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The most common mechanism by which proteins aggre-
gate consists in the assembly of short hydrophobic
primary sequence segments into extended b-structured
agglomerates. A significant enrichment of charged resi-
dues is observed at the flank of these aggregation-prone
sequence segments, suggesting selective pressure against
aggregation. These so-called aggregation gatekeepers act
by increasing the intrinsic solubility of aggregating
sequences in vitro, but it has been suggested that they
could also facilitate chaperone interactions. Here, we
address whether aggregation gatekeepers affect bacterial
fitness. In Escherichia coli MC4100 we overexpressed
GFP fusions with an aggregation-prone segment of s32
(further termed s32b) flanked by gatekeeper and non-
gatekeeper residues and measured pairwise competitive
growth. We found that the identity of flanking residues
had significant effect on bacterial growth. Overexpression
of s32b flanked by its natural gatekeepers displayed the
greatest competitive fitness, followed by other combina-
tions of gatekeepers, while absence of gatekeepers strong-
ly affects bacterial fitness. Further analysis showed the
diversity of effects of gatekeepers on the proteostasis of
s32b including synthesis and degradation rates, in vivo
aggregation propensity and chaperone response. Our
results suggest that gatekeeper residues affect bacterial
fitness not only by modulating the intrinsic aggregation
propensity of proteins but also by the manner in which
they affect the processing of s32b–GFP by the protein
quality control machinery of the cell. In view of these
observations, we hypothesize that variation at gatekeeper
positions offers a flexible selective strategy to modulate
the proteostatic regulation of proteins to the match intrin-
sic aggregation propensities of proteins with required ex-
pression levels.
Keywords: amyloidosis/gatekeeper/protein aggregation/
protein expression/proteostasis

Introduction

One of the most common mechanisms whereby proteins ag-
gregate consists in the b-stand association of short
aggregation-nucleating sequence segments into insoluble
aggregates. Protein misfolding and aggregation generally
leads to the suppression of native protein function, and in
many cases it also appears to elicit wild-type independent
gain-of-function leading to neurodegenerative diseases such
as Alzheimer’s disease or Parkinson’s disease, systemic amy-
loidoses, cancer and metabolic diseases (Chiti and Dobson,
2006). The fact that most proteins tend to aggregate, even
under native conditions, to form amorphous b-aggregates or
cross-b amyloid structures shows that b-aggregation is a
generic structural propensity of protein polypeptide chains
that is in direct competition with native protein folding
(Dobson, 2001; Rousseau et al., 2006a; Fitzpatrick et al.,
2011). Indeed, it has been demonstrated that the vast majority
of proteins possess at least one and often multiple
aggregation-nucleating amino acid segments (Rousseau et al.,
2006c; Goldschmidt et al., 2010). Moreover, aggregation pro-
pensity and globular structure of proteins are intimately tied
as aggregation-prone segments and generally contribute to the
hydrophobic core (Linding et al., 2004; De Baets et al., 2011).
As a result, although protein folding is a thermodynamically
determined process (Anfinsen and Scheraga, 1975), folding
efficiency is often challenged by non-native misfolding and
aggregation propensities (De Simone et al., 2011).

Given the undissociatable ties of protein aggregation
with globular structure and function on the one hand, and on
the other hand the detrimental consequences of protein
aggregation on the biochemistry of the cell, organisms have
evolved control mechanisms to keep aggregation in check
(Monsellier and Chiti, 2007; Monsellier et al., 2007;
Reumers et al., 2009a; Reumers et al., 2009b; de Groot and
Ventura, 2010). One of these strategies includes a sophisti-
cated protein quality control system that consists of molecu-
lar chaperones and proteases (Mogk et al., 1999; Guisbert
et al., 2004; Balch et al., 2008). These proteins prevent un-
wanted interactions between unfolded proteins, improve the
efficiency of de novo protein folding of newly synthesized
proteins, remove misfolded proteins by degradation and reso-
lubilize protein aggregates for subsequent refolding or deg-
radation (Muchowski and Wacker, 2005; Soti et al., 2005).
Apart from having developed dedicated protein quality
control machinery, selective pressure has also shaped protein
sequences in a way to minimize aggregation (Rousseau
et al., 2006c; Monsellier and Chiti, 2007; de Groot and
Ventura, 2010). Whereas aggregation nucleating sequence
segments can generally not be eliminated altogether without
affecting the hydrophobic core of globular domains (Linding
et al., 2004), their aggregation propensity can be minimized
by placing charged residues like arginine (R), lysine (K),
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aspartate (D), glutamate (E) and also proline (P) directly at
the flanks of these aggregation-prone sequences (Rousseau
et al., 2006b). These so-called aggregation gatekeepers sup-
press aggregation by the repulsive effect of their charge (R,
K, D, E), the entropic penalty on aggregation due to their
large and flexible side-chains (R, K) and the incompatibility
with the beta-structure of aggregates due to the absence of a
hydrogen carbon in its main chain (P). At the same time
their presence at the flanks of aggregating segments results
in their structural positioning at exposed positions, often
loops, thereby leaving the hydrophobic core unharmed.

