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Abstract
Escherichia coli is the most widely used host for producing membrane proteins. Thus far, to study
the consequences of membrane protein overexpression in E. coli we have focussed on prokaryotic
membrane proteins as overexpression targets. Their overexpression results in the saturation of the
Sec-translocon, which is a protein conducting channel in the cytoplasmic membrane that mediates
both protein translocation and insertion. Saturation of the Sec-translocon leads to -i- protein
misfolding/ aggregation in the cytoplasm, -ii- impaired respiration, and -iii- activation of the Arc
response, which leads to inefficient ATP production and the formation of acetate. The
overexpression yields of eukaryotic membrane proteins in E. coli are usually much lower than
those of prokaryotic ones. This may be due to differences between the consequences of the
overexpression of pro- and eukaryotic membrane proteins in E. coli. Therefore, we have now also
studied in detail how the overexpression of a eukaryotic membrane protein, the human KDEL
receptor, affects E. coli. Surprisingly, the consequences of the overexpression of a pro- and a
eukaryotic membrane protein are very similar. Strain engineering and likely also protein
engineering can be used to remedy the saturation of the Sec-translocon upon the overexpression of
both pro- and eukaryotic membrane proteins in E. coli.
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Introduction
Overexpression of membrane proteins is often essential for structural and functional
studies1. The bacterium Escherichia coli is the most widely used host for the overexpression
of membrane proteins2,3,4. Unfortunately, in E. coli both yields and quality of especially
eukaryotic membrane proteins are often insufficient for structural and functional studies.
Recently, we have started with the identification of the bottlenecks hampering the
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overexpression of membrane proteins in E. coli5,6. Their identification may help to design
strategies to improve membrane protein overexpression yields in E. coli.

Using a proteomics approach, we have studied the consequences of the overexpression of
prokaryotic membrane proteins in the widely used protein production strain
BL21(DE3)pLysS5. In this strain overexpression is driven by the T7 RNA polymerase7. The
expression of this polymerase is controlled by the isopropyl-β-D-thiogalactopyranoside
(IPTG) inducible lacUV5 promoter, which is a more powerful variant of the wild-type lac
promoter7. In BL21(DE3)pLysS T7 lysozyme, a natural inhibitor of the T7 RNA
polymerase, is expressed under non-inducing conditions from the pLysS plasmid8. The T7
lysozyme inhibits background activity of T7 RNA polymerase due to leaky expression.
Overexpression of prokaryotic membrane proteins in BL21(DE3)pLysS results in saturation
of the cytoplasmic membrane protein translocation machinery, the Sec-translocon5,6. This
protein conducting channel is situated in the cytoplasmic membrane and mediates both the
insertion of membrane proteins into and the translocation of proteins across the membrane9.
Insufficient capacity of the Sec-translocon leads to -i- a heat shock response and the
accumulation of cytoplasmic aggregates containing a variety of different proteins including
the target protein, -ii- a strong reduction in respiratory capacity leading to decreased oxygen
consumption rates, and -iii- the activation of the Arc two-component system, which
mediates adaptive responses to changing respiratory states10. The Arc-response induces the
acetate-phosphotransacetylase pathway for ATP production and down-regulates components
of the tricarboxylic acid cycle. As a consequence, cells generate ATP very inefficiently and
produce acetate. The production of acetate leads to acidification of the culture medium.

To complement the studies on the overexpression of prokaryotic membrane proteins in
BL21(DE3)pLysS, we have studied the consequences of their overexpression in the E. coli
strains C41(DE3) and C43(DE3)6. These two strains are derived from BL21(DE3) and were
selected for their improved (membrane) protein overexpression characteristics11. In
C41(DE3) and C43(DE3) the lacUV5 promoter mutated back to the less powerful wild-type
lac promoter6. This promoter reversion in C41(DE3) and C43(DE3) is the key to their for
many membrane proteins improved overexpression characteristics6. It results in much lower
amounts of T7 RNA polymerase upon IPTG induction6. Subsequent slower transciption/
translation rates of the target membrane protein ensure that the Sec-translocon has a higher
capacity to integrate the overexpressed proteins in the cytoplasmic membrane6.

