques and oligonucleotides

Standard molecular cloning techniques were performed essentially as described 324 and 
in the other Chapters 2 and 4 of this thesis. Nucleotide sequences of the primers used in 
this study are presented in Table S2. Pertinent regions of all plasmids were sequenced to 
confirm their proper nucleotide sequences. All plasmids and strains that were used or 
constructed during this study are listed in Table S1.

Construction of L. lactis LG030 expressing ClpB-GFP. DNA fragments containing 
approximately 1000 nts upstream and including PclpB and 800 nts downstream of the 
ClpB coding sequence were amplified from L. lactis MG1363 chromosomal DNA using 
primer sets pLVG159/pLVG160 and pLVG161/pLVG162, respectively. A DNA fragment 
encoding a flexible linker fused to monomeric superfolder GFP (encoded by sfgfp(Bs) 
as described in 271) was amplified from pSEUDO10:mg4 using primer pair pLVG060/
pLVG61, while plasmid pCS1966, serving as the backbone vector, was amplified using 
primers pLVG072/pLVG073. All four fragments were purified, mixed, treated with the 
USERtm enzyme mixture and introduced in E. coli DH5α. The resulting plasmid, pCS1966-
clpB-gfp, was transferred to L. lactis NZ9000. Strain LG030 was obtained via a double 
crossover recombination strategy based on 5-FOA counter-selection; it contains a clean 
replacement of the original clpB gene with clpB-gfp.

Construction of L. lactis LG027 expressing SecA-GFP. DNA fragments containing the 
±1000-nts upstream region including PsecA and the ±600-nts region downstream of secA 
were amplified from the MG1363 chromosome using primer sets pLVG083/pLVG084 and 
pLVG086/pLVG087, respectively. The fragments were assembled into pCS1966-secA-gfp 
in a similar way - using the same additional primer sets - as described in the previous 
section. pCS1966-secA-gfp was introduced in the secA locus of L. lactis NZ9000, after 
which the pCS1966 backbone and the original secA gene were removed via a second 
recombination event using 5-FOA counter-selection. The resulting strain, L. lactis LG027, 
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thus contains a chromosomal replacement of secA with secA-gfp.

Construction of L. lactis LG025A expressing GFP-SecE. A DNA fragment containing 
±1000 nts of the upstream region of secE, including PsecE and the start codon of secE and 
a DNA fragment containing ±800 nts starting just behind the secE start codon, were 
amplified from MG1363 chromosomal DNA using primer sets pLVG088/pLVG090 and 
pLVG091/pLVG092, respectively. The pCS1966 backbone was amplified as described 
above, while a DNA fragment coding for superfolder GFP with a flexible linker fused 
to its C-terminus was obtained using primer pair pLVG076/pLVG077. The four DNA 
fragments were assembled into pCS1966-gfp-secE using USER treatment. pCS1966-gfp-
secE was subsequently introduced directly upstream of the original secE gene in NZ9000, 
resulting strain LG025A. 

RNA-seq - sample preparation, sequencing and analysis

 L. lactis NZ9000 strains containing the empty vector pNZ8048, pNZ-BcaP-H6 or pNZ-
PS1Δ9 were grown to stationary phase in GM17 with chloramphenicol (GM17Cm) for 
differential and directional RNA sequencing (ddRNA-seq). Each overnight culture was 
diluted 1:100 in duplo in fresh GM17Cm and grown until mid-exponential phase (OD600 
= 0.4), at which point the cells were induced by the addition of 5 ng ml-1 nisin. After 
15 min, cells were collected by centrifugation (30 ºC, 1 min at 10.000 rpm) and snap-
frozen in liquid nitrogen. RNA isolation, including short RNA molecules, was performed 
as follows. The cell pellets were resuspended in 400 μl TE-buffer (10 mM Tris-HCl, 1 
mM EDTA, pH 7.4). 50 μl 10% sodium dodecyl sulfate (SDS), 500 μl phenol/chloroform 
and 0.5 g glass beads (75 –150 μm in diameter) were added, after which the cells were 
disrupted at 4ºC for 2×45 sec using a Mini-BeadBeater (Biospec Products, Bartlesville, 
OK, USA). After centrifugation (14.000 rpm for 10 min at 4 ºC), supernatants were 
collected and treated with chloroform. The water phase containing RNA was obtained by 
centrifugation as above. Total RNA was treated with RNase-free DNase I supplemented 
with RiboLock RNase inhibitor (Fermentas/Thermo Scientific, Vilnius, Lithuania) for 
30 min at 37°C. The RNA was subsequently purified using standard phenol/chloroform 
extraction followed by sodium acetate/ethanol precipitation. RNA pellets were dissolved 
in TE-buffer. All solutions were treated with DEPC and autoclaved. The RNA samples were 
sequenced at Otogenetics Corporation (Norcross, GA, USA) on an Illumina HiSeq2000, 
with a ScriptSeq™ Complete Kit (Bacteria) (Epicentre, Madison, WI, USA) including 
Ribo-Zero™ rRNA removal and ScriptSeq v2 library preparation for directional RNA-
Seq. Comparative transcriptome data were trimmed based on a PHRED quality score 
>28 and a cut-off >30 nt, aligned to the genome of L. lactis MG1363 using Bowtie2, after 
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which analyses were performed using the Transcriptome Analysis webserver for RNA-seq 
expression data (T-REx).

Preparation of cells for live imaging and FISH

For fluorescence microscopy of living cells, including time-lapse microscopy, cells 
were grown to mid-exponential phase in GCDM* with appropriate antibiotics. Unless 
stated otherwise, all cells were induced with 5 ng ml-1 of nisin for 1 hr when they had 
reached mid-exponential growth phase (standard induction), after which 0.4 μl of the 
liquid cultures were transferred onto microscope slides covered with a thin layer of 1.5% 
agarose dissolved in GCDM* lacking nisin. If required, cells were first fixed with 3.7% 
formaldehyde for 15 min at room temperature, washed with 1× phosphate-buffered saline 
(1×PBS, pH 6.8) and then transferred to microscope slides covered with a thin layer 
of 1.5% agarose dissolved in 1×PBS (pH 6.8). RNA FISH was performed as described 
in Chapter 4 of this thesis and the dual TAMRA-labeled ms2 FISH probe (TAMRA-5’-
CTGCAGACATGGGTGATCCTC-3’-TAMRA). 

Preparation of cells for immunofluorescence microscopy

Immunofluoresence experiments were performed as previously described 565. Briefly, L. 
lactis NZ9000 and LG025A, expressing both GFP-SecE and SecE, were grown to mid-
exponential phase and fixed with a final concentration of 3.9% paraformaldehyde for 15 
min at room temperature and 45 min on ice. Cells were washed twice with 1×PBS (pH 6.8; 
PBS), treated with 10 mg ml-1 lysozyme dissolved in PBS for 30 min at room temperature 
and washed twice with PBS. Cells were transferred into a 10×10 mm gene frame (Fisher 
Scientific, Waltham, MA, USA) attached to a 0.17 mm coverslide (Fisher Scientific) 
previously siliconized using dimethyldichlorosilane for better L. lactis cell attachment. 
Slide were washed twice with PBS, air-dried, dipped in methanol for 10 min at -20 °C and 
air-dried. The cells were rehydrated with PBS and blocked for 1 hr at room temperature 
with 2% (wt/vol) bovine serum albumin (BSA) and 0.1 % (vol/vol) Tween 20 in PBS (BSA-
PBST) and for 1 hr with a 1:10,000 dilution of a polyclonal anti-SecE antibody (custom; 
a kind gift of J. Swaving and A. Driessen). Cells were then washed five times with PBST, 
incubated at room temperature for 1 hr with a 1:250 dilution of Alexa Fluor® 647 protein 
A (Fisher Scientific) in PBST and washed for another five times with PBST to remove 
residual secondary antibody. Finally, SlowFade(R) Diamond Antifade Mountant (Life 
Technologies) was and a microscopy slide was mounted on the gene frame. 
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Fluorescence Microscopy

Fluorescence microscopy was performed with a DeltaVision Elite inverted epifluorescence 
microscope (Applied Precision, GE Healthcare, Issaquah, WA, USA) including a climate 
chamber, a seven-colour combined set InsightSSI Solid-State Illumination module and 
sCMOS camera (PCO AG, Kelheim, Germany). To capture images, we typically employed a 
100×phase-contrast objective (NA 1.4, oil-immersion, DV) in combination with SoftWorX 
3.6.0 software (Applied Precision). Standard fluorescence filter sets were used to visualize 
GFP (excitation at 475/28 nm; emission at 511.5/23 nm), TAMRA fluorophores (excitation 
at 548/35 nm; emission at 592/38 nm) and mKate2 (excitation at 573.5/33 nm; emission 
at 607.5/19 nm). To quantify GFP-SecE using gradual fluorescence photobleaching and 
to capture the dynamics of GFP-SecE foci, a 488-nm laser at 100% power was used in 
combination with 200-ms exposure times. Frames were collected with 400-ms intervals. 
For the quantification of GFP-SecE, gradual fluorescence photobleaching was carried out 
until the GFP-SecE signal was completely bleached 566.

Data analysis of microscopy images 

Cell contours were detected on phase-contrast images using the MATLAB-based 
Oufti software (http://www.oufti.org). FIJI/ImageJ software was employed to measure 
fluorescence intensities inside cells. The FIJI-based PeakFitter plug-in, as part of the 
ISBatch package 327, was used to detect fluorescent spots and intracellular coordinates 
thereof. Location maps were constructed as described in Chapter 4. Fluorescent signals in 
at least 150 cells were used for the reconstruction of each location map. 

The mean-square displacement (MSD) values of GFP-SecE foci were automatically 
determined using an FIJI-plugin developed by Michiel Punter (van Oijen group). In short, 
frames (200 ms exposure) were collected with an interval of 500 ms. In these frames, 
GFP-SecE foci were fitted with a 2D Gaussian function to collect x and y co-ordinates 
of diffusing foci. The step size of single foci was limited to 800 nm in both directions 
between two frames. The diffusion co-efficient (D) of foci were then determined from the 
MSD values as described in 304, by regarding diffusion along a 2D surface, thus using the 
following equation 6.1. 

                          MSDmean = 4Dmeanτ                                      (equation 6.1)

To determine the quantity of GFP-SecE molecules per foci, the images obtained from 
gradual fluorescence photobleaching were scanned for foci that disappeared from one 
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frame to the next as set forth in 566. From the collected disappearing foci, the fluorescence 
signal corresponding to one GFP-SecE molecule was determined, which was used to 
estimate the number of GFP-SecE molecules per foci. 

The Coloc2 plugin was used for colocalization studies to determine the thresholded 
Manders colocalization coefficients (M1 and M2) as specified in 517. M1 specifies the 
percentage of co-occurrence of total green fluorescence in cells with red fluorescence, 
whereas M2 is a measure for the percentage of co-occurrence of total red fluorescence in 
cells with green fluorescence. Images were first processed using a discoidal averaging filter 
to increase the signal-to-noise ratio of the detected foci and to remove all background 
signals. Cell meshes obtained with Oufti were used to only analyse colocalization events 
in cells. To obtain the final percentage in colocalization, the mean±SD was calculated of 
the combined tresholded M1 and M2 values taken from each frame. 

Time-lapse movies were aligned using the ImageJ SPIM registration app (Preibisch et al. 
Nature Methods (2010)). MATLAB was used to create location maps. GraphPad PRISM 
software was used to draw graphs and perform statistical analyses. The whiskers in scatter-
and-whisker (scatter dot) plots typically represent the population-averaged (mean) value 
and corresponding standard deviations, unless states otherwise. Statistical analysis on the 
fluorescence intensity inside cells was performed with non-parametric Mann-Whitney 
tests to compare two unpaired groups and to account for heterogeneity within a cell 
collection that occurs in the response to overexpression. The null hypothesis was rejected 
when the probability (p) was higher than 0.05.
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Supplementary data

Table S1. Strains and plasmids used and constructed in this chapter. Abr = Antibiotic resistance 
marker. Cm = Chloramphenicol, Ery = Erythromycin; Amp = Ampicillin. References to research papers 
introducing employed strains and plasmids are given as PMID numbers

Strain Species Genetic marker(s) Abr Reference
NZ9000 L. lactis MG1363 pepN::nisRK - PMID: 8837421

LG010 L. lactis NZ9000 pseudo10::PnisA-MS2dΔA-sfgfpm - Chapter 2

LG029 L. lactis NZ9000 dnaK::dnaK-sfgfpm - Chapter 4

LG030 L. lactis NZ9000 clpB::clpB-sfgfpm - This chapter

LG027 L. lactis NZ9000 secA::secA-sfgfpm - This chapter

LG025a L. lactis NZ9000 secE::pCS1966-PsecE-sfgfpm-secE Ery This chapter

DH5α E. coli fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17

Amp PMID: 8479929

Plasmid Host Description Abr Reference
pNZ8048 L. lactis NICE (nisin-controlled expression) system Cm PMID: 8837421

pSEUDO L. lactis integration vector Ery PMID: 21764949

pCS1966 E. coli integration vector Ery PMID: 18539798

pSEUDO::Pusp45-sfgfp(Bs) E. coli integration vector Ery PMID: 23956387

pCS1966-clpB-gfp E. coli integration vector for replacement of clpB with clpB-sfgfpm Ery This chapter

pCS1966-gfp-secE E. coli integration vector for replacement of secE with sfgfpm-secE Ery This chapter

pCS1966-secA-gfp E. coli integration vector for replacement of secA with secA-sfgfpm Ery This chapter

pSEUDO10:mg4 E. coli integration vector; NICE of MS2dΔA-sfgfpm Ery Chapter 2

pLG-BcaP E. coli NICE of bcaP(strepII)12bs Cm Chapter 2

pNZ-BcaP-H6 L. lactis NICE of BcaP-H6 Cm PMID: 21818275

pLG-mK2-BcaP L. lactis NICE of mKate2-bcaP(strepII)12bs Cm Chapter 5

pLG-BcaP-mK2 L. lactis NICE of bcaP-mKate2(strepII)12bs Cm Chapter 5

pLG-PS1Δ9 L. lactis NICE of PS1Δ9(strepII)12bs Cm Chapter 2

pNZ-PS1Δ9 L. lactis NICE of H10-PS1Δ9 Cm PMID: 21904605

pLG-PS1Δ9-GFP L. lactis NICE of PS1Δ9-sfgfpm
12bs Cm Chapter 2

pLG-mK2-PS1Δ9 L. lactis NICE of mKate2-PS1Δ9(strepII)12bs Cm Chapter 5
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Table S2. Oligonucleotides.