Not surprisingly, chaperones and other members of the
protein quality control system largely bind aggregation-
prone, hydrophobic sequences. Evidence also suggests that
flanking gatekeepers might in some way contribute to or at
least facilitate chaperone substrate recognition, suggesting
the possibility of co-evolution between chaperone-binding
specificities and gatekeeper residues (Rudiger et al., 1997,
2001; Patzelt et al., 2001; Rousseau et al., 2006b). In order
to investigate whether gatekeepers can modulate the proteo-
static regulation of an aggregating sequence and affect bac-
terial fitness, we have constructed a library composed of the
amino-terminal fusion of a short aggregating segment from
Escherichia coli protein RNA polymerase Sigma-32 factor
(P-VLYLQ-D) flanked with different gatekeepers and non-
gatekeepers with the reporter protein EGFP.

Here we show that gatekeepers affect bacterial fitness of
s32b–GFP overexpressing MC4100 E.coli cells and that
gatekeepers modify the proteostatic regulation of s32b–
GFP, affecting synthesis and degradation rates, expression
levels and inclusion body formation. Furthermore, we
provide evidence that could help explain the selective enrich-
ment of gatekeeper residues flanking aggregating sequences
in the E.coli proteome.

Materials and methods

Plasmid construction
The bacterial expression plasmid pBAD/Myc-His A
(Invitrogen) was used for the construction of all the Sigma
constructs. The Sigma wild-type sequence (P-VLYLQ-D) was
fused to the amino-terminus of the reporter protein EGFP via
a linker. Four amino-terminal residues were added to the con-
struct to take into account the amino-terminal degradation
rule. The native gatekeepers in the Sigma wild-type sequence
(proline on the amino-terminus and aspartate at the carboxy-
terminus) were systematically mutated at the gatekeeper posi-
tions with arginine, lysine, aspartate, glutamate, proline,
serine, alanine, glycine, valine and glutamine, while keeping
the aggregating nucleating region (VLYLQ) constant.

Bacterial strains and transformation
The bacterial strains used in this study are as follows:
Escherichia coli MC4100 Genotype: F-araD139 d(argF-
lac)U169 rpsL150 (Strr) relA1 flbB3501 deoC1 ptsF25 rbsR,
Escherichia coli MC4100 DdnaK Genotype: DdnaK52: Cm
sidB1 (BB1553), Escherichia coli MC4100 DTF Genotype:
Dtig : Kan (BB6515).

The cell lines were transformed with the construct of inter-
est and kept on ice for 30 min, allowing the entrance of the
foreign DNA in the cell. After a 40-s heat shock at 428C, the

samples were kept on ice for 2 min. Next, Luria Bertani
(LB) medium was added and the samples were incubated at
378C for 1 h. Subsequently, the samples were grown over-
night at 378C on agar plates that contained the selective
marker ampicillin (50 mg/ml). By picking a single colony
from the plate with the construct of interest, overnight cul-
tures were grown in LB medium containing ampicillin
(50 mg/ml) at 378C. Next, the overnight cultures were diluted
and grown until an OD 0.6 was reached. The expression of
the constructs was induced by adding L-arabinose (0.02%)
for 3 h unless stated otherwise.

Determination of the in vivo solubility
The wells of a 96-well plate (Cellstarw 96-well microplates
TC, Greiner Bio-One) were filled with LB medium containing
ampicillin (50 mg/ml) and inoculated with the right colony.
The plates were sealed with a breathable film (BF-400,
Lucron Bioproducts BVBA) and incubated overnight at 378C
at 120 rpm in a shaker (Innovaw -44, New Brunswick
Scientific). The next day, the cultures were diluted into a new
plate and grown until they reached OD 0.6. The expression of
the constructs was induced by adding L-arabinose (final con-
centration 0.02%). After overnight incubation at 378C at
120 rpm, the GFP fluorescence and OD signal of the plates
were measured in a platereader (FLUOstar OPTIMA BMG
LABTECH). The OD was measured at 258C at 600 nm
(1 cycle, 20 flashes per well and per cycle). The GFP fluores-
cence was measured at 258C with excitation at 485 nm and
emission at 520 nm (1 cycle, 20 flashes per well and per
cycle, well scanning matrix).