It has been shown that in E. coli the biogenesis of a set of heterologous membrane proteins
is, just like that of most native membrane proteins, mediated by the signal recognition
particle (SRP)/ Sec-translocon/ YidC pathway12. However, the yields of eukaryotic
membrane proteins in E. coli are usually much lower than those of prokaryotic membrane
proteins1,6,13. This may be due to different consequences of the overexpression of pro- and
eukaryotic membrane proteins in E. coli. Recently, we compared the cytoplasmic membrane
proteomes of E. coli strains BL21(DE3)pLysS, C41(DE3) and C43(DE3) overexpressing the
human KDEL receptor (hKDEL) fused to Green Fluorescent Protein (GFP) by 2D BN/
SDS-PAGE14. To our surprise no effects on the cytoplasmic membrane proteome were
identified that were different from the ones caused by prokaryotic membrane protein
overexpression5,6,14. Therefore, to follow up on this unexpected observation we now also
analysed total cell lysates of cells overexpressing hKDEL-GFP and control cells using 2D
gel electrophoresis. The 2D gel electrophoresis analysis of whole cell lysates was
complemented with immuno-blotting, enzymatic activity assays and aggregate isolations.
Our analysis showed that the consequences of the overexpression of a pro- and a eukaryotic
membrane protein in E. coli are very similar. Strategies to improve overexpression yields of
membrane proteins in E. coli are discussed.
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Results
Characterization of E. coli cells overexpressing the human KDEL receptor

Thus far, to study the consequences of membrane protein overexpression in E. coli we have
focussed on prokaryotic membrane proteins as overexpression targets5,6. Yields of
eukaryotic membrane proteins in E. coli are usually much lower than those of prokaryotic
ones. This may be due to differences between the consequences of the overexpression of
pro- and eukaryotic membrane proteins. Therefore, we decided to also study the
consequences of the overexpression of a eukaryotic membrane protein in E. coli in detail. In
this study hKDEL served as model eukaryotic membrane protein. hKDEL is involved in
protein trafficking in the endoplasmic reticulum15. According to topology predictions it
consists of seven transmembrane segments connected by short loops and it has an Nout – Cin
topology

Consistent with our previous studies, hKDEL was expressed from a pET28a+-derived vector
as a C-terminal GFP fusion13,16,17. No signal sequence was engineered to the N-terminus of
hKDEL since it has only a very short N-terminal domain that has to be translocated across
the cytoplasmic membrane (four amino acids according to TOPCON consensus prediction
service, topcon.cbr.su.se). The GFP-moiety greatly facilitates monitoring expression yields
in the cytoplasmic membrane13,17. Notably, GFP fluorescence can be used to monitor the
integration of a membrane protein-GFP fusion into the membrane, however, it does not
provide any information about the folding state of the in the membrane integrated protein
(see e.g., 18). hKDEL-GFP was expressed in the E. coli strains BL21(DE3)pLysS,
C41(DE3) and C43(DE3). The expression conditions used were similar to the ones
described in our previous studies (see “Material and Methods”)5,6,16. As shown by a
combination of whole cell and in-gel fluorescence measurements, hKDEL-GFP could be
expressed as the full-length fusion in all three strains (Figure 1B, C). Due to their
hydrophobicity membrane proteins usually migrate faster than expected in 1D SDS-
PAGE19,20. Indeed, as observed before hKDEL-GFP runs at a position of approximately 37
kDa, rather than at its expected molecular weight of 52.4 kDa (hKDEL: 24.5 kDa, GFP:
26.9 kDa and connecting linker: 1 kDa)17,13. Not surprisingly, hKDEL overexpression
yields in C41(DE3) and C43(DE3) were higher than in BL21(DE3)pLysS. With flow
cytometry it was shown that the cultures overexpressing hKDEL-GFP and the controls
consisted of homogenous populations of cells (Figure 1D). Based upon whole cell
fluorescence and using purified GFP as a standard we calculated that BL21(DE3)pLysS,
C41(DE3) and C43(DE3) express approximately 55, 100 and 85 hKDEL-GFP molecules per
cell, respectively13. These yields are considerably lower than the ones of most prokaryotic
membrane proteins6,13.