Oligonucleotide Sequence (5' → 3')
pLVG060 AGCGGGATCTGGUGGAGAAGCTGAAG

pLVG061 ACCTTGACTATUATTACTTATAAAGCTCATCCATGC 

pLVG072 AGTGAGGGTTAAUTGCGCGCTTG

pLVG073 ATGTTACTGCUGATAATGTAGATATC

pLVG076 AAGGAGAAGAGCUGTTCACAGG

pLVG077 AGCTTCAGCTUCTCCACCAGATCCCGCCTTATAAAGCTCATCCATGCC

pLVG083 AGCAGTAACAUCTGGGTTGATTACTCGTCAG

pLVG084 ACCAGATCCCGCUGGCAATGTGTGTACGTCCATG

pLVG086 AATAGTCAAGGUAAAAGGCCAATTAATTTACTGACAGCT

pLVG087 ATTAACCCTCACUGTAATGCAAGTCGCGAACC

pLVG088 AGCAGTAACAUCACAAATGAATGTTCTAGCAC

pLVG089 AAGTTCTGGCAUATGTGTGTTTGCCACAAGTAC

pLVG090 AGCTCTTCTCCTUTCATATGTGTGTTTGCCACAAGTAC

pLVG091 AAGCTGAAGCUAAAGGAATGTTTAAATTTATTGGTAGC

pLVG159 AGCAGTAACAUTCACTGAAGAACAAATCGCCG

pLVG160 ACCAGATCCCGCUTCAGCAATCGATTGAACATCAAAG

pLVG161 AATAGTCAAGGUATAGATTAAACCGTTGGCTG

pLVG162 ATTAACCCTCACUAAACTTTCCGAACCAAAGAG
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Table S3. Differentially expressed RNAs after 15-min BcaP overexpression. NLT = New locus tag 
starting with RS. OLT = Old locus tag starting with llmg_ . LFC = Log fold change compared to empty 
vector control. KG = KEGG pathway description. 

type NLT OLT LFC Gene name Regulon KG Product

plasmid 00630 0118 7.87 bcaP BCAA permease BcaP

rRNA 02645 rRNA_1 3.40 llmg_rRNA_1 16S ribosomal RNA

genes 07935 1575 2.18 grpE HrcA O heat shock protein GrpE

10820 2164 2.16 llmg_2164 CesR/RmaG S hypothetical protein

07940 1576 1.86 hrcA HrcA K heat-inducible transcription repressor

05660 1115 1.80 llmg_1115 CesR R XpaC-like involved in cell morphology

07930 1574 1.79 dnaK HrcA O molecular chaperone DnaK

12035 2400 1.26 zitS ZitR P zinc ABC transporter 

05665 1116 1.25 telA1 CesS P toxic anion resistance protein

02100 0411 1.21 groEL HrcA O molecular chaperone GroEL

[K] Transcription heat-inducible transcription repressor. [O] Posttranslational modification, protein turnover, chaperones. [P] Inorganic ion 
transport and metabolism. [R] General function prediction only. [S] Function unknown. 

Table S4. Differentially expressed RNAs after 15-min PS1Δ9 overexpression. NLT = New locus tag 
starting with RS. OLT = Old locus tag starting with llmg_. LFC = Log fold change compared to empty 
vector control. KG = KEGG pathway description. 

type NLT OLT LFC Gene name Regulon KG Product

plasmid 9.77 PS1Δ9 PS1Δ9

tRNA 00695 tRNA_09 2.23 llmg_tRNA_09 tRNA-Leu

02255 tRNA_16 1.45 llmg_tRNA_16 tRNA-Cys

02345 tRNA_17 1.12 llmg_tRNA_17 tRNA-Arg

12800 tRNA_56 -1.25 llmg_tRNA_56 tRNA-Trp

rRNA 12815 rRNA_6a 2.20 rRNA 6 5S rRNA (2500206-2500321, c)

02660 rRNA_2a 2.19 rRNA 2a 5S rRNA (516258-516373)

10875 rRNA_48b 1.94 rRNA 48b 5S rRNA (2130899-2131014, c)

12945 rRNA_60a 1.80 rRNA 60a 5S rRNA (2523711-2523826, c)

12375 2466a 1.80 rrf 5S rRNA (2418858-2418973, c)

12170 2426a 1.66 rrf 5S rRNA (2371489-2371604, c)

12185 rRNA_4a 1.35 rRNA 4a 16S rRNA (2374885-2376436, c) 

02645 rRNA_1 1.32 rRNA 1 16S rRNA (511426-512977)

10890 rRNA_48a 1.25 rRNA 48a 16S rRNA (2134295-2135846, c)

12960 rRNA_7a 1.25 rRNA 7a 16S rRNA (2527107-2528658, c)

genes 07940 1576 4.40 hrcA HrcA K Heat-inducible transcription repressor 

07935 1575 4.25 grpE HrcA O Heat shock protein GrpE

10820 2164 4.14 llmg_2164 CesR/RmaG S Hypothetical protein

05660 1115 3.56 llmg_1115 CesR R XpaC-like involved in cell morphology

07930 1574 3.46 dnaK HrcA O Molecular chaperone DnaK

00910 0169 2.83 llmg_0169 CesR M Short-chain dehydrogenase; transmembrane

05665 1116 2.62 telA1 CesR P Toxic anion (tellurite) resistance protein
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type NLT OLT LFC Gene name Regulon KG Product

genes 02100 0411 2.59 groEL HrcA O Molecular chaperone GroEL

05870 1156 2.57 arsD CesR T Arsenical resistance; trans-acting repressor

05015 0986 2.49 clpB CtsR O ATP-dependent Clp protease

02095 0410 2.34 groES HrcA O Co-chaperonin GroES

03480 0668 2.24 llmg_0668 E GNAT-acetyltransferase

08305 1650 2.18 cesF/liaF CesR T CesSR repressor

10810 2163 2.09 llmg_2163 CesR T Similar to phage shock protein C

00885 0165 2.03 llmg_0165 CesR S Hypothetical protein 

05985 1182 1.99 llmg_1182 R Acetyltransferase LpxA-like

05865 1155 1.98 spxB CesR P ArsC family; potential redox protein

08365 1663 1.92 llmg_1663 S Non-ribosomal peptide synthetase

02195 0430 1.85 cstA CcpA T Carbon starvation protein A

12570 2502 1.82 dnaJ HrcA O Molecular chaperone DnaJ

04540 0888 1.81 rarA K ArsR family transcriptional regulator

09600 1918 1.79 llmg_1918 CesR O Putative modulater of FtsH activity

04420 0864 1.73 kdgA G Keto-deoxy-phosphogluconate aldolase

09955 1986 1.72 AtlI L Alkylated DNA nucleotide flippase

00395 0072 1.72 pdhC C Pyruvate dehydrogenase E2 component

03975 0769 1.68 divIVA D DivIVA cell division initiation protein

00400 0073 1.64 pdhB C Pyruvate dehydrogenase E1 component

08155 1620 1.63 llmg_1620 R Glycosyltransferase in cell wall biogenesis

05120 1006 1.63 scrK G Fructokinase

09915 1978 1.62 gltQ E Glutamate ABC transporter

10130 2025 1.56 oppC2 E Oligopeptide transport system permease

06985 1379 1.55 DnaG L DNA primase (bacterial type)

05600 1103 1.54 llmg_1103 CesR O HflK/HflC-like; raft formation/FtsH modulation?

04545 0889 1.54 llmg_0889 T Peptidase M50B-like; cleaves TMDs

00495 0091 1.54 cysD FhuR/CmbR E O-acetylhomoserine sulfhydrylase

04535 0887 1.53 llmg_0887 P Co/Zn/Cd efflux system component

00465 0086 1.53 llmg_0086 S Transmembrane protein of unknown function

09505 1899 1.50 pstD P Phosphate ABC transporter permease

07435 1473 1.48 nadD H nicotinic acid mononucleotide adenylyltransferase

08295 1648 1.47 cesR K Two-component system regulator CesR

12420 2472 1.45 llmg_2472 R YkuE-like metallophosphatase

10135 2026 1.44 oppB2 E Peptide transport system permease

02380 0468 1.44 llmg_0468 E Peptide transport system DppA/OppA-like

00410 0075 1.44 lplL H Lipoate-protein ligase

00390 0071 1.42 pdhD C Dihydrolipoamide dehydrogenase

08100 1609 1.42 llmg_1609 E Similar to lipolytic enzymes, GDSL family

12310 2452 1.42 llmg_2452 G Hypothetical protein

02775 0528 1.40 clpE CtsR O ATP-dependent protease clpE

01265 0241 1.39 llmg_0241 R Nucleotidyltransferase
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type NLT OLT LFC Gene name Regulon KG Product

genes 00405 0074 1.37 pdhA C Pyruvate dehydrogenase E1 component 

06120 1210 1.37 llmg_1210 G Multidrug resistance protein

01405 0267 1.36 llmg_0267 R Hypothetical protein

05115 1005 1.35 llmg_1005 K Sugar kinase

04925 0968 1.35 llmg_0968 R Oxidoreductase

07995 1587 1.34 secG U Preprotein translocase subunit SecG

08290 1647 1.33 llmg_1647 R Hydrolase/phosphatase CesD

09620 1922 1.32 recD L Exodeoxyribonuclease V subunit alpha

09975 1991 1.32 adhA R Alcohol dehydrogenase

11075 2206 1.32 llmg_2206 S YhaH-like membrane protein

08300 1649 1.30 kinD T Sensor protein kinase CesS

07965 1581 1.30 llmg_1581 S Hypothetical protein

05560 1095 1.30 llmg_1095 CcpA S WxL domain; surface cell wall-binding

06125 1211 1.30 llmg_1211 S Serine threonine protein kinase

06510 1284 1.30 leuC E Isopropylmalate isomerase large subunit

01885 0366 1.29 dppD CodY E Dipeptide transport ATP-binding protein

12320 2454 1.28 llmg_2454 S Similar to serine protease SpoIVB

05105 1003 1.28 tnp1216 L transposase for IS1216

04935 0970 1.26 YurZ S Carboxymuconolactone decarboxylase

01305 0249 1.26 llmg_0249 G MFS transporter

01865 0362 1.25 dppA E Dipeptide-binding protein precursor

12315 2453 1.25 llmg_2453 K ArsR family transcriptional regulator

11080 2207 1.25 llmg_2207 S Unknown function

05520 1087 1.24 acmC U N-acetylglucosaminidase

00690 0129 1.24 llmg_0129 S Nucleolar pre-ribosomal-associated protein 1

00450 0083 1.23 plsX I Glycerol-3-phosphate acyltransferase PlsX

07900 1568 1.22 fruA FruR G PTS system, fructose specific IIBC components

01760 0342 1.22 llmg_0342 P D-methionine ABC transporter permease

09970 1990 1.22 llmg_1990 S Serine hydrolase

00470 0087 1.21 llmg_0087 R Short-chain type dehydrogenase

00880 0164 1.21 tgt J Queuine tRNA-ribosyltransferase

09675 1933 1.21 llmg_1933 S Hypothetical protein

08280 1645 1.21 llmg_1645 J General stress protein GSP13 

07870 1563 1.21 llmg_1563 S YhaH-like membrane protein

05575 1098 1.20 glpD CcpA C Glycerol-3-phosphate dehyrdogenase

10790 2157 1.20 nagB2 G 6-phosphogluconolactonase

05100 1002 1.19 xylA G Xylose isomerase

08285 1646 1.19 ppiB O Peptidyl-prolyl cis-trans isomerase

10065 2011 1.19 llmg_2011 E Amino acid permease

02085 0408 1.18 noxE R NADH oxidase

10910 2171 1.18 mntA P Mn and Fe transporters

04795 0940 1.18 dapB E Dihydrodipicolinate reductase
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type NLT OLT LFC Gene name Regulon KG Product

genes 06975 1377 1.18 llmg_1377 S Unknown function

03350 0643 1.17 pacL CesR P Cation transporter E1-E2 family ATPase

07370 1460 1.17 llmg_1460 P Di/Tri-peptide transport ATP-binding protein

12080 2409 1.17 polC L DNA polymerase III PolC

12625 2513 1.17 llmg_2513 G Sugar transport, Major Facilitator Protein

07150 1416 1.16 llmg_1416 F Unknown function

07355 1457 1.15 llmg_1457 P Di/Tri-peptide transport ATP-binding protein

02810 0536 1.14 argE AhrC/ArgR/
CcpA

E Acetylornithine deacetylase

05570 1097 1.14 glpF2 CcpA G Glycerol uptake facilitator

01890 0367 1.13 dppF CodY E Dipeptide transport ATP-binding protein

12395 2467 1.13 gntP G Gluconate transport protein

02780 0529 1.12 llmg_0529 K Transcriptional regulator

00095 0021 1.12 ftsH O Membrane-residing ATP-dependent Zn protease

02090 0409 1.12 ssbA L Aingle-stranded DNA-binding protein

01415 0269 1.12 llmg_0269 V ABC transporter/permease

01295 0247 1.11 llmg_0247 0248 G UDP-glucose 4-epimerase

01350 0257 1.11 dhaM G Dihydroxyacetone kinase DhaM

07170 1420 1.11 llmg_1420 R Unknown function

09695 1937 1.11 llmg_1937 S Putative inner membrane exporter YdcZ

02805 0535 1.10 gltS AhrC/ArgR/
CcpA

E Arginine/ornithine ABC transporter 

12445 2477 1.10 llmg_2477 E Lysine specific permease

02160 0423 1.10 drrA V Daunorubicin resistance ABC transporter unit

11470 2285 1.09 pyrH F Uridylate kinase; UMP to UDP 

00990 0187 1.09 celB G Cellobiose-specific PTS system IIC component

09270 1850 1.09 qor V Quinone oxidoreductase

11660 2326 1.09 llmg_2326 O CAAX amino-terminal protease

07200 1427 1.09 murQ/yfeU R N-acetylmuramic acid 6-phosphate etherase

09920 1979 1.08 gltP E Glutamate ABC transporter permease

06890 1360 1.08 llmg_1360 S Phage derived protein Gp49-like; toxin RelE-like

05110 1004 1.08 llmg_1004 G Beta-glucosidase

04820 0945 1.07 llmg_0945 CmhR C Glycerol dehydrogenase

00715 0133 1.06 blt G Multidrug resistance protein

06830 1348 1.06 llmg_1348 S Phage derived protein Gp49-like; toxin RelE-like

01420 0270 1.05 llmg_0270 S Unknown function

01355 0258 1.04 dhaM G DhaM of dihydroxyacetone kinase DhaKLM

04930 0969 1.04 llmg_0969 S Unknown function

00710 0132 1.04 sugE P Small multidrug resistance protein

07990 1586 1.04 vacB1 K Exoribonuclease R

02510 0493 1.04 llmg_0493 E Esterase

05990 1183 1.04 gltB CodY E Glutamate synthase, large subunit

00140 0022 1.04 mtlA CcpA G PTS mannitol-specific transporter subunit IIBC
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type NLT OLT LFC Gene name Regulon KG Product

genes 05695 1121 1.03 nupC R Purine/cytidine ABC transporter permease

05085 0999 1.03 purE PurR F Phosphoribosylaminoimidazole carboxylase 

00440 0081 1.03 llmg_0081 E Amino-acid permease

02790 0532 1.03 def J Peptide deformylase

08430 1676 1.02 llmg_1676 M SalY ABC-type antimicrobial peptide transporter

07195 1426 1.02 llmg_1426 CcpA G Sucrose-specific PTS system IIBC component

02515 0494 1.01 nagZ G Beta-N-acetylglucosaminidase

01385 0264 1.01 fbp G Fructose-bisphosphatase

12400 2468 1.01 gntK G Gluconate kinase

02065 0403 1.01 pepA G Glutamyl-aminopeptidase

02230 0438 1.01 ptcA CcpA G Cellobiose-specific PTS system IIA component

00565 0105 1.01 llmg_0105 S Similar to deoxyadenosine/deoxycytidine kinase 

04945 0972 1.01 QdoI S Contains Cupin domain: quercetin dioxygenase

07365 1459 1.00 llmg_1459 P Di/Tri-peptide transport system permease

06195 1226 -1.00 metF E 5,10-methylenetetrahydrofolate reductase

05840 1150 -1.00 llmg_1150 R Phenazine biosynthesis protein

05495 1082 -1.01 llmg_1082 S TraX-like acetylation of F-pilin subunits

10970 2184 -1.02 llmg_2184 R Permease YfdV-like

08585 1707 -1.02 llmg_1707 S Glycosyltransferase

06360 1257 -1.03 llmg_1257 S Unknown function

06535 1289 -1.04 hisI E Bifunctional phosphoribosyl-AMP cyclohydrolase/
phosphoribosyl-ATP pyrophosphatase