Electrophoresis and western blot
All samples were separated by sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) (NuPAGE
system, Invitrogen, USA). The SDS–PAGE was performed
with NuPAGE Novex 10% Bis-Tris precast gels (Invitrogen)
and MES buffer (50 mM MES pH 7.2; 50 mM Tris Base;
0.1% SDS; 1 mM EDTA) under fixed voltage (200 V) for
35 min at room temperature. The gels were transferred to a
nitrocellulose membrane surrounded by Whatman papers that
were soaked into Towbin blot transfer buffer (25 mM Tris
Base; 192 mM glycine; 20% MeOH; 0.1% SDS). The trans-
fer was performed in a Trans-Blot SD Cell (BioRad) under
fixed current (0.4 A) for 30 min at room temperature. The
protein transfer on the membrane was verified by PonceauS
staining. After destaining the PonceauS from the membrane,
it was blocked overnight at 48C in 5% skim milk powder in
TBST (20 mM Tris pH 7.5; 150 mM NaCl; 0.05%
Tween-20). To detect the GFP-tagged Sigma constructs on
the membrane, the primary antibody (anti-GFP, rabbit poly-
clonal) was diluted 1 : 10 000 in TBST containing 5% milk
powder and incubated for 1 h at room temperature. After
three times of rinsing with TBST, the membrane was incu-
bated with a 1 : 5000 dilution of horseradish peroxidase-
conjugated anti-rabbit IgG (Promega, USA) in TBST for
30 min at room temperature. After three times rinsing with
TBST, the membrane was visualized with electrochemical lu-
minescence (ECL) system (ChemiDoc XRS, BioRad).

Synthesis assay
After inducing the expression of the constructs, 1 ml of the
culture was collected at given time points (0–10–20–40–
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60–90–180 min), and brought to 1 ml of OD 0.6. After cen-
trifugation at 5000 g during 10 min, the pellets were lysed in
300 ml buffer (50 mM Tris pH 7.5; 5 mM EDTA; 150 mM
NaCl; 1/25 complete EDTA-free protease inhibitor cocktail
tablets (Roche); 1/1000 kanamycin). The sample (14 ml) was
denaturated for 5 min in the presence of 5% SDS prior to
SDS–PAGE (NuPAGE system, Invitrogen). Next, the gels
were transferred to a nitrocellulose membrane and the mem-
brane was probed with primary and secondary antibodies
prior to visualization with ECL system (ChemiDoc XRS,
BioRad). The details are described in the section ‘Sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and
western blot’.

Degradation assay
After a 3-h expression of the constructs, the culturing
medium was changed into LB medium that contained ampi-
cilin (50 mg/ml), glucose (0.2%), repressing transcriptional
activation and chloramphenicol (200 mg/ml), inhibiting bac-
terial protein synthesis. At given time points (0–10–20–40–
60–90–180 min), 1 ml of the culture was collected and
brought to 1 ml of OD 0.6. After centrifugation at 5000 g
during 10 min, the pellets lysed in 300 ml buffer (50 mM
Tris pH 7.5; 5 mM EDTA; 150 mM NaCl; 1/25 complete
EDTA-free protease inhibitor cocktail tablets (Roche);
1/1000 kanamycin). This sample represents the whole-cell
fraction. The remaining lysate was further fractionated by
centrifuging the sample at 15 000 g for 5 min at 48C. The
supernatant represents the soluble fraction. The pellet was
resuspended in 200 ml guanidine hydrochloride (GdmHCl
6M) and subjected to a trichloroacetic acid precipitation.
This sample represents the insoluble fraction. All samples
(14 ml) were denaturated for 5 min in the presence of 5%
SDS prior to SDS–PAGE (NuPAGE system, Invitrogen).
Next, the gels were transferred to a nitrocellulose membrane
and the membrane was probed with primary and secondary
antibodies prior to visualization with ECL system
(ChemiDoc XRS, BioRad). The details are described in the
section ‘Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and western blot’.

Reverse transcription quantitative PCR
After 3 h of expression, the transcriptional activity of differ-
ent chaperones and proteases was determined by reverse tran-
scription quantitative PCR (RT-qPCR).

Since bacterial mRNA has a very short half-life and genes
can be induced during handling and processing of bacterial

Fig. 1. Gatekeeper placement in the E.coli proteome and the model
construct. (A) Enrichment of gatekeeper residues (D, E, K, R and P) versus
the proteome average at the first three amino- and carboxy-terminal

positions flanking an aggregating sequence. The first position before and
after an aggregating zone is strongly enriched in gatekeepers. By the third
position the preference for gatekeeper residues vanishes and the proteome
average is reached again. (B) Amino acid identity at the first three amino-
and carboxy-terminal positions flanking an aggregating sequence. Proline is
enriched only at the amino-terminal position. (C) Representation of the
s32b–EGFP fusion construct. The short aggregating sequence s32b
(VLYLQ, red) of the bacterial RNA polymerase factor s32 is fused to the
amino-terminus of EGFP (green). The amino- and carboxy-terminal flanks
(blue) of the aggregating sequence are systematically mutated as indicated in
Table I, while keeping the aggregation-nucleating region constant. To make
sure that all constructs have an identical sensitivity to the amino-terminal
degradation rule, four amino acids (AMAM) are added before the
amino-terminal gatekeeper. (D) The intrinsic aggregation propensities of the
different s32b–EGFP fusion constructs according to the TANGO algorithm.
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cells, the RNA was stabilized in vivo by adding the
RNAprotect Bacteria Reagent (Qiagen) prior to lysis, allow-
ing enough time for the efficient disruption of cells without
the risk of distorting the gene expression profile. After en-
zymatic digestion of the bacterial cell wall by lysozyme
(1 mg/ml), the total RNA was isolated using Rneasy Mini
Kit (Qiagen, Germany). Reverse transcription was performed
using the QuantiTect Rev. Transcription Kit (Qiagen) accord-
ing to the manufacturer’s instructions.

