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Abstract

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

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

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

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

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

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

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

Results and Discussion

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Consequences of the NICE dose response on MP expression 

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

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

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

                                                                                          (equation 5.1)

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

                                    (equation 5.2)

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

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

                                                                                                    (equation 5.3)

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

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

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

Conclusion

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

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

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

Methods 

Bacterial strains, media and culture conditions 

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

Recombinant DNA techniques and oligonucleotides

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

Construction of pNZ8048-based plasmids to express chimeric proteins

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

Protein analysis, Western blotting and immunodetection

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

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

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

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

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

Fluorescence microscopy and data analysis

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

Fluorescence measurements using a plate reader

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

Data analysis 

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

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

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

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

Score

A B mRNA Stress Protein

BcaP 1 1 0.9 0.2 1

PS1Δ9 0 0 0.3 1 0.32

BcaPN-PS1Δ9 0.3 1 0.7 0.5 0.52

PS1Δ9N-BcaP 0.8 0 0.3 1 0.84

Linear regression A

 Slope ± S.E. R2 F1,2 P

mRNA 0.37 ± 0.41 0.22 0.58 0.5263

Stress -0.34 ± 0.52 0.18 0.44 0.5761

Protein** 0.67 ± 0.02 0.99 1641 0.0006

Linear regression B

 Slope ± S.E. R2 F1,2 P

mRNA* 0.50 ± 0.10 0.93 25.00 0.0377

Stress* -0.65 ± 0.15 0.90 18.78 0.0493

Protein 0.18 ± 0.35 0.11 0.26 0.6613

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

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

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

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

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

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

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

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

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

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

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

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

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

Table S3. Oligonucleotides. 

Oligonucleotide Sequence (5' → 3')
pLVG054 AGCGGGATCTGGUGGAGAAGCTGAAGCTAAAGGATTGTCAGAACTTATCAAGGAAA

pLVG068 AGGCACTCACCAUGTCAGAACTTATCAAGGAAAATATG

pLVG069 ACCCATGGCTCCUTTAGCTTCAGCTTCTCCACCAGATCCCGCACGGTGTCCCAATTTACTAG

pLVG070 AGGAGCCATGGGUACTGCAGGCATGC

pLVG071 ATGGTGAGTGCCUCCTTATAATTT

pLVG094 AAGCGTCACGGUGTCCCAATTTACTAG

pLVG095 ACCGTGACGCTUGGTCACATCCTCAATTTGAAAAAT

pLVG096 ACCAGATCCCGCUTTCTTTTTGCGACGATTTCC

pLVG139B AGTGCCTCCTUATAATTTATTTTGTAGTTCCTTCGAACG

pLVG140 AAGGAGGCACUCACCATGGG

pLVG141 ACATTTCCCTGUATTTATACAGAACCACC

pLVG142B ACAGGGAAATGUCAACAGTAATGCCCTTTGC

pLVG143 ATAGCAAGCAUAAGCCAAGGCCAC

pLVG144 ATGCTTGCTAUAAGGTCATCCATGC

pLVG144B ATGCTTGCTAUAAGGTCATCCATGCCTGG

pLVG149 AGAGGAGAATTUGTATTTTCAGGGTGGTGGATTTGCTACAGAG

pLVG178 CTGGTGGGGGCGAGAATTTGTATTTTCAGGGTG

pLVG179 ATCCAGCATAAGCCAAGGCC



173


	Chapter 5