05885 1161 -1.06 llmg_1161 G Sialic acid-specific 9-O-acetylesterase

06365 1258 -1.06 llmg_1258 E Similar to sulphur compound N-deacetylase

06370 1259 -1.07 llmg_1259 S Similar to antibiotic transport-associated protein

09280 1852 -1.07 llmg_1852 R Nucleic-acid-binding

05860 1154 -1.08 pabB E Para-aminobenzoate synthase component I

09370 1872 -1.08 glgA G Glycogen synthase

06375 1260 -1.11 llmg_1260 M Alkaline shock protein Asp23 

03630 0704 -1.11 llmg_0704 V Lactococcin-like family

09375 1873 -1.13 glgD G Glucose-1-phosphate adenylyltransferase

03385 0649 -1.14 icaB G Intercellular adhesion protein B

06270 1240 -1.16 glmS M Glucosamine 6-phosphate synthetase

11810 2354 -1.18 rpoA K DNA-directed RNA polymerase subunit alpha

07750 1541 -1.24 nrdH O Glutaredoxin-like protein

05825 1147 -1.24 llmg_1147 K Transcriptional regulator

04020 0779 -1.27 trxA O Thioredoxin

09380 1874 -1.27 glgC G Glucose-1-phosphate adenylyltransferase

08720 1735 -1.28 noxA C NADH dehydrogenase

07620 1514 -1.35 rex K Redox-sensing transcriptional repressor Rex

06355 1256 -1.35 cspD K Cold shock protein

11820 2356 -1.37 rpsM J 30S ribosomal protein S13
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type NLT OLT LFC Gene name Regulon KG Product

04625 0906 -1.42 rpmE2 J 50S ribosomal protein L31

06260 1238 -1.47 cspD2 K Cold shock protein

07390 1464 -1.51 aldC Q Membrane protein; antibiotic production

06250 1236 -1.61 llmg_1236 S Membrane protein; BCR/YitT family

12635 2515 -2.00 llmg_2515 W Prepilin peptidase-dependent protein D

12630 2514 -2.56 llmg_2514 T Universal stress protein family

phage 00185 0031 1.98 ps125 Phage DNA replication

shock 12725 2533 1.90 ps609 Unknown function

genes 00190 0032 1.73 ps124 Unknown function

11295 2253 1.67 ps516 Unknown function

12730 2534 1.38 ps610 Unknown function

00180 0030 1.35 ps126 DNA primase

08545 1698 1.24 llmg_1698 Cell wall anchor protein

00195 0033 1.13 ps123 Unknown function

12735 2535 1.09 ps611 Unknown function

05345 1052 1.05 llmg_1052 Phosphoadenosine phosphosulfate reductase

04090 0793 -1.02 ps304 Unknown function

10665 2131 -1.02 ps412 Unknown function

10595 2117 -1.04 ps425 Unknown function

10660 2130 -1.04 ps413 Unknown function

10530 2106 -1.05 ps436 Unknown function

10710 2140 -1.23 ps403 Unknown function

[C] Energy production and conversion. [D] Cell cycle control, cell division, chromosome partitioning.[E] Amino acid transport and metabolism. 
[F] Nucleotide transport and metabolism. [G] Carbohydrate transport and metabolism. [H] Coenzyme transport and metabolism. [I] Lipid 
transport and metabolism. [J] Translation, ribosomal structure and biogenesis. [K] Transcription heat-inducible transcription repressor. [L] 
Replication, recombination and repair. [M] Cell wall/membrane/envelope biogenesis. [O] Posttranslational modification, protein turnover, 
chaperones. [P] Inorganic ion transport and metabolism. [Q] Secondary metabolites biosynthesis, transport and catabolism. [R] General 
function prediction only. [S] Function unknown. [T] Signal transduction mechanisms. [U] Intracellular trafficking, secretion, and vesicular 
transport.
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Fig S1. Localization of bcaP12bs and PS1Δ912bs transcripts. Fluorescence micrographs of cells expressing 
bcaP12bs and PS1Δ912bs transcripts, visualized with FISH. 

Fig S2. Analysis of GFP-SecE foci. (A) False-coloured and deconvolved immunofluorescence image of 
cells expressing wild type SecE and GFP-SecE (green) that were stained with anti-SecE antibodies followed 
by Alexa-647-Protein A conjugates (red). (B) Histogram presenting the number of GFP-SecE molecules 
that are present in GFP-SecE foci in L. lactis LG025a cells. Counts refer to the total number of foci that 
contained a certain number of GFP-SecE molecules. To this end, the fluorescence signal corresponding 
to one GFP-SecE molecule was determined using gradual photobleaching (See methods). (C) Histogram 
(grey area) depicting the mean square displacement (MSD) values obtained from GFP-SecE foci imaged 
at 400-ms intervals. Three probability distribution functions (PDFs; red lines) were fitted to the histogram 
using MATLAB. The average MSD value of each fitted function is given above the corresponding bell-
curve. The black dotted line represents the sum of the three PDFs. 
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Overview

Genetic promoters constitute key elements in achieving recombinant protein expression 
in prokaryotic host cells. Specifically, inducible promoters are employed that can be fine-
tuned via the addition of small-molecule compounds, allowing to control the timing 
and rate of production. Once a tuneable promoter is discovered or synthesized for a 
certain bacterium, the latter is often evaluated as an expression host for the production of 
polypeptides or other compounds. The lactic acid bacterium Lactococcus lactis has emerged 
as a valid expression platform for the production of a variety of proteins, antimicrobial 
peptides and metabolites. To facilitate overexpression in L. lactis, the gene of interest is 
generally placed on a vector and downstream of the nisin-inducible nisA promoter (PnisA) 
- a protein expression method known as the NICE system 71.

It was in this light that L. lactis, which is mainly of interest for the dairy industry, also 
became a pertinent host for the production of membrane proteins (MPs) 41. MPs comprise 
a divergent set of nano-machines and therefore form a core topic of profuse biomolecular 
studies. The hydrophobic nature and the consequential physiochemical properties of 
MPs neither promote high production yields nor provide for a good basis for subsequent 
purification and crystallization steps. Heterologous membrane protein production has 
proven even more difficult due to both intrinsic factors such as mRNA levels (kinetics of 
expression system), codon bias, metabolic burden, translation and translocation efficiency, 
protein aggregation, inclusion body formation, and product toxicity and extrinsic factors 
like medium composition, inducer concentration and temperature 479. The first-choice 
expression host E. coli can suffer from poor production yields or inclusion body formation. 
The latter has never been observed in L. lactis 61,66. L. lactis has produced in some but not 
all cases functional MPs where E. coli had failed 36,61. It is for these reasons that L. lactis, 
even though bottlenecks that obstruct heterologous protein production also occur in this 
organism, is considered to be a good alternative for E. coli.

In order to alleviate bottlenecks during MP production in L. lactis, the underlying basis of 
inadequate production has to be comprehended in detail. DNA microarray and proteome 
analyses have already been performed on L. lactis cells expressing MPs properly or only 
poorly 62–65. These studies have identified the cell envelope stress three-component system 
CesFSR, similar to LiaFSR in other Firmicutes, as an important player for successful MP 
production. CesFSR consists of the membrane-bound sensor histidine kinase CesS and 
its cognate response regulator CesR, as well as a membrane-bound inhibitor of CesSR 
activity, CesF 218. Constitutive co-expression of CesSR of deletion of CesF results in the 
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up-regulation of CesFSR regulon members during heterologous MP production but, 
interestingly, also in improved production yields of recalcitrant MPs and to a decrease in 
the related inhibitory effects on growth 64. Importantly, this study shows that engineering 
of L. lactis towards a better MP production host is a valid option. 

The proteomic and transcriptomic analyses of L. lactis subjected to MP production stress 
enabled elucidating the global physiological response to this stressor. These approaches 
could not explain why some MPs could be produced to very high levels, while others were 
hardly detectable, because it appeared that the type and level of responses that L. lactis 
experiences when trying to overexpress either well or poorly produced MPs (heat shock 
response and cell envelope stress response) were quite comparable 63. The theoretical 
goal of the NWO-Top program in which light this thesis research was conducted is 
to employ a different, less global form of analysis. Here, the process of MP biogenesis 
is regarded as a pathway and dissected as such. The consecutive steps in this biogenesis 
pathway include transcription, dictated by parameters specific to the NICE system (rate of 
mRNA production), post-transcriptional processes (stability and localization of mRNAs 
and their availability for translation), translation (determined by factors such as codon 
bias, tRNA levels, mRNA and/or ribosome stalling), co-translational mechanisms (SRP-
dependent membrane targeting and translocation, insertion and folding of proteins) and 
post-translational processes (refolding and degradation of proteins). By comparing these 
processes during adequate and impaired production, it is anticipated that anomalies can be 
pinpointed. Such analyses have to be performed ideally at both the single-cell and single-
molecule level in a population-wide setting using state-of-the-art microscopy techniques. 
It was therefore envisioned to study the flux and progression through the different steps 
using a subset of key molecules that represent each step. These include the regulatory 
components of the NICE system: the response regulator NisR, the sensory kinase NisK, 
the nisA promoter, as well as mRNAs, tRNAs, amino-acyl tRNAs, ribosomes with nascent 
peptides and, finally, the MPs. 

Research presented in this thesis mainly focused on the transcriptional and post-
transcriptional aspects of the expression process, thus on the production level and 
subsequent fate of mRNA molecules encoding the MPs to be overproduced. In fact, little 
was known on the localization and dynamics of mRNA molecules that translate into 
different groups of proteins. Expertise on this topic has progressed exceedingly over the 
course of this thesis work. Most techniques used to visualize mRNAs in single cells by 
means of fluorescence microscopy were initially developed for eukaryotic cells, whereas 
a few of these were introduced for use in the model bacterium E. coli. Therefore, we first 
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sought ways to visualize mRNA in single L. lactis cells. The results of this endeavour 
are described Chapter 2 (method development) and reviewed in Chapter 3. Methods 
to visualize mRNAs are widely employed in eukaryotic cells, but proved to be more 
cumbersome to use in living prokaryotic cells that lack compartments to which excessive 
fluorescent signals can be targeted to eliminate high background signals. Besides that, the 
toolkit for conducting fluorescence microscopy studies on L. lactis was in its infancy, posing 
several additional challenges on method development. Ultimately, two mechanistically 
different techniques were adapted, fine-tuned and utilized to collect data on mRNA 
quantity and degradation but also on mRNA localization and dynamics in single cells, 
namely single-probe fluorescent in situ hybridization (spFISH) and MS2-GFP tagging 
276,279,280,328. Although the well-known drawbacks of each method partially remained - FISH 
can only be used on fixed cells while MS2-GFP suffers from low signal-to-noise ratios - a 
combination of the two allowed reliable analysis of the ‘behaviour’ of mRNAs upon their 
overexpression in L. lactis. 

Notwithstanding their great potential, RNA-labeling techniques based on the small-
molecule-binding Spinach and Malachite Green (MG) aptamers 277,299 did not deliver 
consistent data because of insufficient signal and high DNA binding affinity, respectively. 
The tagging of mRNA in living cells is continuously improving and a recapitulation of 
current developments including future directions is provided in Chapter 3 of this thesis. 
In summary, we predict that live cell imaging of single mRNA molecules will be possible 
in the near future through advances in self-healing fluorogens 409 in combination with 
self-labeling protein tags 264,267 that minimally affects the endogenous characteristics 
of a particular RNA molecule while at the same time allowing for imaging one mRNA 
molecule over its complete lifetime in a living bacterial cell.

mRNA localization of well-expressed proteins in L. lactis

In Chapter 4, the subcellular position and dynamics of transcripts encoding either soluble 
or membrane proteins, overexpressed using the NICE system, were examined in single L. 
lactis cells. The use of both FISH and the MS2-based method led to very comparable and 
complementary datasets with respect to the subcellular predisposition of mRNA species. 
Fully transcribed transcripts coding for the soluble proteins CodY from L. lactis and a 
GFP variant 271 preferably localized outside of the chromosomal area in a highly dynamic 
fashion. Transcripts of the well-produced L. lactis MP BcaP localized in close proximity 
to the cytoplasmic membrane and were less dynamic, suggesting that these transcripts are 
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tethered to the membrane. The observations regarding the localization of the two classes 
of mRNA fit very well with that of similar mRNAs in E. coli cells 98,99. 

To understand why transcripts localize to different subcellular sites, it is important to 
realize that ribosomes are mainly localized in the nucleoid-free space of bacteria such 
as E. coli and B. subtilis 491,493,494, but also in L. lactis (Chapter 4). Hence, transcription 
and translation are, to some degree, two segregated processes in bacteria (Fig 1). It is 
believed that this compartmentalization is generated by the compaction of the bacterial 
chromosome via supercoiling and the act of entropic forces, leaving pore sizes of 50 nm 
open for molecules such as single ribosomal subunits and mRNAs to freely diffuse in and 
out of the nucleoid while excluding larger complexes such as polysomes 491,498. Furthermore, 
transcription is significantly faster than the average lifetime of bacterial transcripts (3 - 11 
min in bacteria 60, depending on the organism; ~5-10 min in L. lactis, Chapter 4 and 255), 
which makes it very plausible that most transcripts spend their lifetime not tethered to 
DNA but instead interacting with ribosomes outside the nucleoid. It has been predicted 
with mathematical modeling that as much as 90% of the total mRNA is segregated from 
the bacterial nucleoid 498. Ribosomes are thought to move from the nucleoid to the poles 
with bound mRNA and back when having lost their cargo 498. 

In contrast to the above predicton, native transcripts of cytoplasmic proteins have been 
found juxtaposed with the position of their gene locus insteaf of in the nucleoid-free space 
in both E. coli and C. crescentus 283,490. To solve the discrepancy between the observed 
and predicted transcript localization patterns, ensemble visualization of many transcripts 
of cytoplasmic proteins was recently performed 98. This study revealed that most are 
uniformly distributed in the E. coli cytoplasm, with moderate exclusion from the nucleoid. 
An important notion related to our studies is that the location of the genes, either on 
their native chromosomal locus or on an extra-chromosomal plasmid, influences the final 
localization of their transcripts 276,310,490. When chromosomal genes are cloned in plasmid 
vectors, gene copy-numbers increase and the subcellular location of the gene position 
changes. Transcripts expressed from plamids are therefore more abundant and typically 
located outside of the nucleus 276,310,490. The finding that ribosomes and transcripts encoding 
soluble proteins such as CodY and GFP overexpressed from plamids are mainly present 
in the nucleoid-free space in L. lactis is therefore in agreement with the current prevailing 
view on the organization of transcription and translation in bacterial cells. 