Quantitative real-time PCR was performed using TaqManw

Fast Universal PCR Master Mix (2�) No AmpErasew UNG
(Life TechnologiesTM, USA) on an iCycler My-iQ Single
Color Real-Time PCR detection system (Bio-Rad). Primers
were developed with the RealTime PCR Assay Design Tool
(Integrated DNA Technologies, Inc). The expression of each
gene was normalized against gyrA, recA and zwf.

Fluorescence microscopy
After 3 h of expression, the bacterial sample was dried on a
microscope slide prior to heat fixing. Antifade reagent
(ProLong Gold, Invitrogen) was added and samples were
kept in the dark for 24 h. Images were acquired with a �100
oil objective of a fluorescence microscope (ECLIPSE
TE2000, Nikon, Japan).

Clonal selection
Two constructs of interest were grown together in LB
medium and ampicillin (50 mg/ml) by picking a single
colony from the agar plate of each construct. The overnight
cultures were diluted in a 50 ml falcon tube containing fresh
LB medium and ampicillin (50 mg/ml) and grown until they
reached an OD of 0.6. The expression of the constructs was
induced by adding L-arabinose (0.02%). After 6 h of expres-
sion, the DNA was purified using the Miniprep KIT QIA
prep (Qiagen) and sent for sequencing (VIB Genetic Service
Facility). By investigating the chromatograms of the sent
samples, the dominant construct could be assigned.

Results

Charged residues are enriched at the flanks of aggregating
sequences of the E.coli proteome
We employed the TANGO algorithm (Fernandez-Escamilla
et al., 2004) to identify all aggregation nucleating regions in
the E.coli proteome. We then proceeded to analyze the
frequency of each amino acid at the three positions amino-
terminal as well as the three positions C-terminal of the
aggregating sequence. It has been shown previously that
charged residues (E, D, K and R) and also P are significantly
enriched at positions directly flanking aggregation nucleating
regions (Rousseau et al., 2006b; Reumers et al., 2009a) as
these residues oppose aggregation by charge repulsion and/or
b-structure disruption (Silow and Oliveberg, 1997;
Richardson and Richardson, 2002) and are therefore named
aggregation gatekeepers. Fig. 1A shows the log-odds ratio of
finding a gatekeeper residue in the indicated position com-
pared with the proteome average of E.coli. It is clear that the
first positions N- and C-terminal of the aggregating regions
are most strongly enriched in gatekeeper residues. This
signal is very position specific: by the third position, the
observed enrichment vanishes and the proteome average is

again reached. There is a stronger enrichment on the
N-terminal position, which can be almost entirely ascribed to
the stereochemistry of proline, which is enriched as a gate-
keeper residue only at on the N-terminal position (Fig. 1B).

Modulating gatekeeper identity of the s32b–EGFP fusion
construct
In order to probe the effect of gatekeeper residues on protein
aggregation in E.coli, we have constructed an N-terminal
fusion to GFP of an aggregating segment from the E.coli
protein RNA polymerase factor sigma-32 (termed s32b)
with the amino acid sequence P-VLYLQ-D (see Fig. 1C).
This construct was cloned in a pBAD expression vector,
which allows tight repression of expression via glucose and
induction via arabinose. In this construct the aggregating
region is not part of a globular fold and therefore remains
fully accessible for interaction. As indicated (Table I) the
native gatekeepers of s32b Pro on the N-terminus and Asp
on the carboxy-terminus were systematically mutated, whilst
keeping the aggregation-nucleating region constant. Four
constant N-terminal residues (AMAM) were added to the
construct to exclude differences in turnover rate due to
N-terminal degradation.

Gatekeepers affect bacterial fitness
In order to assess whether gatekeepers have an effect on ag-
gregating sequences in vivo and could help explain the evolu-
tionary enrichment of these amino acids at the flanks of
aggregating regions in the E.coli proteome, we grew mixed
bacterial cultures, so that bacteria carrying one type of con-
struct compete in the same medium with bacteria containing
another type of construct. Pairwise competitive growth was
performed by co-inoculating a single colony from each trans-
formant of interest, growing them together in LB medium
and ampicillin (50 mg/ml). The overnight cultures were
diluted in a 50 ml falcon tube containing fresh LB medium
and ampicillin (50 mg/ml) and grown until they reached an
OD of 0,6. Expression of the constructs was induced by
L-arabinose (0,02%). After 6 h of expression, the DNA was
purified and sequenced to establish the plasmid content of
the mixed culture. In this way we were able to assess the
effect of the gatekeeper residues on the bacterial fitness in a
simple manner. The results from these experiments are
shown in Table II (each condition was independently
repeated 10 times). Interestingly, for all pair-wise