In all the above described experiments hKDEL was expressed from a cDNA based clone.
Since in this set-up codon usage/ gene design may hamper hKDEL expression, we also
expressed hKDEL from a for E. coli based expression optimised synthetic gene
(Supplementary figure 1). However, the optimised hKDEL gene did not lead to improved
overexpression yields (results not shown). This is in line with attempts to improve
overexpression of hKDEL in the bacterium Lactococcus lactis through gene optimization.
Actually, in L. lactis gene optimization led to four times lower yields as compared to the
cDNA based overexpression of hKDEL21. Therefore, we continued in our studies with the
original cDNA-based hKDEL-GFP overexpression plasmid.

Consequences of the overexpression of hKDEL-GFP in E. coli
As mentioned above cultures of BL21(DE3)pLysS, C41(DE3) and C43(DE3)
overexpressing hKDEL-GFP and controls consisted of homogenous populations of cells.
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This is a prerequisite for a proteomics analysis. Recently, when we compared the
cytoplasmic membrane proteomes of E. coli strains BL21(DE3)pLysS, C41(DE3) and
C43(DE3) overexpressing hKDEL-GFP by 2D BN/ SDS-PAGE no effects on the
cytoplasmic membrane proteome were identified that were different from the ones caused
by prokaryotic membrane protein overexpression (Supplementary figure 2, Supplementary
table 1)5,6,14. For the sake of clarity it should be mentioned that in reference 14 the treatment
in the statistical analysis of cytoplasmic membrane proteomes from E. coli corresponds to
hKDEL-GFP overexpression14. To further study the consequences of the overexpression of
hKDEL-GFP in the three strains, we now analysed total cell lysates of cells overexpressing
hKDEL-GFP and control cells using 2D gel electrophoresis.

Analysis of cells overexpressing hKDEL-GFP by 2D gel electrophoresis, immuno-blotting
and enzymatic activity assays

Total proteomes of cells overexpressing hKDEL-GFP and control cells were compared by
image analysis of 2D gels (Figure 2A, Supplementary figure 3, Supplementary table 2). As a
first dimension denaturing immobilised pH gradient (IPG) strips (pH 4–7) were run and the
second dimension was Tris-Tricine SDS-PAGE. Each gel set consisted of four biological
replicates. Gels were stained with colloidal Coomassie, scanned and images were
subsequently analysed and compared using the PDQuest software (Bio-Rad). Subsequent
statistical analysis of the 2D gels was done by ANOVA as described previously
(Supplementary figure 3, Supplementary table 2)6,14. The 2D gel analysis of the whole cell
lysates was complemented with immuno-blotting and enzymatic activity assays.

The analysis of the 2D gels showed that overexpression of hKDEL-GFP in E. coli leads -
just like the overexpression of a human G protein-coupled receptor22 - to the induction of
the heat shock response, which is exemplified by increased levels of chaperones like GroEL,
DnaK, ClpB and IbpA/ B (Supplementary table 2, Figure 2A shows zooms of spots
representing GroEL and DnaK). The increased levels of DnaK and IbpA/ B were confirmed
by immuno-blotting (Figure 2B). Induction of the heat shock response points to a protein
misfolding/ aggregation problem in the cytoplasm23. Furthermore, levels of many secreted
proteins, like Agp, CpdB, UgpB, MelA, TreA and ArgT (Supplementary table 2, Figure 2A
shows a zoom of the spot representing ArgT), were decreased upon hKDEL-GFP
overexpression. By means of immuno-blotting it was shown that the levels of the secreted
form of the periplasmic proteins DegP and Skp, which both were not detected in the 2D
gels, were also lowered upon hKDEL-GFP overexpression (Figure 2B). These observations
indicate that the Sec-translocon mediated translocation of secretory proteins across the
cytoplasmic membrane is impaired upon hKDEL-GFP overexpression.

