
Trigger Factor can antagonize both SecB and
DnaK/DnaJ chaperone functions in Escherichia coli
Ronald S. Ullers*, Debbie Ang*, Françoise Schwager*, Costa Georgopoulos*†, and Pierre Genevaux*†‡
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Polypeptides emerging from the ribosome are assisted by a pool of
molecular chaperones and targeting factors, which enable them to
efficiently partition as cytoplasmic, integral membrane, or ex-
ported proteins. In Escherichia coli, the chaperones SecB, Trigger
Factor (TF), and DnaK are key players in this process. Here, we
report that, as with dnaK or dnaJ mutants, a secB null strain
exhibits a strong cold-sensitive (Cs) phenotype. Through suppres-
sor analyses, we found that inactivating mutations in the tig gene
encoding TF fully relieve both the Cs phenotype and protein
aggregation observed in the absence of SecB. This antagonistic
effect of TF depends on its ribosome-binding and chaperone
activities but unrelated to its peptidyl-prolyl cis/trans isomerase
(PPIase) activity. Furthermore, in contrast to the previously known
synergistic action of TF and DnaK/DnaJ above 30°C, a tig null
mutation partially suppresses the Cs phenotype exhibited by a
compromised DnaK/DnaJ chaperone machine. The antagonistic
role of TF is further exemplified by the fact that the secB dnaJ
double mutant is viable only in the absence of TF. Finally, we show
that, in the absence of TF, more SecA and ribosomes are associated
with the inner membrane, suggesting that the presence of TF
directly or indirectly interferes with the process of cotranslational
protein targeting to the Sec translocon.

cold sensitivity � genetic suppression � nascent polypeptides �
protein aggregation � protein export

I t is known that de novo protein folding in Escherichia coli is
mainly orchestrated by the chaperones Trigger Factor (TF),

DnaK (Hsp70), and GroEL (Hsp60) (1, 2). The ribosome-bound
TF is the first chaperone to interact cotranslationally with
nascent polypeptides (3), and it is thought that the majority of the
newly synthesized polypeptides can reach their native state in the
cytoplasm without further help. Yet a substantial portion of
cytoplasmic proteins need further co- and/or posttranslational
assistance by either the DnaK or the GroEL chaperone machines
for their correct folding. In contrast, nascent proteins destined
to be secreted or inserted into the IM are prevented from
premature folding. Whereas transmembrane segments in IM
proteins are recognized by the signal recognition particle and
directed cotranslationally to the Sec translocon, presecretory
proteins are generally exported posttranslationally via the ded-
icated SecA/SecB pathway (4, 5). In this case, the SecB chap-
erone binds either co- and/or posttranslationally to unfolded
polypeptides without specificity for signal sequences, maintains
them in a protected yet unfolded state, and transfers them to the
membrane-associated SecA (6–9).

The functional complementarities observed among the major
cytoplasmic chaperones TF, DnaK, GroEL, and SecB suggest
that they compete for the same pool of newly synthesized
polypeptides. For example, the severe temperature-sensitive
(Ts) phenotype and protein folding defect observed in the
absence of both the DnaK and TF chaperones can be partially
rescued by increasing the cellular levels of either SecB or
GroEL/GroES (10–13). Consistent with this result, in the ab-
sence of the ribosome-bound TF, both DnaK and SecB interact

with considerably shorter nascent polypeptide chains, and DnaK
binds significantly more newly synthesized polypeptides (11, 14,
15). This functional overlap is further illustrated by peptide-
binding scan analyses showing that TF, SecB, and DnaK can
share potential binding sites present in nascent polypeptide
substrates (16–18). Furthermore, it has been shown that DnaK
promotes the export of several SecB-dependent proteins,
and both GroEL and DnaK assist protein export in some cases
as well (19–21). In contrast, TF does not generally assist
the export of secretory proteins (22). Finally, in the absence of
SecB, both DnaK and GroEL are up-regulated and vice versa,
further supporting the notion that under certain conditions,
these molecular chaperones may functionally substitute for each
other (23).