Table I. An overview of the gatekeeper constructs based on the wild-type

s32b sequence. The central aggregating region is kept constant while the

flanking residues are systematically changed

Name N gatekeeper C gatekeeper Sequence

wt P D P-VLYLQ-D
RR R R R-VLYLQ-R
KK K K K-VLYLQ-K
DD D D D-VLYLQ-D
EE E E E-VLYLQ-E
PP P P P-VLYLQ-P
SS S S S-VLYLQ-S
AA A A A-VLYLQ-A
GG G G G-VLYLQ-G
VV V V V-VLYLQ-V
QQ Q Q Q-VLYLQ-Q
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combinations, the Sanger sequencing only turned up a single
surviving construct, which we will call the dominant con-
struct in what follows. We observed that the wild-type gate-
keeper configuration (N-flanking Pro, C-flanking D) is
dominant over all other flanking configurations. Second,
non-wild-type charged gatekeeper flanks (EE,DD,RR,KK)
are dominant over double proline flanks (PP) and non-
gatekeeped flanks (SS,AA,GG,QQ). Finally, we observe
clear preferences between gatekeeper identities at the flanks
of s32b (EE . DD . RR . KK). These differences in bac-
terial fitness suggest that gatekeeper identity at the flanks of
aggregating sequences have an influence on the manner in
which aggregating sequences are handled by the cell.

Gatekeepers affect protein expression by modulating protein
synthesis and degradation rates
In order to determine protein expression levels we measured
the total GFP fluorescence of E.coli MC4100 cells after over-
night expression of the different gatekeeper constructs
(shown in Fig. 2A) The fluorescence intensity observed for
the wild-type s32b–GFP fusion is about half the intensity of
GFP alone, and the constructs containing Arg, Lys, Asp or
Glu as gatekeepers give similar fluorescence intensity as the
wild-type fusion. However, without charged gatekeeper resi-
dues the fluorescence drops significantly. A decrease in total
fluorescence generally indicates lower expression levels;
however, aggregation can also result in the quenching of
GFP fluorescence (Wurth et al., 2002). To address the aggre-
gation of the different constructs we have observed bacterial
cells by confocal fluorescence microscopy (Fig. 2B) and
have quantified the percentage of cells with accumulation of
GFP fluorescence in inclusions compared with diffuse distri-
bution throughout the cells (Fig. 2C). This analysis reveals
there is little or no inclusion formation of the wild-type
s32b–GFP and charge-flanked s32b–GFP fusions, suggest-
ing that the observed decrease in fluorescence versus GFP
alone directly results from a decreased expression due to the
s32b fusion. On the other hand, the little fluorescence ob-
servable in the non-gatekeeped s32b–GFP fusions was
largely found in inclusions (Fig. 2B and C). This suggests
that the additional drop in fluorescence noticed in the
absence of charged flanks could be caused by an additional
drop in expression levels and/or by quenching due to

increased aggregation and inclusion body formation. GFP
quatification by western blot after 3 h of expression in E.coli
MC4100 (Fig. 2D) reveals that both scenarios occur, depend-
ing on the identity of the residues substituting for the gate-
keepers. On the one hand, Pro-, Ser- and Gln-flanked s32b–
GFP are not detectable in the whole-cell lysate by western
blot after 3 h of expression—although a minimal amount can
be purified from inclusion bodies after 24 h of expression
(data not shown)—showing that the decrease in signal is here
mainly due to lower protein expression. On the other hand,
Val- and Ala-flanked s32b–GFP are expressed at levels
similar to wild-type- and gatekeeper-flanked s32b–GFP,
suggesting that inclusion body formation is responsible here
for the decreased fluorescence. Together these data show that
the identity of the flanking residues affects both protein ex-
pression levels and aggregation, and that the presence of
charged gatekeepers maximizes s32b–GFP expression while
avoiding inclusion body formation.

To understand these differences in expression levels we
measured s32b–GFP synthesis and degradation rates in
E.coli MC4100 (Fig. 3). The synthesis rate of the construct
containing Val at the flanks is the highest, followed by the
gatekeeper constructs containing Asp, Glu, Lys and Arg.
The synthesis rate of the Ala-flanked construct is compar-
able to that of the Arg construct, and wild-type s32b–GFP
experiences the lowest synthesis rate. Finally, the constructs
containing Pro, Ser, Gly and Gln are hardly expressed so
that no significant synthesis rate could be calculated
(Fig. 3A). The effect of gatekeepers on the degradation rate
of the s32b–GFP in E.coli MC4100 cells was investigated
both in the soluble and insoluble fractions (Fig. 3B and C).
s32b–GFP in the soluble fraction is stable over the 3 h of
the experiment and no significant degradation could be
observed for any s32b–GFP construct. A different scenario
occurs in the insoluble fraction: the degradation rate of the
constructs containing the gatekeeper Lys is the highest, fol-
lowed by a similar degradation rate for the gatekeepers Arg,
Asp and Glu, while non-gatekeeped constructs containing
Val or Ala flanks are not degraded from the insoluble
fraction.

