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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 



18

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.



21

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.



37


	Chapter 1