Here, we provide additional evidence for such competition
and interplay among molecular chaperones. First, we show that
a secB null mutant exhibits a strong cold-sensitive (Cs) pheno-
type, and that this phenotype is most likely related to the
resulting deficiency in protein export. Through a suppressor
analysis, we next demonstrate that the absence of the TF
chaperone largely relieves the secB- and, to a lesser extent, the
dnaJ-dependent Cs phenotypes. Finally, we show that in the
absence of TF, significantly more SecA and ribosomes are
associated with the IM, suggesting that TF somehow interferes
with cotranslational protein targeting to the translocon.

Results and Discussion
SecB Is Required for E. coli Growth at Low Temperature. The SecB
chaperone is known to be critical for the processing of a subset
of secretory proteins (24). One of the interesting phenotypes of
the first secB mutants discovered was their inability to grow on
LB agar plates (25). However, subsequent studies suggested that
this phenotype may be due to a polar effect of the secB mutation
on the downstream gpsA gene, whose product is involved in the
biosynthesis of glycerol 3-phosphate, a precursor for phospho-
lipid synthesis (26). To minimize such potential polar effects on
gpsA gene expression, we generated an in-frame deletion/
replacement of the secB gene by the cat gene. In agreement with
Shimizu and colleagues (26), we found that the secB null mutant
grew as well as the wild-type strain on LB at 37°C, independent
of the absence or presence of plasmid-encoded GpsA (data not
shown). This observation was confirmed by cotransduction
experiments using a kanamycin-resistance cassette linked �40%
to the secB gene (data not shown).

However, upon subsequent testing on LB agar plates, we
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found that the secB null mutant exhibited a strong bactericidal
Cs phenotype below 23°C and a relatively weak Ts phenotype at
temperatures above 45°C. Such phenotypes were not observed
on M9 glucose minimal medium (data not shown). Subsequent
complementation experiments established that a low-copy plas-
mid expressing SecB could fully rescue all of the observed growth
phenotypes, whereas GpsA could not, even under high expres-
sion levels (Fig. 1A; data not shown). These results demonstrate
that the strong Cs and weak Ts phenotypes are due to the
absence of SecB. Consistent with the role of SecB in protein
export, the secB null mutant exerted an export defect (Fig. 1B).
The Cs phenotype of the secB null mutant most likely reflects the
involvement of SecB in protein export. Indeed, a large number
of mutations in components of the Sec translocon lead to a Cs
phenotype (27), and it has been reported that at least one step
in the export process is Cs (27). Thus, following a temperature
downshift, export may be critically dependent on upstream
chaperone ‘‘holdases,’’ such as SecB or DnaK, to maintain
precursor proteins in a translocation-competent conformation
and protect them from proteolysis.

Mutations in various genes that code for molecular chaper-
ones with a broad spectrum of substrate specificity generally
result in increased steady-state levels of aggregated proteins
(28). We found that the secB mutant strain indeed accumulated
a significant level of aggregated proteins when compared with its
isogenic parent, even when grown at the permissive temperature
of 37°C (Fig. 2C). These results agree with the recent proteomic
study of the aggregates accumulated in the absence of SecB (29).

The tig Null Mutation Fully Suppresses the Various Phenotypes of a
secB Null Mutant. We observed that suppressors of the secB Cs
phenotype appear spontaneously at an approximate frequency
of 10�4 at 14°C. To identify recessive mutations able to suppress
the Cs phenotype, we performed a random transposon mutagen-
esis of the secB mutant, simultaneously selecting for both drug
resistance and colony formation at 14°C. Interestingly, we found
that a large proportion of the insertional mutations that sup-
pressed the secB Cs phenotype were either in the tig structural
gene or affected its expression (34 of 123).

To ensure that the suppressive effect was indeed due to the
resulting loss of TF function, we engineered a complete deletion of
the tig gene and found that it was also capable of completely

suppressing the secB Cs phenotype (Fig. 2A). The absence of TF
and SecB was confirmed by Western blot analysis (Fig. 2B). As
expected, the secB Cs phenotype was restored following expression
of plasmid-encoded TF (Fig. 3C). The efficient suppression of the
secB Cs phenotype by the tig null mutation was also confirmed in
the MG1655 strain background (data not shown). Subsequent
testing showed that deletion of tig additionally rescued the weak Ts
phenotype of the secB mutant at 46°C (Fig. 2A).