Together these data demonstrate an important modulating
role for the flanks of s32b on the expression, inclusion body
formation, synthesis and degradation rates of s32b–GFP.
Clearly in the case of s32b–GFP, charged gatekeeper resi-
dues favor fast protein synthesis and degradation, while
avoiding inclusion body formation by efficiently degrading
excess s32b–GFP from the insoluble fraction. This results
in high overall expression yields of soluble s32b–GFP. Ala-
and Val-flanked s32b–GFP also achieve fast synthesis rates.
However, in this case degradation of insoluble protein is
much less efficient resulting in the accumulation of s32b–
GFP in inclusion bodies. Pro-, Gly-, Ser- and Gln-flanked
s32b–GFP show very inefficient protein synthesis.
Moreover, the little amount of protein that gets expressed
accumulates in inclusion bodies. Finally, wild-type s32b–
GFP displays the most balanced behavior resulting in the
best growth fitness: it has a slow expression rate but achieves
expression yields that are as high as Asp-, Glu-, Arg- and
Lys-flanked s32b–GFP. As a result, wild-type s32b–GFP
expression does not produce insoluble protein and therefore
avoids having to degrade misfolded protein from the insol-
uble fraction.

Table II. Results from pairwise competitive bacterial growth experiment.

For this experiment cultures were simultaneously co-innoculated with two

independent bacterial transformants containing different gatekeeper con-

structs. After a period of competitive growth, the plasmid content of the

resulting culture was determined using classical Sanger sequencing. We

always only found a single construct back (in 10 independent repeats),

which we termed the dominant construct. The table shows the constructs that

dominate for each pairwise growth competition performed

WT RR KK DD EE PP SS AA GG VV QQ

WT WT WT WT WT WT WT WT WT WT WT
QQ WT RR KK DD EE PP SS AA GG VV
VV WT RR KK DD EE PP SS AA GG VV

KK RR DD EE
RR DD EE
DD EE
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Gatekeepers affect the proteostatic activity of MC4100 cells
Protein homeostasis (or proteostasis) is regulated both by
transcriptional and post-translational mechanisms. It has
been estimated that �40% of the variation in protein expres-
sion within a proteome can be explained by differences in
mRNA levels (Vogel and Marcotte, 2012). The remaining
variability is a result of co- and post-translational regulation.
The protein quality control (PQC) machinery, consisting of
ribosomes, chaperones and proteases, plays a central role in
proteostasis.

In order to address the role of transcription for the regula-
tion of s32b–GFP expression, we determined GFP mRNA
levels by qPCR. Although some variation in mRNA levels
can be observed (Fig. 4A), these do not correlate with the
difference in protein expression observed for the different
s32b–GFP flanks, nor do they correlate with the bacterial
growth (data not shown).

To determine whether gatekeeper identity is affecting pro-
teostatic response by chaperones and proteases we also moni-
tored chaperone and protease response by qPCR after 3 h of
s32b–GFP expression. In total we monitored eight chaper-
one and proteolytic components of the PQC (Fig. 4B–D). In
comparison to the proteostatic profile of s32b–GFP, charged
gatekeeped flanks upregulate proteolytic components. All
charged flanks display transcriptional upregulation of ClpP,
and in addition, Lys, Asp and Glu flanks also have higher
levels of ClpS. At the same time, chaperone mRNA levels
are somewhat downregulated, especially DnaK and ClpB,
suggesting a more efficient handling of these constructs by
the chaperone machinery. Expression of s32b–GFP in the
DnaK or trigger factor-defficient strains MC4100DDnaK
(Deuerling et al., 1999) and MC4100DTF (Ferbitz et al.,
2004) confirms this, as knock out of DnaK or Trigger factor
activity indeed strongly reduces s32b–GFP expression and
16S rRNA levels in gatekeeped but not non-gatekeeped
s32b–GFP-expressing cells (Fig. 5). Overall, these observa-
tions are consistent with the high expression levels and turn-
over rates observed for charge gatekeeped s32b–GFP.
Non-gatekeeped s32b flanks display a more varied behavior.
Gln-flanked s32b–GFP is expressed at low levels (Fig. 4A).
At the same time it strongly upregulates chaperones DnaK
and ClpB as well as the ClpP protease (Fig. 4D), suggesting
acute toxicity of this construct. This is also suggested by the
lowest pairwise growth fitness of this construct. On the other
hand, Pro-, Ser- and Gly-flanked s32b–GFP are also barely
expressed but they possess a PQC profile that is very similar
to wild-type s32b–GFP. However, both their 16S rRNA and
their overall growth fitness are significantly lower than wild-
type and charge gatekeeped s32b–GFP but still higher than
Gln-flanked s32b–GFP (Fig. 5). This again suggests an
increased toxicity of these constructs and/or the ability of
surviving cells to downregulate s32b–GFP expression to
non-toxic levels. Finally, the only two non-gatekeeped
s32b–GFP that are significantly expressed also display very