The situation is different for mRNAs containing open reading frames for MPs as the 
biogenesis of integral MPs in cells requires a route that prevents their incoherent 
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production in the cytoplasm. A general mechanism has evolved in which the signal 
recognition particle (SRP) selectively interacts with ribosomes displaying nascent MPs 
(reviewed in Chapter 1 and 481). In this way, specific mRNA and ribosome nascent chain 
(RNC) complexes are delivered to the membrane where the SRP-receptor FtsY, resides. 
After interaction of SRP and FtsY, the cargo is transferred to translocation machineries 
consisting of SecYEG and/or YidC. Transcripts encoding SRP/Sec-dependent MPs such 
as bcaP are believed to mostly localize at the membrane because they are tethered there 
through ribosomes and SRP-FtsY or Sec complexes (Chapter 4 and 98). In agreement, 
treatment of cells with translation-inhibiting antibiotics or disruption of the RBS leads 
to a loss of membrane-proximal mRNA in both L. lactis and E. coli (Chapter 4 and 424). 
This justified the use of the membrane-proximal localization of bcaP mRNA as a proxy for 
successful MP biogenesis in L. lactis. 

In Chapter 4 and 6, we tested whether the membrane-proximal bcaP mRNAs colocalize 
with complexes involved in mRNA degradation or membrane insertion, both of which are 
known to be membrane-localized. No evidence was found for the colocalization of MP 

Fig 1. Biogenesis of soluble and membrane proteins during their overexpression in L. lactis. (A) The 
course of pNZ8048-based overexpression of cytoplasmic proteins (black ribbons turning into knots). Upon 
induction with nisin, the gene (red arrow) on the expression vector pNZ8048 (grey circle) is transcribed 
into monocistronic mRNA molecules (red ribbons). Although some transcripts undergo co-transcriptional 
translation, most of the mRNAs are bound by multiple ribosomes (orange ovals) outside of the nucleoid 
(lilac) forming 70S-polysomes. (B) The biogenesis of successfully overexpressed MP in L. lactis, such 
as BcaP (black ribbons). Most overexpressed transcripts are bound by ribosomes, which are targeted to 
SecYEG (green oval) in the cytoplasmic membrane via the action of SRP (red oval) and FtsY (purple 
oval). Here, MPs are synthesized and concomitantly translocated into the membrane with the aid of Sec 
machineries and YidC homologues (light-blue oval). Most transcripts will appear at the membrane because 
mRNA and RNC complexes are tethered to Sec machineries due to the formation of polysomes. This, in 
turn, might cause the focus formation of Sec machineries, such as observed for GFP-SecE. 
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mRNA and the L. lactis RNA degradosome (Rnase Y). We observed infrequent but non-
significant overlap in localization between overexpressed MP mRNA and members of the 
Sec translocation machinery (GFP-tagged SecE and SecA). However, we have to be careful 
in assuming interaction, as the imaging resolution did not allow distinguishing fluorescent 
complexes beyond the diffraction limit. Also, the level of transcripts was typically too high 
to pinpoint colocalization events. Superresolution microscopy or careful FRET analysis 
is required to further study the mutual interactions and the localization of (native) MP 
transcripts and the translocation machinery.

On the mRNA localization of recalcitrant membrane proteins in L. 
lactis

Arguably the most interesting finding presented in this thesis work is the observation that 
heterologous expression of seditious MPs leads to deviant localization of their transcripts. 
The transcripts coding for a human γ-secretase component, PS1Δ9, and a potatoe sucrose 
transporter, SUT1, densely cluster at the cell poles rather than tether to the membrane 
like bcaP mRNA. Polar predisposition of transcripts has only been documented once in 
E. coli. Transcripts coding for the BglG transcription factor that regulates expression of 
β-glucoside utilization genes localize to the poles, but only when expressed without its 
operon members 99. BglG localizes to the cell poles because it prefers sites of strong negative 
curvature, which likely explains the localization of cognate transcripts. The observation 
that transcripts of MPs are found at the cell poles, on the other hand, has to our knowledge 
never been documented before 568. Therefore, various scenarios were examined over the 
course of this thesis work that can be responsible for mRNA cluster formation. A working 
hypothesis for the formation of polar mRNA clusters, including prevailing bottlenecks 
during the biogenesis of recalcitrant MPs, is depicted in Fig 2. 

Transcription sites. Since multi-copy number plasmids have been found to localize to the 
poles in some cases 485–487, the subcellular distribution of expression vector pNZ8048 was 
determined (Chapter 4). pNZ8048 is typically used to overexpress (membrane) proteins 
in L. lactis. Molecules of pNZ8048 are mainly colocalize with the nucleoid. This is by itself 
a rather rare observation since most multi-copy plasmids that have been localized so far 
occupy the nucleoid-free space 485–487, where less chromosomal DNA is present. Recently, 
however, the ColE1-derived plasmid pBluescript, of which there are ~50 copies per cell, 
was reported to adopt no specific subcellular location in E. coli 365. Both this and our study 
show that high-copy number plasmids do not necessarily cluster at the poles. With respect 
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Fig 2. Working model for biogenesis of MPs and the course of accompanying complications depicted at 
the subcellular level during their overexpression in L. lactis. (A) In case of poor production of MPs such 
as PS1Δ9 or SUT1 at least two processes can be problematic. Proper membrane targeting and insertion of 
MP occur to some extent but eventually result in misfolding and the formation of membrane aggregation 
seeds at the membrane (black knots), leading to the observed crescent-like mRNA patterns. Protein quality 
control (for instance DnaK, ClpB, FtsH – all in purple) is enhanced to remove toxic proteins from the 
membrane. If the overproduction of recalcitrant MPs reduces membrane targeting and insertion capacity, 
transertion becomes hampered leading, initially, to chromosome condensation. This causes the occlusion 
of transcription factors and ribosomes from the nucleoid, restricting general transcription and translation. 
Possibly, chromosome condensation increases the segregation of DNA and mRNA, leading to polar mRNA 
cluster formation. Alternatively, the stringent response hampers further translation of available mRNAs, 
leading to mRNA cluster formation at the poles very much like the clustering of RBS-less transcripts. 
(B) After most transcripts (probably also endogenous transcripts) have either been degraded or captured 
in polar clusters, ribosomes are mainly present as free 30S and 50S subunits. Optionally, mediators in 
the stringent response prevent the association of ribosomal subunits into 70S ribosomes. The presence 
of ribosomes as free subunits now allows for effective mixing of the DNA polymer and free ribosomal 
subunits, causing chromosome expansion. Once transcription and translation are restored, the mRNA 
clusters are removed and broken down and proteostasis is re-established, after which a cell can start to 
grow again. Toxic proteins that are still present at the membrane are transposed to the cell poles and cells 
are rejuvenated via asymmetrical division.  
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to the observed polar mRNA clusters, the site of transcription does not appear to define 
cluster formation. 

Prior to the formation of polar mRNA clusters. PS1Δ9 and bcaP mRNA adopt a similar, 
membrane-proximal localization pattern after a short induction period of 7.5 min. It 
therefore seems that initial targeting of PS1Δ9 mRNA follows the normal route for Sec-
dependent proteins. This further illustrates that SRP recognition might not be the factor 
responsible for PS1Δ9 mRNA mislocalization that follows shortly after. Unlike the small 
differences observed in the transcriptional (DNA microarray) response after 60 min of 
PS1Δ9 or BcaP expression, RNA sequencing on cells induced for only 15 min revealed that 
stress in PS1Δ9-expressing cells is extensively higher than that in BcaP-expressing cells 
63,64. Together, these data indicate that PS1Δ9 production by L. lactis can only be facilitated 
over a short period of time after which it reaches a detrimental threshold and becomes 
toxic and ineffective.

PnisA-driven transcription. The presence of polar mRNA clusters is more likely when high 
levels of overexpressed mRNAs are present in a particular cell (Chapter 4). In agreement, 
the percentage of the cell population that accumulates polar mRNA clusters is correlated 
to the induction level (Chapter 5). After high induction to trigger recalcitrant MP 
expression, many cells do not (or no longer) contain overexpressed mRNA content, and 
transcription from at least PnisA shuts down. Two aberrant cell populations thus emerge 
during recalcitrant MP production: those with polar mRNA clusters and high stress levels 
and those with no overexpressed mRNA at all. Essentially, these populations could have 
never been identified in ensemble studies or by only looking at the much longer-lived MPs 
themselves. Furthermore, this is an important finding with respect to understanding the 
low production in L. lactis of heterologous MPs such as PS1Δ9 and SUT1. If the formation 
of such subpopulations could be avoided, it seems likely that more cells will contribute to 
successful production. 
 
RNA degradation. In eukaryotic cells such as yeast cells, mRNA molecules are known to 
cluster in so-called stress granules and processing bodies (P-bodies). These contain a high 
density of transcripts with stalled initiation factors or ribonucleases 569. The capture of 
transcripts in the granules/P-bodies prevents their translation and thus helps to establish 
a quick response when sudden adaptations are required. Due to the physical similarity 
of polar mRNA clusters and mRNA bodies in yeast, we investigated the involvement of 
the RNA degradation machinery in mRNA cluster formation (Chapter 4). However, no 
evidence for mRNA degradation hotspots at the poles was obtained. Rather, the opposite 
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was observed: mRNA in polar clusters is degraded at a much slower pace than mRNA 
outside of the poles. This slow-down in degradation is not intrinsically related to the 
mRNA species, as removal of the ribosome-binding sites from transcripts (see below) 
results in elevated degradation rates. Therefore, we suspect that a change in the physiology 
of mRNA cluster-containing cells or the dense packing in these clusters leads to decreased 
mRNA degradation rates, either by a general reduction in RNA degradation activity or by 
physical protection from RNA degradation.

Translation. Deletion of the RBS from overexpressed transcripts leads to an increase of 
mRNA clustering of both a well and a poorly expressed MP (Chapter 4). The location of 
RBS-less transcripts clusters is slightly different from that of mRNA of poorly expressed 
MPs. Rather than occupying the outer boundaries of the cell poles, RBS-less transcripts 
are typically grouped closer to the nucleoid, where the chromosomal area meets the 
nucleoid-free space. This finding is important in the search for factors determining polar 
mRNA cluster formation. The lack of ribosome binding apparently limits the dispersion 
of mRNAs away from their site of synthesis - in this case the pNZ8048 plasmids that 
colocalize with the nucleoid - to the nucleoid-free and ribosome-rich sites at the cell poles. 
This indicates that translation is important for the cellular distribution of transcripts 
encoding SRP-dependent proteins, which is supported by recent studies in E. coli 98.

Ribosome distribution. Since RBS deletion causes transcripts to cluster, the relation 
between subcellular ribosome distribution and production of recalcitrant MPs was 
examined in Chapter 4. Non-growing cells had accumulate mRNA at the poles but 
also loose nucleoid-occluded S2-eYFPs (ribosomal protein S2 fused to eYFP) typical 
for ribosomes in fast-growing bacterial cells 491,493,494,570. This is indicative of a loss of 
70S-polysomes and thus of translation in general. By analysing the distribution of S2-
eYFP along the x-axis of the cell, we observed a trend in which ribosomes are regularly 
excluded from the cell pole during expression of the recalcitrant MP PS1Δ9, suggesting 
that polar mRNA clusters and ribosomes are spatially separated. Although not directly 
proven, this finding indicates that mRNAs located in polar clusters are no longer available 
for translation. Moreover, the time it takes for cells to get rid of the mRNA clusters is about 
the same as the time to restore nucleoid-occlusion of ribosomes. We therefore hypothesize 
that the exorbitant expression of heterologous transcripts and cognate protein products 
leads to a halt in translation, perhaps through the stringent response (further discussed 
below) 571. This causes aberrant growth and a detachment of ribosomes from transcripts, 
which, because they were already present in the nucleoid-free space, end up in the polar 
region (Illustrated in Fig 2). The loss of nucleoid-occluded ribosomes was also observed in 
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at least one other situation. When L. lactis cells are transferred from nutrient-rich medium 
to nutrient-deficient PBS a loss of the distribution and quantity of S2-eYFP will occur 
(Chapter 4). Interestingly, the S2-eYFP distribution of stationary phase cells did not differ 
from that in growing cells, suggesting that a difference exists between the responses to 
a sudden drop in nutrients and the relatively slow alterations occurring before entering 
stationary phase.

Protein aggregates. The very static mRNA clusters at the cell poles appeared spatially 
unrelated to protein aggregates. The latter are typically found at the non-polar portion 
of the membrane. Inclusion bodies containing recalcitrant MPs comparable to those 
found in E. coli are not observed under the expression conditions that were used in the 
presented research. This was supported by the subcellular localization of members of the 
disaggregation machinery, DnaK and ClpB, during inadequate MP production. Both 
chaperones colocalize to sites of aggregated protein instead of the cell poles populated by 
the aberrant mRNA clusters (Chapter 4 and 6). We therefore ruled out that the mRNA 
clusters were in fact inclusion bodies or sites of protein aggregation. The absence of 
inclusion bodies is in agreement with earlier studies reporting that misfolded MPs are 
generally associated with the membrane in L. lactis 61,66. 

The N-terminus of membrane proteins. Since most L. lactis MPs contain an N-terminal 
cytoplasmic domain that is no longer than 30 amino acid residues (Chapter 5), the 
relatively long N-terminal domain (60 amino acid residues) of PS1Δ9 might interfere 
with recognition and targeting by L. lactis SRP. We hypothesized that this may lead to 
mistargeting of the corresponding transcripts. Indeed, replacing the PS1Δ9 N-terminal 
domain with that of BcaP, and vice versa, reverses mRNA localization, supporting the 
general supposition that ribosome-nascent chains play an important role in membrane 
targeting and insertion. In Chapter 5 and 6, fusions of mK2 to the N-terminus of BcaP 
or PS1Δ9 were constructed to mimic the effect of a long N-terminal cytoplasmic domain 
on the transcript and protein localization. Remarkably, the mRNAs of these proteins were 
not at all observed at the pole but, instead, at the same location where their proteins had 
clustered in membrane-associated aggregates. We therefore concluded that the length of 
the N-terminal domain is not directly responsible for polar mRNA cluster formation in 
L. lactis, although such domains greatly interfere with successful membrane insertion. 
The fact that swapping of the N-terminal domains of BcaP and PS1Δ9 reverses mRNA 
localization and affects protein production suggests that especially codon usage in this 
part of the PS1Δ9 gene causes severe problems. Thus, polar mRNA clustering is most 
likely a consequence of a disruption in translation, for instance by a shortage of required 
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aa-tRNAs, which results in the loss of nascent MPs and targeting of transcripts to the 
membrane. 