It has been previously shown that TF can retard protein
export, because a tig mutation significantly accelerated the
export of several Sec-dependent proteins (22, 30). In agreement
with these studies, we observed that deletion of tig suppressed
the need for SecB in assisting preOmpA export (Fig. 3D). In
addition, the tig null allele also exerted a positive effect on
bacterial growth in the presence of compromised sec alleles in
either the secA or secY genes. Nevertheless, the suppression was
much less efficient than the one seen with the secB null mutant
[supporting information (SI) Fig. 6].

As shown above and also reported by Baars et al. (29), a secB
mutation led to an increased accumulation of aggregated pro-
teins in the cytoplasm (Fig. 2C). Interestingly, we found that the
tig deletion efficiently suppressed protein aggregation in the
absence of SecB (Fig. 2C). In contrast, increasing TF levels at an
otherwise permissive temperature of growth completely blocked
the growth of the secB null mutant and intensified protein
aggregation (Fig. 3C; data not shown). These results are in
agreement with the observations that TF markedly delays pro-
tein folding relative to translation (31) and with the detrimental
effect on cell growth resulting from TF overexpression in the
absence of DnaK or DnaJ (13). Taken together, the results
suggest that TF likely exerts its negative effect on bacterial
growth by interacting for inappropriately long periods of time
with newly synthesized polypeptides when other chaperones or
targeting factors are limiting.

TF Antagonistic Effect Relies on Its Ribosome-Binding but Not on Its
PPIase Activity. TF is principally composed of three domains. The
N-terminal domain mediates ribosome-binding and participates,
together with the C-terminal domain, in TF chaperone function

Fig. 1. SecB-dependent phenotypes. (A) The MC4100 �secB strain was
transformed with either the p29SEN vector or p29SEN-SecB. Fresh transfor-
mants were serially diluted 10-fold and spotted on LB-ampicillin agar plates in
the presence of 10 �M IPTG inducer. Plates were incubated for either 18 h at
37 or 46°C or for 6 days at 16°C. (B) Pulse–chase experiments showing the
processing of OmpA and maltose-binding protein (MBP) precursors in the
MC4100 �secB mutant in the presence of either p29SEN vector or p29SEN-
SecB.

Fig. 2. TF antagonizes SecB. (A) The deletion of the tig gene suppresses the
Cs and Ts phenotypes of the �secB mutant. MC4100 and its isogenic mutant
derivatives were grown to mid-log phase, serially diluted 10-fold, spotted on
LB agar plates, and incubated at the indicated temperatures. (B) Western blot
analysis confirming the absence of SecB and/or TF in the mutant strains. (C)
Protein aggregation in MC4100 and its isogenic mutant derivatives at the
permissive temperature of 37°C. The aggregated proteins were separated by
SDS/PAGE and visualized by silver staining.
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(13, 32, 33). The central domain possesses a PPIase activity,
which is not required for TF chaperone function in vivo (13, 34,
35). We asked which of the TF structural domains are necessary
for its antagonistic effect in the absence of SecB (Fig. 3). As
expected, plasmid-encoded wild-type TF fully restored the Cs
phenotype seen in the absence of SecB. The TF-F198A mutant
with inactivated PPIase activity (34) behaved like wild-type TF
(Fig. 3 C and D). Although less severe, a similar effect was
observed when the complete PPIase domain was deleted (Fig. 3
C and D). In contrast, we found that the TF N-terminal domain
was absolutely essential for its antagonistic effect at 16°C (Fig.
3 C and D). However, by itself, the N-terminal domain did not
affect bacterial growth at permissive temperatures, protein
aggregation, or preOmpA processing, even under maximal in-
ducer concentrations (Fig. 3 C and D; data not shown).