In addition, the analysis of whole cell lysates showed that levels of enzymes of the citrate
cycle (PfkB, FumC and Mdh) were down and levels of enzymes involved in the “payoff
phase” of glycolysis (GapA and Pgk) and the acetate kinase pathway (AckA) were up upon
the overexpression of hKDEL-GFP (Supplementary table 2, Figure 2A shows zooms of
spots representing FumC and Pgk). This observation indicates that the Arc response is
activated upon hKDEL-GFP expression10. The Arc response is activated when the quinol/
quinone (Q)-pool in the cytoplasmic membrane, which mediates the transfer of electrons
from the NADH dehydrogenases/succinate dehydrogenase to the cytochrome bd/ bo3
oxidases, is in a mostly reduced state10. When the capacity of the respiratory chain is
impaired, the Q-pool will become reduced. Overexpression of hKDEL-GFP leads to
strongly lowered oxygen consumption rates in whole cells (Figure 2C), indicating that the
capacity of the respiratory chain is indeed impaired upon hKDEL-GFP overexpression.
Activation of the Arc response will lead to production of acetate via the acetate-pta pathway
resulting in the acidification of the medium24. Indeed, hKDEL-GFP overexpression leads to
acidification of the culture medium (Figure 2D).
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Finally, by immuno-blotting it was shown that the phage shock protein A (PspA) response is
induced upon hKDEL-GFP overexpression (Figure 2B). This observation indicates that
hKDEL-GFP overexpression leads to cell envelope stress, which is corroborated by the
lowered oxygen consumption rates in whole cells.

hKDEL-GFP overexpression leads to the formation of cytoplasmic aggregates
The heat shock response in cells overexpressing hKDEL-GFP pointed to a protein folding/
aggregation problem in the cytoplasm. Indeed, using a Nonidet P-40-based purification
protocol aggregates could be isolated from cells of all three strains when overexpressing
hKDEL-GFP (Figure 3). This is in keeping with the presence of also IbpA/ B in these cells
(Figure 2B). The aggregates in BL21(DE3)pLysS, C41(DE3) and C43(DE3) made up
around 0.8%, 0.6% and 0.15% of the total cellular protein, respectively. It is tempting to
speculate that mistargeted hKDEL-GFP and/ or degradation products thereof titrate
chaperones thereby reducing their availability. This will cause misfolding/ aggregation of
chaperone substrates in the cytoplasm. Compared to previous observations, where
overexpression of prokaryotic membrane protein-GFP fusions led to aggregation of 0.8 – 1.6
% of the total protein5, the values for hKDEL-GFP overexpression are only slightly lower.

Poolman and co-workers have shown that when the levels of a membrane protein GFP
fusion in the cytoplasm are sufficiently high a double band appears in immuno-blotting
experiments with an antibody against GFP; with the non-fluorescent species running higher
in the gel than the membrane integrated fluorescent species25. However, immuno-blotting
using an antibody against GFP did not reveal any evidence for the presence of non-
membrane integrated species and/ or degradation products of the fusion protein
(Supplementary figure 4).

Taken together, the consequences of the overexpression of hKDEL in the E. coli strains
BL21(DE3)pLysS, C41(DE3) and C43(DE3) are similar to those of the overexpression of
prokaryotic membrane proteins in these strains.

Oligomeric state of the overexpressed hKDEL-GFP
In colloidal Coomassie stained 2D BN/ SDS gels with cytoplasmic membranes from cells
overexpressing prokaryotic membrane proteins these proteins could easily be detected5,6.
However, hKDEL-GFP could not be visualised by colloidal Coomassie staining (Figure 4A,
Supplementary table 1). Therefore, to detect hKDEL-GFP in 2D BN/ SDS gels we used in-
gel fluorescence, which is many times more sensitive (Figure 4B)13,26. Indeed, in the second
dimension SDS gel at the expected molecular weight of 37 kDa three fluorescent spots of
different intensities appeared (Figure 4B). In the 1st dimension BN gel most of the
overexpressed hKDEL-GFP runs as a complex with a mass of 66 kDa. This complex most
likely represents a monomer binding Coomassie dye and/ or detergent (Figure 4B). Two
additional sub-complexes, one with a native mass of 100 kDa and the other with a native
mass of 160 kDa, contained the fusion protein. These complexes may very well represent
either hKDEL-GFP dimers/ multimers or a complex of hKDEL-GFP with proteins involved
in its biogenesis/ degradation.