Nascent MPs are recognized by SRP via polypeptide strands enriched in hydrophobic and 
bulky aromatic amino acids, which correspond to transmembrane domains (TMDs) 121. 
It was previously believed that SRP looses its affinity for RNCs when these grow longer 
than ±130 amino acid residues 121,136–139. The recent elucidation of the RNA footprint of 
transcripts associated with E. coli RNC-SRP complexes has led to the realization that SRP 
does not merely interact once with an RNC during MP biogenesis 121,136–139. Rather, SRP 
is now suggested to sequentially interact with many TMDs of the same MP when these 
emerge from the ribosome exit tunnel, still aiding in the first membrane targeting step but 
at the same time also in reassociating RNCs to the Sec translocon during the synthesis of 
the complete MP. This finding implies that the length of RNCs should not interfere with 
SRP recognition, unlike what was commonly believed, but in keeping with with the results 
presented in Chapter 5. 

Asymmetric Division. Could the polar accumulation of mRNA be a compensatory 
mechanism to achieve asymmetrical distribution of excessive transcripts via cell division, 
allowing for the birth of rejuvenated cells wihtout high amounts of transcripts or toxic 
products? This would be in line with the prediction that asymmetric division is evolutionarily 
advantageous by eliminating cells with old and damaged cell poles from the population. 
However, time-lapse movies of cells with MS2-GFP-tagged polar mRNA clusters suggest 
otherwise (Chapter 4). Cells do not grow until the aberrant mRNA clusters are cleared 
and mRNA is redistributed and removed from the cell, which indicates that the formation 
of polar mRNA clusters is not related to the opportunity for cell rejuvenation. Chapter 6 
presents time-lapse movies of cells that express mK2-BcaP and DnaK-GFP. Aggregates 
of mKate2-BcaP first localize to the membrane but relocate to the poles lateron, upon 
which cells start to grow again. Cell rejuvenation via asymmetric division i.e., removal 
of polar protein aggregates from the population via unequal inheritance of these toxic 
protein moieties, is thus established at some point, but involves the redistribution of toxic 
protein clusters from the membrane to the poles, rather than the accumulation of mRNA 
species at the poles.

In conclusion, we find that transcription and membrane targeting are not bottlenecks 
for the production of heterologous MPs per se. In Fig 3, the observed mRNA and protein 
localization patterns in L. lactis are presented. We envision that two impediments in MP 
production, namely membrane insertion and diminished translation due to a limiting tRNA 
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supply, result in a cascade of sequential mislocalization events. Starting with adequate MP 
production, transcripts of well expressing MPs occupy the nucleoid-free area of the cell 
and are readily available for protein synthesis and co-translational membrane insertion. 
Upon induction of recalcitrant MP expression, completion of translocation and insertion 
of MPs into the membrane is the first process that falls short. At this stage, both MPs and 
cognate transcripts coaggregate at the membrane sites. This was observed for MPs with 
excessively long N-termini containing defined cytoplasmic domains (Chapter 4 and 5). 
Additional obstructions have to occur in the cell before it accumulates mRNA at the polar 
region. We propose that translation becomes impeded upon prolonged expression of non-
codon-optimized genes, leading to a depletion of amino acids and tRNAs and to activation 
of the stringent respone. Subsequently, RNCs responsible for membrane targeting are no 
longer produced and the nontranslated transcripts accumulate at the poles. Importantly, 
cells with polar mRNA clusters do contain membrane-proximal aggregates, suggesting that 
correct mRNA targeting had occurred prior to the formation of polar clusters. Whereas 
the latter are completely removed before cell growth is reinitiated, relocalization of MP 
aggregates from the membrane to the poles is required to restore growth. Interestingly, 
cells that restore division after a period of recalcitrant MP production are typically non-
responsive to nisin-induced gene expression. 

Alternative explanations for the formation of polar mRNA clusters

Many aspects concerning the formation of polar mRNA clusters in L. lactis and the 
consequent inadequate MP production have been analysed and described in this thesis. 
Nonetheless the exact reason for the phenomenon has not yet been deduced. In the light 
of this thesis, it would still be extremely helpful to identify what exactly causes the polar 
mRNA clusters: are these a result of one faltering step in the biogenesis process or rather 
a reflection of multiple erroneous events? A delineation of supplementary explanations is 
given below.

Transertion and nucleoid occlusion. During stationary phase, bacterial cells typically 
contain one chromosome that is highly compacted 490. If fast exponential growth is 
achieved, the DNA in bacterial cells has decondensed and consists of up to two sister 
chromatids. It is proposed that the expansion of the nucleoid is caused by the force of 
transertion – due to coupling of DNA loci of genes encoding MPs with the membrane 
during their expression. Physical coupling of transcription, translation and membrane 
insertion creates DNA-RNAP-mRNA-ribosome-polypeptide-membrane chains 489,570. 
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Transertion expands the chromosome polymer to a pore size of ~50 nm which allows the 
diffusion of free ribosomes (~20 nm), but not 70S-polysomes, back into the nucleoid to 
engage in co-transcriptional translation 498,570. A loss of transertion causes chromosome 
condensation and an increase in mRNA-chromosome segregation. Treatment with the 
translation-inhibiting drug chloramphenicol, which is believed to freeze ribosomal 
subunits as 70S-polysomes, therefore reduces transertion 570. In theory, transertion also 
diminishes when Sec translocons are blocked or a shortage of SRP molecules occurs – 
scenarios that represent bottlenecks during MP overexpression. Treatment of L. lactis 
with chloramphenicol leads to increased segregation of overexpressed transcripts and 
chromosomes (Chapter 4). However, it does not result in the formation of polar mRNA 
clusters, but rather to a homogeneous distribution of transcripts in the nucleoid-free area, 
implying that another factor has to be involved in polar mRNA clustering.

According to mathematical modeling, increasing mRNA segregation can, by itself, lead 
to compaction of the nucleoid 498. Chromosome condensation hampers diffusion of 
smaller molecules such as transcription factors 490 and free ribosomal subunits 491 back 

Fig 3. Progression of mRNA and cognate MP localization during successful and abberant production. (1) 
Localization patterns characteristic of successful production. (2) Stage 1 obstruction: MPs are not properly 
inserted into the membrane and become misfolded entities, likely due to obstructions in translocation. 
(3) Stage 2 obstruction: Translation of MPs is impeded, resulting in the redistribution of transcripts from 
co-translational translocation sites to the poles. (4) Escape: MP gene expression is decreased and cells 
restore growth, which typically occurs after the polar mRNA clusters have been degraded and membrane-
tethered protein aggregates are disposed to the poles. The latter results in asymmetrical inheritance of 
protein aggregates leading, eventually, to rejuvenated daugther cells.
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into the nucleoid. It is therefore hypothesized that a feedback loop is created in which 
DNA becomes compacted when a certain total mRNA level is reached, after which access 
of transcription factors and the number of free ribosomal subunits to engage in co-
transcriptional translation is reduced 498. TFs and ribosomal subunits diffuse back in the 
nucleoid when mRNA levels are low enough to allow DNA de-condensation, after which 
transcription and translation can be reinitiated. Perhaps this mechanism is responsible for 
the reduced PnisA-driven gene expression observed in cells with polar mRNA clusters as the 
latter might result in DNA compaction (Chapter 4). The finding that the expression vectors 
are slightly condensed in PS1Δ9-expressing cells would support this notion (Chapter 4). 
Importantly, the disappearance of 70S-polysomes in PS1Δ9-expressing cells indicates the 
occurrence of a reduction in total mRNA transcription similar to what is observed in 
rifampicin-treated E. coli cells 572. We can thus deduce from the loss of the 70S-polysomes 
that transcription in general - and thus not only PnisA-driven gene expression - is at least 
temporarily halted. Furthermore, removal of the polar mRNA foci is required in order 
to restore growth. In light of the hypothesis proposed here, the removal of such clusters 
leads to DNA decondensation and reestablishment of gene expression. Conversely, DNA 
compaction could also be the cause of mRNA cluster formation in the first place, for 
instance as a result of the stringent response (see below).

The stringent response. The combined data presented in this thesis suggest that PS1Δ9 
production under the standard induction regime is simply too high and has a severe 
effect on the translation machinery. Previous ensemble studies of L. lactis overproducing 
heterologous MPs pointed towards a putative involvement of the stringent response 
triggered by a shortage of amino acid-charged tRNAs 63. The latter activates the ribosome-
associated enzyme Rel SpoT Homologue (RSH or RelA), resulting in the accumulation 
of the alarmone (p)ppGpp 109. High alarmone ((p)ppGpp) levels in E. coli and B. subtilis 
lead to a shift from transcription of rRNA genes to transcription of genes involved in 
nutrient generation, preparing the cell for survival in a nutrient-poor environment 110,111. 
In Staphylococcus aureus, (p)ppGpp inhibits ribosome assembly by binding GTPases 
involved in the maturation of ribosomal subunits 497. The codons in the original PS1Δ9 
and SUT1 sequences were not adjusted to the codon bias and tRNA pool in L. lactis. It 
is therefore tempting to speculate that the loss of 70S-polysomes in L. lactis is triggered 
by the stringent response due to a high demand on specific, low-abundant tRNAs during 
translation of the two heterologous proteins. The question remains whether a sudden 
lack of ribosomes interacting with PS1Δ9 or SUT1 mRNA results in the formation of 
polar mRNA clusters. If induction of the stringent response is indeed related to the loss 
of nucleoid-occluded, mostly actively translating ribosomes, one would expect that at 
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least a portion of the total pool of mRNAs adopts a similar localization in dense polar 
mRNA clusters, as observed for the transcripts of these two MPs. In this case, polar mRNA 
clustering would be a general effect caused by induction of the stringent response. No 
data are yet available on the effects of the stringent response on ribosome and transcript 
localization, which would therefore be an interesting topic of further research.

Translation efficiency. Translation initiation and elongation over the first few codons 
is considered to be a major rate-limiting step and the main determinant of translation 
efficiency 81. Optimization of the first few codons is therefore often sufficient to boost 
(recombinant) production of both soluble and membrane proteins. Alternatively, 
5’-terminal fusion partners consisting of the first few codons of genes of highly expressed, 
endogenous proteins might be used as well. Indeed, this has been partially achieved in L. 
lactis by introduction of the BLS-tag upstream of PS1Δ9. 

Uracil-density. Codons for hydrophobic amino acids contain on average more uracil 
residues than other codons 102. This inherently implies that transcripts for MPs contain 
more uracil residues than those of cytoplasmic proteins. In addition, codons of hydrophobic 
residues in MPs in E. coli are more U-rich than those of the same hydrophobic residues 
in cytoplasmic proteins 102. The U-richness in codons for hydrophobic residues in MPs is 
particularly strong in E. coli but less so in higher eukaryotic organisms like Mus musculus, 
Arabidopsis thaliana and Homo sapiens. The two cold shock proteins CspE and CspC 
were recently shown to preferentially interact with uracil-rich transcripts in E. coli; it was 
postulated that these RNA chaperones interact with U-rich MP transcripts before they 
interact with the translation machinery 103. Despite the AT-rich genome of L. lactis, the 
U-density in transcripts of MPs is significantly higher than that of cytoplasmic proteins 
and even that of E. coli MPs (Chapter 4). It therefore seems likely that the differences in 
U-density has been preserved in AT-rich organisms, which (1) strengthens the hypothesis 
that U-density plays a functional role in bacteria and (2) possibily hinders the production 
of eukaryotic MPs in bacterial hosts. 

Cell envelope stress. To elucidate why certain localization patterns of MPs and their 
transcripts are observed, it would be worthwhile to image more of the components that 
are involved in MP biogenesis. Especially those that are important in the quality control 
of MPs, such as RmaB (a TF of yet unknown function), PpiB (a peptidylprolyl isomerase 
important in protein folding), FtsH (membrane protein protease), OxaA2 (membrane 
insertase) and 1918 (inhibitor of FtsH activity), would be important candidates for future 
localization studies. Most Gram-positive bacteria, including L. lactis, contain two YidC 
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homologs, each of which is individually capable of interacting with ribosomes via their 
cytoplasmic C-terminal domain. A double deletion of yidC1 and yidC2 is lethal in S. 
mutans 216. S. mutans genes for SRP and FtsY can be deleted without affecting viability too 
severely, although the mutant strains are more sensitive to salt and acid 165,168,573. Deletion 
of yidC2 has the same effect while an SRP and yidC2 double knockout was hardly viable 
even without environmental stress 168. Thus, YidC2 may compensate for loss of SRP by 
playing an independent but overlapping role in co-translational protein insertion into the 
membrane. L. lactis OxaA2, of which the gene is under control of the cell envelope stress 
response regulator CesR, is homologous to YidC2. It might thus be that OxaA2, like YidC2 
in S. mutans, can partially take over the role of SRP in L. lactis and that both components 
have an additive effect on proper MP biogenesis.

Towards optimized production of membrane proteins in Lactococcus 
lactis

A small preliminary set of optimization strategies to alleviate bottlenecks during 
heterologous MP production is presented in this thesis. One is based on the finding that 
interchanging the N-terminal domains including the first two TMDs of L. lactis BcaP and 
H. sapiens PS1Δ9 reverses the localization of the transcripts of the two chimeric proteins 
and that PS1Δ9 with the N-terminal domain of BcaP is expressed to higher levels than 
the original PS1Δ9 protein (Chapter 5). We therefore redesigned the N-terminus of BcaP 
as a general fusion tag and coined it BcaP leading segment (BLS). BLS can be placed 
before inward-facing N-termini of heterologous MPs. A TEV cleavage site was added to 
the flexible polylinker so that the BLS domain can be removed from the original protein 
after production and purification. The fusion tag was used in a proof–of-principle test: 
BLS-PS1Δ9 production is significantly higher than that of PS1Δ9 in L. lactis (Chapter 
5). It would be interesting to pinpoint what part of the BLS-tag causes the increase in 
production. Is it by improvement of membrane insertion or rather an effect of the 
altered codon usage at the start of the gene? Even though the BLS-tag seems to improve 
production, cell growth is still severely affected, which might be relieved by co-expression 
of CesSR or members of the CesR regulon 64. 
The formation of polar mRNA clusters is highly dependent on the inducer dose added 
to the system. Higher levels of induction lead to higher mRNA production rates. This 
drives the synthesis of more recalcitrant protein and, consequently, a increases chance 
on acquiring aberrant mRNA clusters and faiure of further protein synthesis. To provide 
insights in the transcription kinetics of the NICE system, the level of overexpressed 
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transcripts was evaluated that had accumulated in single cells after 1 hr of induction 
with a range of nisin doses. The obtained parameters were used to build a model to help 
understand and forecast how the timing and level of induction in combination with 
growth rate translates into final MP yield. By doing so, we predict that decreasing the copy 
number of the expressed gene and/or reducing the growth rate of the cells might aid in 
improving the production of recalcitrant MPs. 