TF also Antagonizes the DnaK/DnaJ Chaperone Machine at Low Tem-
peratures. Interplay and functional complementarities among
cytoplasmic chaperones in both protein folding and export
pathways are particularly well illustrated by the SecB and the
DnaK/DnaJ chaperone machines (19–21, 36). Although TF
functions synergistically with the DnaK/DnaJ chaperone ma-
chine in the folding of newly synthesized proteins (13–15), as
observed for the secB mutant, the dnaKdnaJ mutants are more
sensitive to high levels of TF compared with the wild-type
isogenic strain. This finding suggested to us that physiological
levels of TF may also antagonize the DnaK/DnaJ chaperone
machine at low temperatures. Because the DnaK/DnaJ chaper-
one machine is essential at temperatures below 18°C (37), we
chose to explore this hypothesis. Because the deletion of dnaK
leads to an increased expression of all heat shock proteins and
to the rapid accumulation of extragenic suppressors that enable
bacterial growth (37), we decided to concentrate on the role of
TF in the absence of DnaJ, the major DnaK cochaperone.

In contrast to the dnaK deletion, the dnaJ null mutation still
allows basal DnaK activity through two other DnaK cochaper-
ones, namely CbpA and DjlA, resulting in a DnaK-dependent Cs
phenotype at 14°C (38). We introduced the dnaJ null mutation
into the wild-type parent and its isogenic tig mutant derivative
and tested its effect on bacterial growth at various temperatures.
In sharp contrast to the previously seen synergistic effect of the
tig and dnaJ mutations at high temperature (ref. 13; Fig. 4A),
deletion of tig was beneficial at 14°C when the DnaK/DnaJ

machine was partially compromised (Fig. 4A). Similar results
were observed in both the MG1655 and Mph42 strain back-
grounds (data not shown). However, in contrast to the very

Fig. 3. TF domain requirement. (A) Schematic representation of the various p29SEN-based TF constructs used in this work. Light gray, N-terminal domain; white,
PPIase domain; black, C domain. (B) Steady-state levels of the TF constructs as judged by Western blot analysis using anti-TF antibodies. (C) Growth of the MC4100
�secB �tig double mutant transformed with the various p29SEN-based TF constructs. Fresh transformants were serially diluted and spotted on LB-ampicillin agar
plates with or without IPTG. (D) Pulse–chase experiments showing the processing of OmpA precursor in the MC4100 �secB �tig double mutant transformed with
the various p29SEN-based TF constructs in the presence of 100 �M IPTG.

Fig. 4. TFantagonizes theDnaK/DnaJchaperonemachineat lowtemperatures.
(A) Growth of MC4100 and its isogenic �tig, dnaJ::Tn10-42, and �tig
dnaJ::Tn10-42 mutant derivatives following incubation on LB agar plates at the
indicated temperatures. (B) The dnaJ::Tn10-42 mutant allele was introduced by
phage P1 transduction into either the �secB or �secB �tig mutant derivatives in
the presence of the various p29SEN-based constructs. �, vector; B, SecB; J, DnaJ.
The results of a representative P1 transduction experiment performed at 30°C on
LB-tetracycline-ampicillin agar plates supplemented with 10 �M IPTG are shown.
(C) Intracellular protein aggregation at 30°C after a 3-h depletion of DnaK/DnaJ
in the presence (wt) or in the absence (�secB) of chromosomally encoded SecB. �
indicates the presence of 0.5% L-arabinose, and � indicates the absence of
L-arabinose and the presence of 0.4% glucose. Western blot analysis of the
resulting steady-state levels of DnaK after the 3-h depletion is shown. The nature
of the aggregates is shown in SI Table 1 and Fig. 7.
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efficient suppression of the secB Cs phenotype, suppression of
the dnaJ Cs phenotype by the tig mutation occurred in a much
narrower temperature range, as we did not observe efficient
suppression at 12°C. This difference likely reflects the plethora
of other cellular functions in which the DnaK/DnaJ chaperone
machine participates (39).