Discussion
We have studied the consequences of the overexpression of a human membrane protein,
hKDEL, C-terminally fused to GFP in the widely used E. coli protein production strains
BL21(DE3)pLysS, C41(DE3) and C43(DE3). In all three strains the overexpression of
hKDEL-GFP led to -i- a heat shock response and accumulation of cytoplasmic aggregates, -
ii- decreased oxygen consumption rates due to a reduction in respiratory capacity, and -iii-
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the activation of the Arc response, which induces the acetate-phosphotransacetylase pathway
for ATP production and down-regulates components of the tricarboxylic acid cycle. Thus,
the consequences of the overexpression of hKDEL-GFP are very similar to the
consequences of the overexpression of a prokaryotic membrane protein5,6. In spite of much
lower yields as compared to the ones of the prokaryotic targets used in aforementioned
studies also the overexpression of hKDEL-GFP leads to the saturation of the Sec-translocon.
How can these seemingly contradictory observations be explained?

Recently, it was suggested that in spite of the homology between Sec-translocons of
different origins there may be subtle but critical differences between them27. For instance,
residues that are critical for the functioning of the yeast Sec-translocon are not conserved in
all bacterial Sec-translocons, including the one from E. coli. It has been speculated that such
differences could affect the efficient recognition and processing of a heterologous membrane
protein by a Sec-translocon, thereby hampering its expression27. In this respect it should be
mentioned that for some polytopic membrane proteins it has been shown that upon release
of their transmembrane segments from the protein conducting channel of the Sec-translocon
they - for at least some time - remain intimately and specifically associated with components
of the Sec-translocon and in E. coli also with the auxiliary Sec-translocon component
YidC28,29,30. It has been suggested that this sequential triage is required for the proper
folding of a polytopic membrane protein as a whole. Thus, although the Sec-translocon and
YidC in E. coli may be able to assist the biogenesis of a heterologous membrane protein,
they may not optimally be suited for it. As a consequence, hKDEL-GFP may interact longer
than a native membrane protein with them, thereby saturating their capacity. This would
explain why in spite of much lower yields, the overexpression of hKDEL-GFP leads to the
same consequences as the overexpression of a prokaryotic membrane protein. Interestingly,
the analysis of 2D BN/ SDS gels of cytoplasmic membranes of cells overexpressing
hKDEL-GFP using in-gel fluorescence indicated that hKDEL-GFP also occurs in
complexes. It is tempting to speculate that these represent complexes of the Sec-translocon
and/ or YidC that are kept occupied by hKDEL-GFP. Also other components involved in the
biogenesis of membrane proteins in E. coli may be less compatible with heterologous
membrane proteins than with native membrane proteins. hKDEL-GFP expression levels in
C41(DE3) and C43(DE3) are higher than in BL21(DE3)pLysS. Also this observation is in
support of a Sec-translocon capacity problem. Upon induction with IPTG, T7 RNA
polymerase levels in cells of these strains are considerably lower than in BL21(DE3)pLysS
cells6. This will result in lower expression of hKDEL-GFP and consequently in less pressure
on the Sec-translocon in C41(DE3) and C43(DE3) compared to BL21(DE3)pLysS. As a
result, less mistargeted hKDEL-GFP proteins and degradation products thereof will
accumulate in the cytoplasm. Indeed, in C41(DE3) and C43(DE3) less aggregate formation
in the cytoplasm occurs upon hKDEL-GFP overexpression compared to BL21(DE3)pLysS.
However, based on an SDS-PAGE/ immuno-blotting based GFP folding assay we could
only detect membrane-integrated hKDEL-GFP25. This result indicates that levels of the
fusion protein in the cytoplasm must be very low, but still high enough to induce some
aggregate formation. Alternatively, the aggregate formation could also be caused by
degradation products of hKDEL-GFP in the cytoplasm that cannot be identified with an
antibody against GFP. If this would be the case, their levels are also low. Although we
cannot exclude that hKDEL-GFP is degraded in the membrane, all our data indicate that this
is not a major issue.