Depending on the reason for polar mRNA clustering, we further envision various 
optimization scenarios. If the required amino acids or amino-acyl-tRNAs are depleted 
and the stringent response is triggered, either the pool of tRNAs might be adjusted by 
introducing additional tRNAs genes like has been done in the BL21-CodonPlus(DE3) 
E. coli strains or the problematic codons in the gene have to be identified and changed 
into more suitable codons. The abundance of each tRNA in L. lactis has been elucidated 
recently 52, which could serve as a guide to do so. If the lack of translational pausing 
forms an obstacle, the sequence of the gene can be partially altered in order to fit the 
still elusive consensus for pausing in L. lactis. Alternatively, optimizing the initial codons 
of the heterologous transcript might increase initial translation efficiency, although this 
might trigger an additional burden on the cell’s proteostasis. Lastly, the co-overexpression 
of molecular chaperones such as DnaKJ, ClpB and GroES/EL may reduce the amount of 
misfolded MPs 250.

Final note

In recent years, progress has been made in the recombinant expression of eukaryotic 
MPs in homologous expression hosts such as insect cells. Nevertheless, bacteria such E. 
coli and L. lactis remain feasible alternatives because of the low cost and ease of use that 
comes with growing of and expressing proteins in these bacterial species. Compared to E. 
coli, relatively little effort is put in the optimization of L. lactis as an MP expression host. 
Therefore, plenty of optimization strategies, of which many have proven to be effective 
in E. coli, require testing in L. lactis. In this thesis, we have provided, for the first time, 
insights in a number of subcellular effects of the expression of recalcitrant MPs in L. lactis 
that have previously remained out of sight in ensemble-studies. We believe that the data 
in this thesis present a new perspective and can aid in designing proper optimization 
strategies. In addition, the techniques developed will help future research to more easily 
identify and study yet uncovered bottlenecks that occur during MP overexpression in L. 
lactis and, for that matter, other (bacterial) hosts.





Appendices 





233

Appendix 1 - Chapter 5
Calculating the number of transcripts per cell

Single-probe fluorescence in situ hybridization (spFISH) technology was employed to 
quantify the transcripts in single cells. We previously showed that non-induced cells 
displayed defined fluorescent spots and that this was due to probe hybridization with 
plasmid DNA undergoing rolling circle replication (Chapter 2). Even after opimization 
only seven TAMRA molecules on average were detectable after hybridization, which is 
far less than the maximum theoretical incorporation of twenty-four TAMRA molecules. 
We therefore concluded that the low and heterogeneous hybridization efficiencies and/or 
quenching of the TAMRA-labeled probes complicated their distinction from background 
noise and thereby the possibility to quantify the number of transcripts per detected spot. 
However, spFISH still enabled us to roughly estimate the mRNA numbers per cell using 
the following protocol. We assumed that the number of probes binding to one plasmid is 
similar to the number of probes binding to one mRNA molecule, since both molecules 
contain twelve probe-annealing sites. Therefore, the fluorescence parameters of these spots 
can be used to estimate the total transcript number per cell. All images were processed as 
follows: The average fluorescence background signal in cells was determined per pixel, 
which value was subtracted from each pixel signal on the entire image, preserving only 
signals above the background signal in cells. A spot detection plug-in was used to collect 
fluorescent spots in the background-subtracted images of non-induced cells and to fit 
Gaussian fitting parameters to each spot (ISBatch ImageJ plug-in). The fluorescent volume 
(Vf) of each spot was calculated according to equation 5.4.

                                                                                      (equation 5.4) 

A is the amplitude of the fitted 2d Gaussian function, whereas σх and σy are the width 
parameters in the x and y direction, respectively. A total of 500 spots were used to determine 
the frequency distribution of all measured Vf values and to estimate the Vf corresponding 
to one mRNA molecule (Fig 1). However, since probe-annealing efficiency is never 100%, 
we assumed that the Vf value at the highest frequency is likely an underestimation. We 
fitted a normal distribution on the acquired data assuming that most of the MS2 binding 
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sites on the replicating plasmids are not fully occupied (Fig 1). The number on the top end 
(4000 AU) was therefore used for further analysis. We then measured the total fluorescence 
of each cell in the background-subtracted images using ImageJ, with cell meshes obtained 
using the Oufti software. The sum of the values of the pixels in each mesh, divided by the 
Vf value of one mRNA molecule, was used to get a rough estimation of transcript quantity 
per cell. To account for the presence of plasmids that undergo replication, each transcript 
number was subtracted with two (the average number of replicating plasmids per cell in 
non-induced cells) . This process was repeated for images of cells induced with a gradient 
of nisin concentrations, after which the median transcript number of all the cells and of 
only induced cells in the captured population was determined. 

Fig 1. Flow of data handling for the determination of transcript numbers. Left panels: Determination 
of transcript numbers per cell using the following steps (from top left left to bottom left): background 
subtraction, spot detection, gaussian parameter fitting. See the text for an in-depth description of each 
step.  Right panel: determination of the frequency distribution (right y-axis, red lines) of all measured Vf 
values (left y-axis, black lines) of two separate data sets and the estimation of the Vf value corresponding to 
one mRNA molecule (grey dotted line = 4000 AU).
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Appendix 2 - Chapter 5
Modeling mRNA and protein expression of the NICE system

A two-state model of mRNA and protein production was employed as illustrated in 
Fig 1A. The model describing the NICE expression parameters over time simulated in 
the MATLAB-based SimBiology toolbox, using the parameters depicted in Fig 1B. The 
production rate (k1) of bcaP12bs and PS1Δ912bs mRNA production was introduced as a 
function of the concentration of nisin used to induce the system. The relationship between 
nisin concentration and k1 is given in Fig 7D of Chapter 5 and can be best described by a 
cubic polynomial function (equation 5.5), where i is the level of nisin added to the system. 
                                             (equation 5.5)

To simulate the effect of cell growth reaching stationary phase, the values for i, A3 and k4 
were set to 0 at time point 4 (4 hrs after induction with nisin). To mimic the effect of rapid 
PS1Δ9 accumulation, a threshold was incorporated when protein levels reached a value 
of 2000 molecules. Two scenarios were incorporated: 1, this threshold leads to a halt in 
transcription and translation, but cell growth continues; 2, cell division and translation are 
blocked, but transcription continues. 

The effect of expressing transcripts from the pseudo10 locus instead of from plasmid 
pNZ8048 was calculated as follows. The production of GFP-tagged proteins from a 
gfp gene either inserted in pseudo10 (single copy) or pNZ8048 (multiple copies) was 
previously compared (Chapter 2). A 10-fold reduction in GFP levels in case of expression 
from the chromosomal pseudo10 locus was observed. This was accounted for in the model 
by incorporating a 10-fold reduction of the ‘A’-values to obtain the values of k1bcaP.

To estimate the minimum number of proteins per cell required for successful production, 
we assumed an ideal final yield of 1 mg of protein per ml of culture. For a 50-kD protein, 
this is similar to ~1.2×1013 proteins per ml. For a bacterial cell culture with an optical 
density at 600 nm of 2 (corresponding to ~1.6×109 cells ml-1), this would mean that 
roughly 7500 protein molecules have to be present per cell.
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Fig 1. Modeling of mRNA and protein expression parameters of the NICE system. (A) Schematic 
representation of NisRK signal transduction and gene expression in a L. lactis NZ9000 cell following the 
addition of nisin. Indicated in black are parameters and rates incorporated in the model. Note that the 
parameters and reactions annotated in grey are ‘a black box’ and therefore considered as one single step, 
represented by k1. (B) The parameters and their description of the rates, k1- k4, given in A that were used 
to model the different scenarios: BcaP or PS1Δ9 expression from pNZ8048 or PS1Δ9 expression from 
pseudo10 (pse10).  

A

B
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Wetenschappelijke Samenvatting
Eiwitten die hun functie verrichten en gepositioneerd zijn in het celmembraan zijn van 
groot belang voor een veelvoud aan biologische processen. Membraaneiwitten liggen 
bijvoorbeeld ten grondslag aan de import en export van moleculen, de detectie en 
transductie van signalen, het realiseren van een membraanpotentiaal en de vorming van 
flagellen en andere pili-achtige extensies. Membraaneiwitten zijn belangrijke doelwitten 
voor de ontwikkeling van nieuwe en bestaande medicijnen mede door hun functie als 
bodes en poortwachters. Om een beter inzicht te verwerven in de functie en de structuur 
van membraaneiwitten is het noodzakelijk om eerst een grote hoeveelheid van deze 
eiwitten te extraheren uit het celmembraan. Dit is echter makkelijker gezegd dan gedaan. 
De meeste membraaneiwitten komen namelijk slechts voor in kleine hoeveelheden in 
bepaalde cellen en deze zijn vaak moeilijk op te kweken tot een geschikte kwantiteit voor 
het verkrijgen van voldoende opgezuiverd membraaneiwit. Vanwege deze hindernissen 
wordt er vaak voor gekozen om het eiwit te produceren in een cellijn die compatibel is met 
economisch haalbare groeisnelheden en waarvoor een scala aan modificatietechnieken 
beschikbaar zijn.
 
Sommige bacteriesoorten worden al geruime tijd ingezet als minuscule fabrieken 
voor de productie van recombinante eiwitten. Dit geldt ook voor de melkzuurbacterie 
Lactococcus lactis. Vanwege de rol die deze bacterie speelt in de zuivelindustrie is er veel 
onderzoek gedaan naar de genetica en fysiologie van L. lactis. De Grampositieve L. lactis 
groeit goed onder laboratoriumcondities en is tegenwoordig eenvoudig genetisch te 
modificeren. De voornaamste reden waarom L. Lactis ‘verkozen’ is tot productieplatform 
is de beschikbaarheid van een aantal inductiesystemen die het mogelijk maken om op een 
gecontroleerde manier recombinante eiwitten te produceren. Een inductiesysteem wordt 
gekenmerkt door de aanwezigheid van een induceerbare promotor (een DNA element dat 
verantwoordelijk is voor de initiatie van transcriptie van de daarachter gelegen genen), een 
voorwaardelijke transcriptiefactor (een eiwit dat transcriptie vanaf de bovengenoemde 
promotor uit dan wel aan kan zetten als reactie op het toevoegen of wegnemen van een 
bepaalde stof, de inducer) en een plasmide (een circulair stuk DNA waarop de promotor 
en het gen dat tot expressie moet worden gebracht, geplaatst kunnen worden).
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Het voornaamste inductiesysteem dat gebruikt wordt om membraaneiwitten te produceren 
in L. lactis is het zogenaamde NICE systeem dat gebaseerd is op een signaaltransductie 
systeem dat normaliter de productie van en immuniteit regelt tegen de antibacteriële stof 
nisine in sommige L. lactis stammen. Nisine bindt aan het bacteriële membraan via lipide 
II, een precursor in de synthese van moleculen die uiteindelijk de celwand vormen. De 
aanwezigheid van nisine aan de buitenkant van het membraan leidt tot autofosforylatie 
van de histidine kinase NisK, waarna deze in staat is om de transcriptiefactor NisR te 
activeren. NisR bindt vervolgens aan de nisA promoter en activeert de expressie van 
genen die achter dit promoter element geplaatst zijn. De mate van genexpressie is daarbij 
direct gecorreleerd aan de hoeveelheid nisine die toegevoegd wordt aan de celcultuur, wat 
er ervoor zorgt dat de sterkte en het tijdstip van eiwitproductie in L. lactis nauwkeurig 
gereguleerd kunnen worden.
 
De bacteriële productie van membraaneiwitten die afkomstig zijn uit eukaryote 
organismen verloopt niet altijd vlekkeloos. Vaak worden er algemene strategieën toegepast 
om de productie van zulke membraaneiwitten te optimaliseren, maar blijft de exacte reden 
die ten grondslag ligt aan het productieprobleem in het ongewisse. Op de lange termijn is 
het daarom van cruciaal belang om een fundamenteel begrip te krijgen van de gebreken 
die optreden, zodat er een omnivalente en solide oplossing kan worden gevonden voor de 
ongewenst lage productie van heterologe membraaneiwitten. Het achterhalen van cellulaire 
processen die misgaan tijdens de productie van membraaneiwitten in L. lactis vormt 
daarom de basis voor dit promotieonderzoek en het aangrenzende onderzoeksconsortium.
 
De biosynthetische route van de meeste membraaneiwitten in bacteriën behelst co-
translationele translocatie. Dit houdt in dat de ontluikende polypeptide van een 
membraaneiwit in spe, dus het gedeelte van het membraaneiwit dat uit een ribosoom 
steekt terwijl de rest nog gesynthetiseerd (getranslateerd) moet worden, direct in het 
membraan wordt gezet (de translocatie). Op deze manier zien cellen erop toe dat er een 
minimale interactie plaatsvindt tussen de hydrofobe domeinen van het membraaneiwit 
en het hydrofiele cytoplasma. Het algemene standpunt is dat juist in dit deel van het 
productieproces iets misgaat bij de productie van heterologe membraaneiwitten.
 
Er kunnen zich verschillende hindernissen voordoen gedurende de biosynthese van 
membraaneiwitten die leiden tot onvoldoende productie. Ten eerste kan er een blokkade 
in de translatie van heterologe eiwitten plaatsvinden doordat er een tekort ontstaat aan 
bepaalde moleculen (tRNAs) die losse aminozuren (de bouwblokken van een eiwit) 
overdragen aan ribosomen ten behoeve van het verlengen van polypeptiden. Hierdoor 
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vallen ribosomen stil en worden er geen of geen volledige eiwitten meer geproduceerd. 
Ten tweede bestaan er, naast een hoge mate aan gelijkenis, ook cruciale verschillen in de 
samenstelling van eiwitten die helpen met de begeleiding van het ontluikende eiwit naar 
en in het membraan. Ten derde verschilt de diversiteit aan fosfolipiden (de bouwblokken 
van het membraan) tussen cellen van verschillende afkomst, wat invloed kan hebben op 
de vouwing van eiwitten in het membraan.
 
Zoals reeds vermeld hebben we met het huidige onderzoek getracht te achterhalen wat in 
de synthese van membraaneiwitten in L. lactis de belangrijkste obstakels zijn. Hiervoor 
is er voornamelijk gebruik gemaakt van fluorescentie microscopie zodat abnormaliteiten 
in afzonderlijke cellen geïdentificeerd en bestudeerd konden worden. Deze aanpak staat 
in contrast met voorgaande studies binnen onze en andere groepen. Daarin werden de 
gevolgen van transcriptionele en translationele processen in de eiwitproductie op de 
complete celcultuur onderzocht zodat slechts een gemiddeld beeld werd verkregen van 
wat er per individuele cel plaats vond. Door op het niveau van de afzonderlijke cel te 
kijken, krijgen we een beter inzicht in bijvoorbeeld verschillen die optreden tussen cellen 
van dezelfde cultuur (de mate van heterogeniteit) en eventuele subcellulaire obstakels 
die plaatsvinden gedurende de biosynthese van membraaneiwitten, beginnend bij de 
afschrijving van het gen en eindigend bij het lot van het membraaneiwit. Het onderzoek 
dat beschreven staat in dit proefschrift is voornamelijk toegespitst op de eerste stappen 
in het productieproces: de transcriptie en het lot van mRNA van overgeproduceerde 
membraaneiwitten. 
 