Fig. 2. Solutibility of gatekeeper variants upon expression of s32b–EGFP
fusion constructs in E.coli MC4100 cells. (A) The GFP fluorescence signal
after overnight expression. (B) Fluorescence microscopy of selected s32b–
EGFP fusion constructs after 3 h of expression in E.coli MC4100 cells

showing a diffuse (wild type, RR, DD) or a punctate pattern (VV) or
absence of fluorescence (QQ). (C) Quantification of the percentage of cells
with accumulation of EGFP fluorescence in inclusions compared with the
diffuse distribution throughout the cells. (D) Western blot analysis of the
s32b–EGFP fusion constructs after 3 h of expression in E.coli MC4100
cells in whole-cell lysates as well as soluble and insoluble fractions.
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different behaviors. While Val-flanked s32b–GFP expresses
at high levels—similar to the levels observed in wild-type
and charged gatekeeped constructs—its PQC is downregu-
lated in comparison to wild-type s32b–GFP. According to
the aggregation prediction algorithm TANGO, this construct
has the highest intrinsic aggregation propensity of all tested
constructs (Fig. 1D), which is in accordance with its location
in inclusion bodies and the inability of the MC4100 cells to
degrade this protein from these inclusions. It is tempting to
speculate that this very high aggregation propensity is the
reason why MC4100 survive despite high s32b–GFP

expression. Indeed, it has been shown that increasing protein
aggregation is an efficient manner to suppress aggregate tox-
icity, as aggregate toxicity generally results from smaller oli-
gomeric aggregates (Balch et al., 2008; Lee et al., 2011;
Eisenberg and Jucker, 2012; Laganowsky et al., 2012). The
proteostatic response and expression level of Ala-flanked
s32b–GFP are in agreement with that hypothesis. Whereas
this construct is the second most aggregating s32b–GFP
after VV, it is still expressed although at lower levels.
Interestingly however, this lower expression is associated
with the upregulation of the ClpB disaggregation-associated
chaperone, which is another mechanism to avoid oligomer
toxicity (Schlieker et al., 2004; Balch et al., 2008). Although
the significant expression of these constructs clearly indicates
their lack of toxicity, the overexpression of these constructs
and their storage in inclusion bodies still comes at the price
of decreased growth fitness. This is also confirmed by the
16S rRNA levels of cells expressing Val-and Ala-flanked
s32b–GFP: their 16S rRNA levels are of the same magni-
tude as gatekeeped s32b–GFP but their competitive bacter-
ial growth rate is significantly lower (Fig. 5A and Table II).

Together these data demonstrate that the residues directly
flanking aggregation nucleating regions contain relevant in-
formation that can affect the manner in which the proteo-
static machinery recognizes and handles exposed
aggregation-prone sequences.

Discussion

Aggregation gatekeepers are enriched at the flanks of aggre-
gation nucleating hydrophobic sequences, thereby increasing
solubility and slowing aggregation kinetics (Rousseau et al.,
2006c; Monsellier and Chiti, 2007; Monsellier et al., 2007;
Reumers et al., 2009a; de Groot and Ventura, 2010). Here we
investigated whether the identity of gatekeepers flanking an
aggregation-prone sequence from the s32 transcription factor
fused to GFP affects the manner in which E.coli responds to
its expression in terms of growth fitness. Additionally, we
investigated how differences in bacterial fitness relate to the
proteostasis of the s32–GFP protein, including expression
levels, turnover rate, aggregation propensity and its impact
on the transcriptional regulation of the protein quality control
machinery. Importantly, we did not address growth fitness by
comparing the absolute growth rate of monoclonal cultures,
but set out to compare growth fitness by competitive growth
of cultures incubated with equal amounts of two different
s32–GFP clones. These experiments revealed a significant
difference in fitness induced by the expression of the differ-
ent s32–GFP constructs tested. Surprisingly expression of
the s32–GFP fusion maintained highest fitness
(P-VLYLQ-D), followed by charged gatekeeped s32–GFP
(DD,EE,KK,RR), while the lowest competitive fitness was
observed for non-charged flanks (PP,SS,GG,AA,VV,QQ),
showing that the flanks of aggregation-prone sequences con-
tribute to the manner in which E.coli MC4100 cells react to
the expression of s32–GFP. Overexpression of a recombin-
ant protein represents a physiological stress that affects the
growth of a bacterial culture by diverting a significant
amount of metabolic energy from growth towards RNA tran-
scription, protein translation and folding but also by the
manner in which the expressed protein will be tolerated by
the cell due, for instance, to aggregation and protein toxicity