Taken together, all our data indicate that in E. coli the saturation of the Sec-translocon is the
main bottleneck that hampers the overexpression of both pro- and eukaryotic membrane
proteins. Interestingly, a recent study on the physiological responses to the overexpression
of the human cystic fibrosis transmembrane conductance regulator (CFTR) in L. lactis
showed that CFTR expression leads to a variety of different stresses but not to saturation of
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the Sec-translocon31. However, as suggested by the authors, CFTR itself may be toxic to L.
lactis thereby preventing that expression levels can be reached that lead to the saturation of
the Sec-translocon.

Codon usage/ gene design does not seem to be a bottleneck for the overexpression of
hKDEL in E. coli. However, it is possible that the currently used algorithms for optimising
genes for expression in E. coli, which have been developed for soluble proteins, are not well
suited for designing genes for the optimal expression of membrane proteins in this
bacterium.

It has been shown that E. coli strains can be isolated/ engineered that allow increased
membrane protein production yields11,32,33,6,34. Only for some of these strains there is a
clear explanation why they have improved membrane protein overexpression characteristics.
Notably, upon membrane protein overexpression they all are somehow able to prevent to at
least some extent saturation of their Sec-translocon capacity. The effects of the reversion of
the promoter governing the expression of the T7 RNA polymerase in the C41(DE3) and
C43(DE3) strains on their Sec-translocon capacity upon membrane protein overexpression
are prime examples of this (see above). Furthermore, a derivative strain of E. coli
BL21(DE3), termed Lemo21(DE3), was engineered in which the activity of the T7 RNA
polymerase can be precisely controlled by its natural inhibitor T7 lysozyme6. In
Lemo21(DE3) the gene encoding the T7 lysozyme is on a plasmid under control of a
rhamnose promoter, which is extremely well titratable and covers a broad range of
expression intensities35. In this way the amount of membrane protein produced can be easily
harmonized with the Sec-translocon capacity of the cell. Finally, it has been shown that in
one of the strains with improved membrane protein overexpression characteristics that was
isolated by Massey-Gendel and colleagues, EXP-Rv1337-4, the copy number of the
overexpression vectors used was negatively affected34. This will result in slower
transcription/ translation rates thereby lowering the pressure on the Sec-translocon upon
membrane protein overexpresssion34

For a number of pro- and eukaryotic membrane proteins it has been shown that variants can
be screened for that are more amenable to overexpression in E. coli and/ or more stable upon
extraction from the cytoplasmic membrane while remaining fully functional36,37,38,39,40. It
is tempting to speculate that some of these membrane protein variants are more compatible
with the Sec-translocon of E. coli thereby preventing saturation of its capacity upon their
overexpression.

In conclusion, all our data indicate that in E. coli the saturation of the Sec-translocon is the
major bottleneck that hampers the overexpression of both pro- and eukaryotic membrane
proteins. Strain engineering and likely also protein engineering can be used to remedy this
bottleneck.

Material and Methods
Strains, plasmids, and culture conditions

The human KDEL receptor (hKDEL) was overexpressed as a GFP fusion in E. coli strains
BL21(DE3)pLysS, C41(DE3) and C43(DE3) from a pET28a+-derived vector13. In this
vector the gene encoding the to be overexpressed protein is fused through a short flexible
linker (GSAGSAAGSGEF) to the genetic information encoding a GFP variant that was
selected to fold well in E. coli and has the red-shifted mutation S65T and the folding
mutation F64L41. The cDNA of the ERD 2.1 gene was used to construct the hKDEL-GFP
overexpression vector. The for E. coli codon optimised hKDEL gene was designed and
synthesised by Geneart (for sequence see supplementary figure 1). Cells were grown
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aerobically in Lysogeny Broth supplemented with kanamycin (50 µg/ ml) and in case of
BL21(DE3)pLysS also with chloramphenicol (30 µg/ ml). Culturing conditions used were as
described previously5,6. In short, cells were cultured at 30°C, protein expression was
induced by the addition of 0.4 mM IPTG (final concentration) at an OD600 of 0.4 – 0.5 and
cells were harvested 4 h after induction and used for further analysis. Cells with an empty
expression vector were used as a control.