Om de mate van transcriptie en de resulterende messenger (m)RNA moleculen te 
kunnen bestuderen tijdens de overproductie van membraaneiwitten zijn er gedurende dit 
promotieonderzoek verschillende methodes getest om RNA fluorescent te labelen in levende 
L. lactis cellen. Door gebruik te maken van een aangepaste versie van het zogenaamde 
MS2 eiwit en deze te fuseren met een groen fluorescent eiwit (GFP) werd het mogelijk 
om de lokalisatie van mRNA van overgeproduceerde eiwitten te visualiseren in levende 
cellen. Daarnaast werd fluorescentie-in-situ-hybridisatie (FISH) toegepast, een techniek 
die gebruik maakt van fluorescent gelabelde oligonucleotiden (probes; korte stukken 
enkelstrengs DNA). Deze probes binden vervolgens aan complementair enkelstrengs 
RNA en/of DNA. RNA FISH biedt als voordeel dat gelabelde mRNA moleculen per cel 
gekwantificeerd kunnen worden. De keerzijde is dat mRNA alleen gevisualiseerd kan 
worden in gefixeerde, niet-levende cellen, wat informatie met betrekking tot de dynamiek 
van biomoleculen en celgroei maskeert. Daarentegen geeft juist de combinatie van de twee 
technieken een meerwaarde aan het onderzoek dat uiteengezet is in dit proefschrift.
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Lokalisatie van mRNA moleculen van overgeproduceerde 
membraaneiwitten

Met de twee bovengenoemde mRNA visualisatietechnieken is in eerste instantie onderzocht 
waar transcripten van membraaneiwitten en cytoplasmatische eiwitten terecht komen 
tijdens succesvolle overproductie in L. lactis. Transcripten van het overgeproduceerde 
cytoplasmatische L. lactis eiwit CodY werden voornamelijk aangetroffen in het gedeelte 
van de cel waar het chromosomaal DNA niet aanwezig is. Dit is tevens het deel van de 
bacteriële cel waar de meeste ribosomen voorkomen. mRNA van een goed geproduceerd 
membraaneiwit, BcaP van L. lactis, lokaliseerde ook in het chromosoom-arme gedeelte 
van de cel, maar alleen in de nabijheid van het cytoplasmatisch membraan. Deze laatste 
observatie is in overeenstemming met een onlangs gepubliceerde studie waarin het 
gros van de transcripten coderend voor membraaneiwitten in de buurt werd gevonden 
van het binnenste membraan van Escherichia coli cellen. Er wordt verondersteld dat 
dit een afspiegeling is van transcripten die vertaald worden en waarvan de producten 
bovengenoemde co-translationele translocatie ondergaan. Een aanwijzing hiervoor is dat 
zowel de behandeling van L. lactis en E. coli met translatie-remmende antibiotica als ook 
de deletie van elementen waaraan het ribosoom doorgaans bindt, de ribosoom binding 
site (RBS), membraan-lokalisatie tenietdoen.
 
Het meest interessante resultaat van dit promotieonderzoek is naar alle waarschijnlijkheid 
dat de transcripten van twee heterologe, recalcitrante membraaneiwitten, PS1Δ9 en SUT1, 
tijdens hun overproductie in een groot gedeelte van de cellen in een L. lactis culture niet 
in de buurt van het membraan lokaliseren, maar in plaats daarvan accumuleren in de 
polen. In cellen van het andere deel van de onderzochte populatie werden slechts heel 
weinig of helemaal geen mRNA moleculen teruggevonden. Kortom, er gaat tijdens de 
overproductie iets fundamenteels mis met de transcriptie en membraanlokalisatie van 
mRNA dat codeert voor heterologe membraaneiwitten.
 
Vele vragen volgden. Vindt er überhaupt nog translatie plaats van de geaccumuleerde 
transcripten en zo ja, eindigen die membraaneiwitten dan ook in de polen van de cel? Is 
de accumulatie van transcripten in de polen een oorzaak of een gevolg van inadequate 
eiwitproductie? Als het een oorzaak is, wat voor gevolgen heeft dat dan? Als het een 
gevolg is, welke processen zijn er dan voor verantwoordelijk dat de transcripten in de 
polen terecht komen? Kunnen we het ontstaan van transcriptbevattende clusters in de 
polen verbinden aan een lage eiwitproductie of andere fysiologische aspecten en kan 
het gebruikt worden als een proxy voor de mate van eiwitproductie? Zijn er methodes 
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te verzinnen om de vorming van clusters tegen te gaan en zodoende de hoeveelheid aan 
succesvol geproduceerde membraaneiwitten te verhogen?
 
Aggregaten van eiwitten zijn vaak terug te vinden in de polen van bacteriële cellen. 
Vanwege dit fenomeen vermoedden we dat het ontstaan van polaire mRNA clusters 
mogelijk overeen komt met de subcellulaire locatie van geaggregeerde membraaneiwitten. 
Dit bleek echter niet zo te zijn. PS1Δ9-eiwit aggregaten waren voornamelijk te vinden in 
de buurt van het celmembraan, specifiek in die domeinen die niet grenzen aan het septum 
en de polen. De moleculaire chaperones DnaK en ClpB, die beide verantwoordelijk zijn 
voor het afbreken van aggregaten, werden aangetroffen op overeenkomstige locaties, dus 
overlappend met PS1Δ9-bevattende aggregaten. 

Door toxische eiwitaggregaten in polen te verzamelen zijn bacteriën in staat om de 
celpopulatie te verjongen. Na de eerste celdeling ontvangen beide dochtercellen een 
eiwitaggregaat via hun oude pool terwijl de nieuwe pool ‘schoon’ is. Na de volgende 
celdeling ontstaan er logischerwijs twee cellen zonder aggregaten en twee cellen die nog 
steeds een eiwitaggregaat in de oudste pool met zich meedragen. De verhouding van cellen 
met aggregaten wordt daardoor steeds kleiner. Daarom werd onderzocht of de polaire 
accumulatie van mRNA moleculen coderend voor recalcitrante membraaneiwitten een 
soortgelijke functie zou kunnen hebben. Door individuele cellen met polaire mRNA 
clusters gedurende een aantal uren te volgen onder de microscoop identificeerden we 
twee factoren waaruit kon worden opgemaakt dat de aanwezigheid van zulke clusters 
niets te maken heeft met de mogelijkheid tot celverjonging: ten eerste vertoonden cellen 
met polaire mRNA clusters geen celdeling. Ten tweede werd de celdeling pas hervat op 
het moment dat de polaire mRNA clusters verdwenen waren. Deze observaties duiden er 
daarom op dat cellen met polaire mRNA clusters op non-actief staan. Al met al betekenen 
deze bevindingen dat de ophoping van mRNA in de celpolen geen strategie is van L. 
lactis om door celdeling te ontsnappen aan de aanwezigheid van transcripten van wellicht 
toxische eiwitten. Integendeel, de transcripten moeten verwijderd worden van de pool, en 
van de cel zelf, voordat celgroei weer kan plaatsvinden. 

Voor aggregaten bestaande uit recalcitrante membraaneiwitten werd een ander subcellulair 
lokalisatiepatroon gevonden. Vlak nadat de overdracht van de geïnduceerde culture naar 
de microscoop had plaatsgevonden bevonden recalcitrante membraaneiwitten zich in 
aggregaten in de buurt van celmembraan volgens het hierboven beschreven patroon. 
Net zoals cellen met polaire mRNA clusters waren cellen met dergelijke eiwitaggregaten, 
zolang deze zich aan het membraan bevonden, niet in staat om te delen. De celdeling 
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kon pas worden hervat nadat de eiwitaggregaten afgevoerd waren naar de polen, hetgeen 
leidde tot verjonging van de celpopulatie.

Net als de eiwitaggregaten waren de plasmieden die gebruikt werden voor de expressie 
van de betreffende transcripten en eiwitten ook niet aanwezig in de polen. Hetzelfde gold 
voor de voornaamste ribonuclease, RNase Y. De fysieke plek waar transcriptie, mRNA 
degradatie of aggregatie van membraaneiwitten plaatsvindt in de L. lactis cel heeft daarom 
geen directe relatie met de ophoping van mRNA moleculen in de polen. De hoeveelheid 
transcripten per cel, dus de mate van overexpressie, bleek echter wel sterk gecorreleerd 
aan de aanwezigheid van polaire mRNA clusters: hoe meer transcripten van PS1Δ9 
er aanwezig waren in een cel, hoe groter de kans dat die cel ook opgehoopte PS1Δ9-
transcripten bevatte. Hetzelfde kon worden aangetoond voor de mate van inductie van 
DnaK-expressie, wat duidt op stress met betrekking tot eiwitvouwing. 

Om de relatie te onderzoeken tussen de mate van effectieve translatie van heterologe 
membraaneiwitten en de lokalisatie van geaccumuleerde transcripten werden cellen 
behandeld met antibiotica die specifiek de translatie-elongatie van polypeptiden stilleggen. 
Dit had geen effect op de aanwezigheid van polaire mRNA clusters. Het verwijderen van 
het RBS-element in de transcripten van het goed geproduceerde BcaP membraaneiwit had 
echter wel een opmerkelijk effect: dit leidde tot de verschijning van geconcentreerde clusters 
bestaande uit bcaP mRNA. De binding van ribosomen aan transcripten is dus essentieel 
voor hun verspreiding, en het ontstaan van mRNA clusters is naar alle waarschijnlijkheid 
een effect van een gereduceerde translatiecapaciteit. Dit was mede terug te vinden in PS1Δ9-
producerende cellen met fluorescent gelabelde ribosomen. Ribosomen en polaire mRNA 
clusters bleken veelal gesegregeerd voor te komen, wat suggereert dat mRNA in polaire 
clusters niet getranslateerd wordt. De hoeveelheid 70S ribosomen (actieve ribosomen) 
onder deze omstandigheden bleek ook veel lager. Samengenomen impliceert deze data dat 
het gebrek aan translatie van overgeproduceerde heterologe membraaneiwitten resulteert 
in de ophoping van de bijbehorende transcripten in de polen van L. lactis cellen.
 
Ontluikende polypeptiden van membraaneiwitten bevatten hydrofobe domeinen die 
dienen als herkenningspunten voor eiwitten die het translatiecomplex begeleiden 
naar de translocatie machinerie. Om te achterhalen of het N-terminale domein van 
membraaneiwitten invloed kan hebben op de mRNA lokalisatie alsmede de eiwitproductie, 
werden de N-terminale domeinen van BcaP en PS1Δ9 omgewisseld. Dit had inderdaad 
een groot effect of de lokalisatie van de bijbehorende transcripten. Als het N-terminale 
domein van BcaP voorafging aan het PS1Δ9 eiwit lokaliseerden de transcripten langs het 
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membraan. Wanneer het N-terminale gedeelte van PS1Δ9 echter voorafging aan BcaP 
draaide het patroon om en eindigden de transcripten in de polen. Verder onderzoek liet 
zien dat dit om drie redenen niet te maken had met het lange cytoplasmatische domein 
dat zich bevindt in de N-terminus van PS1Δ9. Ten eerste kon PS1Δ9 mRNA na een korte 
inductieperiode nog wel gevonden worden aan het membraan. Ten tweede kwamen 
transcripten van samengestelde membraaneiwitten met nog langere N-terminale, 
cytoplasmatische domeinen niet in de polen terecht, maar co-lokaliseerden zij in plaats 
daarvan met hun geaggregeerde eiwitproducten. Ten derde resulteerde de overexpressie 
van het heterologe SUT1 membraaneiwit, dat geen lang N-terminaal cytoplasmatisch 
domein bezit maar vrijwel direct begint met een transmembraandomein, ook in de polaire 
accumulatie van de bijbehorende mRNA moleculen.

Het vermoeden rees dat in het geval van PS1Δ9 en SUT1 en mogelijk andere recalcitrante 
membraaneiwitten, de vraag naar en het aanbod van codons en overeenkomende 
tRNAs tijdens de translatie niet overeenkomen, wat er voor zorgt dat de zogenaamde 
stringent respons geactiveerd wordt. De stringent respons is een algemeen stress-
geïnduceerd fenomeen in bacteriën dat opkomt zodra ribosomen stil komen te staan op 
een transcript. Het achterliggende moleculaire mechanisme wordt bewerkstelligd door 
het ribosoom-gebonden RelA eiwit dat in tijden van translatiestress de stoffen ppGpp 
en pppGpp produceert. Door de productie van deze ‘alarmonen’ wordt een variëteit aan 
processen beïnvloed, waardoor cellen zich snel kunnen aanpassen aan de afwezigheid van 
aminozuren en andere nutriënten en tevens een minder actieve staat van groei aannemen. 
Dit zorgt bijvoorbeeld in de aan L. lactis verwante bacterie Staphylococcus aureus voor 
inhibitie van de vorming van 70S ribosomen. Deze bevinding komt overeen met onze 
observaties waarin we een reductie zien van 70S ribosomen tijdens de overexpressie 
van recalcitrante membraaneiwitten. Tevens zou de blokkering van translatie van de 
aanwezige en nieuw-geproduceerde transcripten betekenen dat er geen nieuwe ribosomen 
binden, net zoals dat het geval is met de RBS-loze transcripten, die ook ophopen in 
geconcentreerde clusters. Het is bekend dat tijdens de stringent respons zowel de groei 
als de transcriptie van een groot aantal genen stilgelegd wordt. Kortom, veel van de 
vondsten die gedaan zijn tijdens dit promotieonderzoek duiden op de betrokkenheid van 
de stringent respons. Uit vervolgonderzoek moet blijken of dit inderdaad een verklaring 
kan zijn voor de vorming van polaire mRNA clusters tijdens de productie van recalcitrante 
eiwitten in L. lactis. Daarnaast kan de correcte insertie van een membraaneiwit in het 
gedrang komen wanneer een groot cytoplasmatisch domein aanwezig is in de N-terminus 
van een willekeurig membraaneiwit. Gebaseerd op deze observaties wordt verondersteld 
dat een aantal optimalisatiestrategieën, al dan niet gecombineerd, toegepast kunnen 
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worden om de uiteindelijke productie van nu nog recalcitrante membraaneiwitten in L. 
lactis te verhogen. 

Strategieën voor de optimalisatie van de membraaneiwitproductie

Hoewel vele opties kunnen worden uitgesloten, is het niet gelukt om met de uitgevoerde 
studies een directe oorzaak voor de vorming van polaire mRNA clusters aan te wijzen. Wel 
is het duidelijk geworden dat L. lactis maar marginaal in staat is gebleken om eiwitten met 
lange N-terminale domeinen die zich in het cytoplasma bevinden volledig te inserteren in 
het membraan. Men doet er daarom verstandig aan om dit soort domeinen uit heterologe 
membraaneiwitten te verwijderen alvorens deze tot expressie te brengen in L. lactis. 
Het alternatief is om een gedeelte van een goed geproduceerd eiwit te gebruiken om het 
heterologe membraaneiwit naar en in het membraan te laten begeleiden, zoals aangetoond 
voor het BcaP-PS1Δ9 fusie-eiwit.