Fig. 3. Synthesis and degradation rates of gatekeeper variants. (A) Synthesis
rate of the s32b–EGFP fusion constructs when expressed in E.coli MC4100
cells determined in the first three hours of expression. (B) Degradation rate
from the soluble fraction of all s32b–EGFP fusion constructs in E.coli
MC4100 cells. (C) Degradation rate of all s32b–EGFP fusion constructs
from the insoluble fraction when expressed in E.coli MC4100 cells.
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(Baneyx and Mujacic, 2004; Sabate et al., 2010; Hartl et al.,
2011; Mogk et al., 2011). We did not observe an inverse re-
lationship between bacterial fitness and protein expression
levels. On the contrary, charge gatekeeped s32b–GFP
which display the highest competitive fitness also produce
the highest levels of protein, while most non-gatekeeped
s32b–GFP variants which have a lower fitness produce little
protein. Neither do we observe a correlation between s32b–
GFP mRNA levels and protein levels as positively charged
gatekeepers have low mRNA levels in comparison to nega-
tively charged gatekeepers while both result in high expres-
sion levels. These observations suggest that the differences
in s32b–GFP expression levels are mostly due to co- and
post-translational events and that physiological stresses deter-
mining differences in bacterial fitness are due to qualitative
differences in proteostatic response to the expression of
s32b–GFP rather than to overexpression levels per se.

As protein aggregation is often toxic differences in bacter-
ial fitness and s32b–GFP expression might originate from
differences in intrinsic aggregation propensity of gatekeeped
and non-gatekeeped s32b. More specifically aggregate tox-
icity has been shown to originate from soluble oligomeric
aggregates whereas larger insoluble aggregates are generally
less toxic (Bucciantini et al., 2002; Eisenberg and Jucker,
2012). As a result, it has been shown that aggregate toxicity
can be suppressed either by removing these smaller aggre-
gates or on the contrary by recruiting these aggregates in
larger inclusions (Cohen et al., 2006). Whereas this remains
to be investigated in more detail, our data are in agreement
with such a scenario. The wild-type and charge-flanked
s32b have the lowest aggregation propensity implying a
lower protein toxicity and accordingly have the highest
growth fitness despite high expression levels. At the other
extreme, the two most strongly aggregating non-gatekeeped
s32b constructs (Val and Ala flanks) also express significant
amounts of protein to levels that are comparable to wild-type
and gatekeeped s32b–GFP. Although bacterial fitness is
clearly affected by aggregation, proliferating cells survive
while accumulating large amounts of protein in inclusion
bodies. This is in contrast to non-gatekeeped s32b–GFP
constructs with intermediate aggregation propensity (such as
Ser, Gln or Gly flanks) where growth fitness is equally
affected but where proliferating cells survive by almost com-
pletely suppressing s32b–GFP expression while accumulat-
ing the little protein produced in inclusion bodies.

As growth fitness and s32b–GFP expression therefore
seem to be determined by the intrinsic aggregation propen-
sity and toxicity of each s32b–GFP mutant, the observed
changes in expression levels and inclusion body formation
allowing bacterial survival clearly results from a shift in pro-
teostatic regulation. Mutation at gatekeeper positions results
in changes in synthesis and degradation rates, affects chaper-
one dependence and modulates the transcriptional regulation
of chaperone and protease levels and it remains to be seen
whether differences in s32b–GFP mRNA levels are them-
selves not the result of some feedback mechanism coupling
protein quality control to transcriptional control. Structural

Fig. 4. Transcription levels (mRNA) of gatekeeper variants and of selected
proteostatic components in E.coli MC4100 cells expressing gatekeeper
variants. (A) GFP mRNA levels of s32b–EGFP fusion constructs when
expressed for 3 h in E.coli MC4100. (B) Chaperone and protease levels of

s32b–EGFP fusion constructs when expressed for 3 h in E.coli MC4100 for
GFP alone as well as the wild-type WT s32b–EGFP sequence and RR and
KK variants. (C) Equivalent data for DD, EE, PP and SS constructs. (D)
Equivalent data for AA, GG, VV and QQ constructs.
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and biophysical evidence suggest a molecular origin for the
effect of charges on proteostatic regulation. The ribosomal
tunnel for instance possesses a negative potential allowing
for more frequent translational pausing with positive charges
and faster conversion of negative and neutral sequences (Lu
and Deutsch, 2008). Chaperones also seem to favor (often
positive) charges at their flanks (Rodriguez et al., 2008), al-
though it remains unclear whether these charges directly con-
tribute to binding (which is the case for DnaJ; Rudiger et al.,
2001) or whether they facilitate capturing of a hydrophobic
substrate sequence by charge repulsion (which is the lost
likely scenario for DnaK; (Rudiger et al., 1997). Protease
function and protein translocation is also highly dependent
on charge, suggesting further possibilities for modulating
protein homeostasis by charges. Flanking charges to aggre-
gating sequences therefore seems an optimal strategy to
couple proteostasis with the protein aggregation propensity
of individual aggregating sequences.

While many points require a more in-depth inquiry, our
data demonstrate a role for gatekeeper residues in modulating
the proteostatic regulation of aggregating protein sequences
allowing cells to survive high aggregation loads despite an
evident cost in competitive fitness. Mutation at gatekeeper
positions directly flanking aggregating sequences therefore
suggests an evolutionary mechanism allowing the creation of
variation in the proteostatic regulation of proteins without

affecting their core structure, which is directly checked by
selection on competitive growth fitness.
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