Monitoring hKDEL-GFP expression using whole cell and in-gel fluorescence
measurements, and flow cytometry

Whole cell and in-gel fluorescence measurements were carried out as described
previously13. Flow cytometry experiments were carried out essentially as described
previously6. In short, cultures were diluted in ice-cold PBS to a final concentration of 106

cells/ ml. The cellular accumulation levels of GFP fusion proteins were measured by GFP
fluorescence intensity. Flow cytometry was done using a FACSCalibur (BD Biosciences)
instrument. Data acquisition was performed using CellQuest software (BD Biosciences), and
data were analysed with FloJo software (Tree Star).

2D gel electrophoresis
2D gel electrophoresis of whole cell lysates was performed as described previously42. Gels
were stained with Coomassie Brilliant Blue R-250.

Isolation of cytoplasmic membranes
Cell fractionation was carried out essentially as described before using two subsequent sets
of sucrose density gradients43. The protein concentration of the final membrane fraction was
determined using the BCA assay according to the manufacturer's instructions (Pierce). With
buffer L (50 mm TEA, 250 mm sucrose, 1 mm DTT, pH 7.5) the membrane samples were
adjusted to a concentration of 2.5 mg/ ml. Aliquots were stored at −80 °C.

Analysis of cytoplasmic membrane fractions by 2D BN/ SDS-PAGE
2D BN/ SDS-PAGE was performed essentially as described previously14. Prior to
Coomassie staining, hKDEL-GFP was detected using in-gel fluorescence (see above).

2D gel image analysis and statistics
For comparative standard 2D gel analysis samples were run in quadruplets, and for
comparative 2D BN/ SDS-PAGE analysis in triplicate. All gels in a set represented
independent samples (i.e., samples from different bacterial colonies and cultures). Gels were
scanned using a GS-800 densitometer from Bio-Rad and analysed using the PDQuest
software (Bio-Rad). Spot quantities were normalised using the “total density in gel image”
method to compensate for non-expression related variations in spot quantities between gels,
essentially as described previously6. For each spot a two-way ANOVA was performed on
log transformed data with treatment (± hKDEL-GFP overexpression) and strain as factors,
including interaction. The false discovery rate (FDR) was controlled at 5 % and the rejection
threshold (0.023) was calculated from the model p-values (H0:no factor effect) by the
Benjamini-Hochberg procedure44.

Protein identification by mass spectrometry
Protein spots were identified either by peptide mass finger print or by comparison to
reference maps5,14. Isolation, trypsin digest and mass spectrometry were performed as
described previously5. In supplementary table 2, it is indicated which reference maps were
used.
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Immuno-blotting
The expression levels of DnaK, GroEL, IbpA/ B, PspA, DegP and Skp in whole cell lysates
were monitored by immuno-blotting analysis. Whole cells (0.05 OD600 units) were
solubilised in Laemmli solubilization buffer and separated by standard SDS-PAGE. Proteins
were transferred from the polyacrylamide gel to a PVDF membrane (Millipore).
Subsequently, membranes were blocked and decorated with antisera to the components
listed above as described before5,6. Secondary horseradish peroxidase-conjugated antibodies
(Bio-Rad) were used for visualization with the ECL system (according to the instructions of
the manufacturer, GE Healthcare) and a Fuji LAS 1000-Plus charge-coupled device camera.

Oxygen consumption measurements
Oxygen consumption rates in whole cells were determined as described previously5.