Gebaseerd op de studies beschreven in dit proefschrift, en zoals hierboven uiteen is gezet, is 
het vermoeden hoog dat tijdens de productie van heterologe membraaneiwitten een tekort 
aan bepaalde tRNA moleculen ontstaat. Dit is een veelvoorkomend probleem wanneer 
eiwitten afkomstig van een eukaryote cel tot expressie worden gebracht in bacteriële 
cellen. Tegenwoordig is er een ruim aanbod aan geautomatiseerde codon-optimalisatie 
strategieën die specifiek de codonvoorkeur van de expressie-host meenemen en de DNA 
sequentie coderend voor het heterologe eiwit aanpassen. Het DNA van het aangepaste 
gen kan daarna gesynthetiseerd en gebruikt worden voor (over)expressie. Deze methode 
heeft al vele vruchten afgeworpen voor eiwitproductie in E. coli en is tegenwoordig ook 
beschikbaar voor L. lactis (A. Solopova; persoonlijke communicatie).
 
In de bovengenoemde optimalisatiestrategieën moet elk recalcitrant membraaneiwit 
apart aangepast worden, wat een omvangrijke klus kan zijn. Idealiter wordt de gebruikte 
expressie-host aangepast. Als er eenmaal een (bacteriële) stam is gemaakt deze in het 
algemeen beter is in het produceren van heterologe membraaneiwitten, kan die gebruikt 
worden voor de productie van uiteenlopende eiwitten zonder dat de genen voor deze 
eiwitten elk apart hoeven te worden gemodificeerd. Het alternatief is om een gedeelte van 
een gen dat codeert voor een goed geproduceerd eiwit in de expressiecassette in te bouwen, 
zodat deze “leaderpeptide” het chimere heterologe eiwit naar en in het membraan kan 
begeleiden. In dit proefschrift is de haalbaarheid en effectiviteit hiervan aangetoond voor 
de BcaP-PS1Δ9 eiwitfusie.
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Een beproefde manier om bacteriële productie van membraaneiwitten te realiseren 
is het verlagen van de inductie van genexpressie. Hierdoor hebben de cellen naar alle 
waarschijnlijkheid relatief meer tijd hebben voor de biosynthese van membraaneiwitten 
en de bijbehorende kwaliteitscontrole. Een reductie van de inductiesterkte zou de vorming 
van mRNA clusters moeten kunnen voorkomen. Toen we dit principe testte met het NICE 
systeem bleek een inductiesterkte waarbij polaire mRNA clusters niet aanwezig waren 
echter te zwak om de gehele celpopulatie te activeren. Sterker nog, het gebruik van een 
inducer concentratie die optimaal zou zijn voor PS1Δ9-expressie bleek maar een kleine 
fractie van cellen te activeren. Dit resulteerde in een nog lagere membraaneiwitproductie 
dan in principe haalbaar zou moeten zijn als de hele populatie gelijkmatig geïnduceerd 
was geweest. Een punt van verbetering ligt dus in een aanpassing van het NICE systeem 
zodat deze een gelijkmatige doch verlaagde inductie bewerkstelligd. Dit kan bijvoorbeeld 
gerealiseerd worden door de expressiecassette (de promotor gevolgd door het recombinante 
gen) te verplaatsen van de gebruikte plasmieden (die in veelvoud voorkomen in de cel) 
naar het chromosoom van L. lactis. Op deze manier kan een nisine concentratie gebruikt 
worden waarvan bekend is dat die voldoende is om de hele populatie te induceren, maar 
tegelijkertijd een lagere expressie bewerkstelligd omdat het gen nog maar in enkelvoud 
aanwezig is. 

Het is al vrij lang bekend dat de codonvoorkeur uiteen kan lopen tussen verschillende 
organismen en dat dit effect heeft op de recombinante expressie van eiwitten. Daarom 
zijn er E. coli stammen ontwikkeld die een aantal extra tRNA-genen dragen. Deze extra 
tRNAs komen overeen met die tRNAs die normaliter schaars zijn in de originele E. coli 
productiestammen. Eenzelfde modificatie zou toegepast kunnen worden in L. lactis, zodat 
het tekort aan geladen tRNAs in elk geval geen obstakel meer kan vormen tijdens de 
productie van heterologe membraaneiwitten. Deze strategie kan gecombineerd worden 
met een reeds gemodificeerde stam waarmee verbetering van membraaneiwitproductie 
kan worden gerealiseerd. Hierbij valt te denken aan een stam waarin het mechanisme 
voor het opvangen van membraan-gerelateerde stress reeds is geactiveerd zodat een 
extra hoeveelheid eiwitten die assisteren bij membraaninsertie en kwaliteitscontrole van 
membraaneiwitten aanwezig is. 
 
Tot slot

In de afgelopen jaren is er veel vooruitgang geboekt met betrekking tot de recombinante 
expressie van eukaryote membraaneiwitten in verwante cellijnen zoals insectencellen.



Desalniettemin blijven E. coli- en L. lactis-cellen degelijke alternatieven, vooral omdat deze 
bacteriën op een goedkope en makkelijke manier te groeien, te hanteren en te modificeren 
zijn. Er is in vergelijking met E. coli relatief weinig onderzoek gewijd aan de optimalisatie 
van recombinante productie van membraaneiwitten in L. lactis. Het is daarom de moeite 
meer dan waard om optimalisatiestrategiën die reeds toegepast zijn in E. coli over te 
brengen en te testen in L. lactis. In dit promotieonderzoek werd aangetoond dat er een 
aantal obstakels zijn gedurende de productie van recalcitrante membraaneiwitten in L. 
lactis die in voorgaande onderzoeken buiten zicht zijn gebleven. Het bestuderen van 
afzonderlijke cellen en fluorescent gelabelde transcripten en eiwitten met behulp van 
fluorescentie microscopie heeft ons hierin voornamelijk verder geholpen. De beschreven 
observaties zouden onbelicht zijn gebleven als er slechts biochemische analyses waren 
gedaan op de complete celpopulaties zoals bij transcriptomics en proteomics studies 
gebeurd. De data die gepresenteerd wordt in dit proefschrift geeft nieuw inzichten op hoe 
de expressie van membraaneiwitten in L. lactis beïnvloed wordt op een subcellulair niveau 
en biedt empirisch-gedefinieerde richtlijnen met betrekking tot mogelijk succesvolle 
optimalisatiestrategieën. Verder kunnen de ontwikkelde visualisatietechnieken in de 
toekomst gebruikt worden om bekende obstakels tijdens eiwitproductie in L. lactis 
(en mogelijk andere cellijnen) te bestuderen en nog onbekende tekortkomingen te 
identificeren.
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Dankwoord
Als beginnende promovendus ben je zo onwetend over wat de nabije toekomst je gaat 
brengen. Het motto “alles gaat zoals het gaat ” staat nog hoog in het vaandel. Net zoals het 
voornemen dat jij vast niet één van die mensen bent die met moeite en pas na een lange 
periode de eindstreep bereikt. Ook ik begon met deze overtuigingen, maar daar heb ik 
mezelf flink mee te grazen genomen. Tweeëneenhalf jaar in het project was ik nog steeds 
bezig met ontwikkelen van de methodes om mRNA te visualiseren in Lactococcus lactis. 
Hoe zou ik ooit aan publiceerbare data komen? En was het pad dat ik genomen had en 
waar ik al zoveel uren lab- en denk-werk in had gestoken, niet bij voorbaat de verkeerde 
geweest? Pas na zes jaar durfde ik haperend te zeggen dat mijn proefschrift haar finale 
vorm had bereikt. Daarom begin ik mijn dankwoord met een onconventionele uiting. Ten 
eerste wil ik mezelf bedanken voor het doorzettingsvermogen.
 
Beste Jan. Wat je niet weet is dat jij de persoon bent geweest die mijn interesse voor 
moleculaire biologie heeft aangewakkerd. Tijdens een biologie-oriëntatie-dag slenterde 
ik als dromende 17-jarige door het Biologisch Centrum alwaar ik voor het eerst een echt 
laboratorium binnenliep. Daarbinnen trof ik een olijke professor die vol enthousiasme 
vertelde over hoe de toen voor mij nog infameuze Lactococcus bacterie en haar proteases 
bijdroegen aan de smaakontwikkeling van kaas. Blijkbaar had de combinatie Kok/
coc meer effect op mij dan ik deed vermoeden. Na een omzwerving van een jaar op de 
kunstacademie besloot ik mij toch aan te sluiten bij de club van Groninger biologen om 
uiteindelijk mijn eerste masterstage tot uitvoering te brengen bij Moleculaire Genetica, 
waar ik nadien een terugkerende klant werd. Nooit had ik tijdens dat eerste bezoek gedacht 
dat ik meer dan zes jaar van mijn leven zou wijden aan een zuivelbacterie. Alhoewel, 
groot geworden op Yogho!Yogho! zou ik misschien best interesse hebben gehad in de 
ontwikkeling van smaken in zuivelproducten. Maar in plaats daarvan belde je me in de 
herfst van 2010 dat er een NWO beurs was binnengesleept waarin drie AIOs nauw zouden 
gaan samenwerken om belemmeringen tijdens de productie van membraaneiwitten in L. 
lactis bloot te leggen, en dat je mij graag zou willen hebben om één van die plekken op te 
vullen. Bedankt voor dat telefoontje! Ik heb een gouden periode gehad tijdens de eerste 



vier jaar van mijn promotietraject en ben nooit met tegenzin naar Zernike gefietst. Wat 
een fijne omgeving is MolGen voor mij geweest, met de beste collega’s en voorzieningen 
die ik me maar kon wensen. Vrolijk heb ik er op los gepipetteerd en gemicroscopeerd, 
waarna ik soms stuiterend je kantoor binnenliep om te vertellen wat ik nu weer dacht 
te hebben ontdekt. Om er de volgende week toch weer op terug te komen omdat ik het 
experiment op de één of andere manier niet kon herhalen. Toch heb je altijd bijzonder 
veel vertrouwen in me gehouden en dat altijd duidelijk geuit. Dat mijn ideeën vaak als 
wispelturige en willekeurige scheuten uit de grond schoten nam je op de koop toe, de 
juiste wist je eruit te filteren. Je hebt me geleerd altijd kritisch te blijven en je vondsten 
waterdicht af te timmeren. Je hebt me alle vrijheid gegeven om de kant op te gaan die mijn 
meeste interesse wekte, al moet ik toegeven dat dat hoogstwaarschijnlijk niet de snelste 
en meest efficiënte weg was naar succes. Daar kwamen we beiden achter naarmate het 
einde van mijn contract naderde en het geen-vuiltje-aan-de-lucht tij keerde en ik dacht 
dat er nooit een publicatie uit mijn harde werk zou komen. Desalniettemin heb ik door 
de vrijheid die je me gegeven hebt geleerd hoe ik zelfstandig waardevol onderzoek moet 
bedrijven en de juiste vragen moet stellen. Ik weet nu dat ik mijn brede interesse soms 
moet onderdrukken en met meer geduld en precisie moet focussen op het afronden van 
projecten in plaats van steeds nieuwe te starten. Met als showcase, voornamelijk dankzij 
jouw eindeloze bijdrage, dit proefschrift. 

Bert en Antoine, jullie zijn de twee personen die me het meest geïnspireerd en geprikkeld 
hebben op wetenschappelijk gebied tijdens onze vele werkbesprekingen. Daar waar 
ik weleens mijn enthousiasme verloor benadrukten jullie de eventuele impact van het 
onderzoek. Jullie inzichten en onderzoeksaanpak zijn van cruciaal belang geweest voor 
het realiseren van dit proefschrift, mijn dank en waardering is daarom groot. The same 
goes for Andrew: You’ve greatly inspired and motivated me during my research. Many, 
many thanks for the great ideas and for helping and teaching me, among other things, to 
deal with image analyses. 
 
Oscar en Jan Willem, jullie zijn helden in zowel het oppikken van fantastische en intelligente 
mensen als het leveren van een hoogwaardige bijdrage aan de wetenschappelijke 
gemeenschap. Ik heb me vereerd gevoeld om met jullie op de achtergrond mijn onderzoek 
te mogen doen. Bedankt voor de vriendelijke sfeer en wederzijdse waardering. Oscar, ik 
heb genoten van de sporadische gemeenschappelijke uitjes naar symposia en congressen. 
Jan Willem, bedankt voor het verklappen van mijn vele slides door de juiste vragen op 
het juiste moment te stellen. Zoals altijd: Spot on! Dat beetje extra succes in je razende 
wetenschappelijke carrière wat ik je nu ga toewensen heb je eigenlijk helemaal niet nodig, 
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maar toch, bij deze. 

Het lijkt me duidelijk dat MolGen niet zo soepel kan draaien zonder de krachten van het 
volgende karakteristieke kwartet: Anne, Anne, Siger en Harma. Ook voor mij hebben jullie 
veel betekend, zowel tijdens mijn master als mijn gehele promotietraject. Anne Hesseling, 
naast dat je me veel werk uit handen hebt genomen was het fijn om zo nu en dan even te 
kletsen over missende mannen.
  
The first new people I met when I started to work as a PhD were my office mates Manolo 
and Dongdong. The many talks and fun we had provided an essential distraction, including 
the awesome vacation in Spain. I will never forget you guys. Angel, even though you met 
me in the heat of the moment and in great distress, we teamed up and got along super well! 
Your relaxed attitude calmed me down and I truly appreciate you as a person. For all three 
of you, I wish you all the best in your future career and personal life. 

To all my favourite MolGen’ers and MolGen’exers, you’ve been an absolute blast. I could 
tell you that you yourselves are an interesting and invaluable bunch of organisms to study 
and to get to know. There are so many people I have come to see as lifelong friends. We’ve 
all had our ups, we’ve all had our downs, but we have kept the work spirit and joy of life at 
an all-time high with which we supported each other in many ways! To all of you: You’ve 
been an invaluable asset during my time at MolGen. A tough time is that researchers come 
and go. You welcome new people in your life every year, but you also have to say goodbye 
to so many lovely people that I would have loved to be surrounded with for a longer period 
of time. Special thanks to my students and all the people that gave me advice, help and 
laughter!

Jelle en Sjoerd, jullie zijn niet voor niets mijn paranimfen. Beiden solid as a rock, 
rasvoorbeelden van Friese nuchterheid en tegenwoordig fantastische vaders. Ik hoop dat 
die kleine koters van jullie net zulke fantastische personen als jullie worden, dan kan er 
niets meer misgaan.
 
Mijn vrienden, in het bijzonder Brenda, Wendel, Lilly en Maria, zijn me onwaarschijnlijk 
dierbaar. 

Papa en Mama, jullie zijn altijd mijn steun en toeverlaat gebleven. Bedankt dat jullie altijd 
achter me, klaar voor me, aan mijn zijde, maar nooit op me hebben gestaan. Jullie zijn het 
meest fantastische stel dat ik ken. Ik hoop dat ik nog vele jaren van jullie gezelschap mag 
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genieten. Marit, je bent een lieve schat en onvoorstelbaar intelligent. Jij de alfa, ik de beta. 
Hebben ze goed verdeeld, die ouwelui van ons.
 
Simon, toen je besloot om naar de VS te vertrekken leek me dat een fantastische kans 
voor ons beiden. Toen je eenmaal weg was, was het wel even doorbijten voor me, maar 
ik geloof dat we die tijd dubbel en dwars aan het inhalen zijn. Bedankt dat je mijn maatje 
bent en altijd geduldig en liefdevol klaar voor me bent blijven staan. Ik hou van je! 
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