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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 



217

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 



219

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. 



225

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.
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