Isolation of protein aggregates
Protein aggregates were isolated as described previously5. 50 ml of culture were used for an
aggregate isolation and analysed by SDS-PAGE in a 8–16 % gradient gel. Per lane five
OD600 units were loaded.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

hKDEL human KDEL receptor

IPTG isopropyl-β-D-thiogalactopyranoside

SRP signal recognition particle

Q-pool quinol/ quinone pool

PBS phosphate buffered saline

BCA bicinchoninic acid

TEA triethanolamine

ANOVA analysis of variance

FDR false discovery rate

PVDF polyvinylidene fluoride

ECL enhanced luminol based chemiluminescence
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Figure 1. Analysis of hKDEL-GFP overexpression in E. coli strains BL21(DE3)pLysS, C41(DE3)
and C43(DE3)
A. Topology model of hKDEL-GFP. B. Expression yields of hKDEL-GFP in
BL21(DE3)pLysS, C41(DE3) and C43(DE3) monitored using whole cell fluorescence.
hKDEL-GFP expression was induced for 4h as described in “Materials and Methods”. Cells
carrying the empty overexpression vector served as controls. Dark gray bars: control cells;
light gray bars: hKDEL-GFP expressing cells. Experiments were repeated 3 times and
reproducible within 10%. Yields were too low for reliable ligand binding assays. C. In-gel
fluorescence based detection of hKDEL-GFP in the hKDEL-GFP expressing cells that were
used for whole cell fluorescent measurements in panel B. Whole cell lysates were separated
by 12% SDS-PAGE and in-gel fluorescence was detected as described in “Materials and
Methods”. D. Expression of hKDEL-GFP monitored by flow cytrometry. Solid lines:
control cells; dashed lines: hKDEL-GFP expressing cells.
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Figure 2. Analysis of cells expressing hKDEL-GFP by 2D gel electrophoresis, immuno-blotting
and enzymatic activity assays
Comparative 2D gel analysis of proteins in whole cell lysates of BL21(DE3)pLysS,
C41(DE3) and C43(DE3) cells with an empty overexpression vector and overexpressing
hKDEL-GFP for 4 hours (see “Material and Methods”). A. A representative 2D gel with
proteins of C43(DE3) control cells and zooms of regions of the 2D gels of
BL21(DE3)pLysS, C41(DE3) and C43(DE3) cells with an empty overexpression vector and
overexpressing hKDEL-GFP with spots representing GroEL, DnaK, ArgT, FumC and Pgk.
B. Proteins of whole cell lysates of BL21(DE3)pLysS, C41(DE3) and C43(DE3) cells with
the empty expression vector and overexpressing hKDEL-GFP were separated by means of
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SDS-PAGE and subsequently subjected to immuno-blotting analysis with antibodies against
DnaK, IbpA/ B, DegP, Skp and PspA. C. Oxygen consumption rates were measured in
whole cells. Experiments were done in triplicates. Rates of control cells were set to 100.
Dark gray bars: control cells; light gray bars: cells expressing hKDEL-GFP. D. Acidification
of the medium upon membrane protein overexpression was followed by pH measurements.
Dark gray bars: control cells; light gray bars: cells expressing hKDEL-GFP. Experiments
were done in triplicates.
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Figure 3. Overexpression of hKDEL-GFP leads to the formation of aggregates
Protein aggregates were isolated from BL21(DE3)pLysS, C41(DE3) and C43(DE3) cells
overexpressing hKDEL-GFP for 4 hours and control cells as described in the “Materials and
Methods” section. The aggregates were analysed by SDS-PAGE in a 8–16% gradient gel
stained with Coomassie Brilliant Blue R-250.
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Figure 4. Detection of hKDEL-GFP in 2D BN/ SDS gels by in-gel fluorescence
Cytoplasmic membrane fractions of cells expressing hKDEL-GFP were isolated and
analysed using 2D BN/ SDS-PAGE combined with Coomassie staining and in-gel
fluorescence as described in “Material and Methods” A. 2D BN/ SDS gel with the
membrane fraction of C41(DE3), which showed the highest yield for hKDEL-GFP
overexpression and is also representative for the membrane fractions of BL21(DE3)pLysS
and C43(DE3) cells expressing hKDEL-GFP, stained with colloidal Coomassie. B. Prior to
Coomassie staining hKDEL-GFP was detected in the 2D BN/ SDS gel using in-gel
fluorescence. hKDEL-GFP in the 100 and 160 kDa complexes is marked with arrows.
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