The secB dnaJ Double Mutant Is Synthetically Lethal only in the
Presence of TF. Next we asked whether TF plays a beneficial or
detrimental role for bacterial growth in the absence of both the
SecB and DnaK/DnaJ chaperones. To do this, we performed
phage P1-mediated transduction experiments as follows: A P1
lysate was grown on a dnaJ::Tn10(TetR) mutant strain and used
to infect either the single secB or the double secB tig mutant. We
found that although we could easily construct the secB tig dnaJ
triple mutant at 30 or 33°C, we were unable to construct the secB
dnaJ double mutant in the tig� background (Fig. 4B; data not
shown). As a control, we showed that the presence of either
plasmid-encoded SecB or DnaJ permitted the introduction of
the dnaJ mutant allele in the tig� background. However, upon
prolonged incubation (2–3 days) of the transductants, we noticed
the occasional appearance of slowly growing secB dnaJ::TetR

transductants, very likely due to the accumulation of unknown
suppressor mutations (data not shown). The synthetic lethality
between secB and dnaJ was also confirmed in the absence of
DnaK by cotransduction experiments using a �dnaKdnaJ::KanR

allele (data not shown).
Because of the TF-dependent synthetic lethality of secB and

dnaJ (or dnaKdnaJ) mutant alleles, we placed the dnaKdnaJ
operon under the control of an L-arabinose inducible promoter.
This chromosomally encoded construct enabled us to observe
some of the potential phenotypes of the otherwise synthetic
lethal combination of the secB and dnaKdnaJ mutant alleles.
Under these conditions, the resulting depletion of both DnaK
and DnaJ during bacterial growth at permissive temperature
resulted in a severe accumulation of aggregated proteins,
uniquely in the absence of SecB (Fig. 4C). Mass spectrometry
analysis revealed that such aggregates mainly comprise known
DnaK substrates, as well as previously unrelated secretory
proteins (SI Table 1 and Fig. 7). Thus, these results are in full
agreement with the observed secB dnaK synthetic lethality and
further illustrate the critical role played by the DnaK/DnaJ
chaperone machine (most likely during protein export) as a
back-up system in the absence of SecB and in the impeding
presence of TF (19–21).

TF Modulates the Association of both SecA and Ribosomes with the IM.
In the absence of SecB, and perhaps also DnaK/DnaJ, nascent
polypeptides of some secretory proteins form partially folded
intermediates in the cytoplasmic space, which cannot be effi-
ciently translocated through the IM via the general Sec machin-
ery (5). Upon a temperature downshift, this phenotype may be
exacerbated, owing to the compromised Sec translocon function
(27). The absence of ribosome-bound TF in the tig mutant may
relieve this phenotype by allowing premature cotranslational
interaction of SecA with nascent polypeptides of secretory
proteins, as well as the subsequent SecA-dependent targeting of
the ribosome nascent chain complex to the Sec translocon (40),
thus bypassing the need for cytoplasmic chaperones.

To address this possibility, we isolated IM vesicles from both
the wild-type strain and its isogenic tig mutant grown at 37°C
(Fig. 5A) and 16°C (SI Fig. 8) and compared the levels of the
peripheral membrane protein SecA to those of the integral
membrane proteins YidC and/or SecE. We found that signifi-
cantly more SecA (�30% after quantification with the Chemi-
Doc Bio-Rad chemiluminescent detection system) was associ-
ated with IMs in the absence of TF. As a control, the peripheral
membrane protein FtsA (41) was not affected by the absence of

TF (Fig. 5A). In contrast, the overexpression of TF significantly
decreased (by �2-fold) the levels of SecA at the IM (Fig. 5A).

Next, we compared the composition of the whole membrane
to the cytoplasmic fractions and found that without TF �20% of
total SecA was found in the membrane fraction. This percentage
also dropped by a factor of 2 when TF was overexpressed (see
SI Fig. 9). The relevance for such an increase in membrane-
bound SecA in the absence of TF was further emphasized by the
fact that overexpression of SecA [�18-fold with 100 �M iso-
propyl �-D-thiogalactoside (IPTG)] appreciably rescued the Cs
phenotype of the secB mutant down to 18°C (Fig. 5 B and C), as
well as the export of OppA, a SecB-dependent secretory protein
(Fig. 5D). However, in contrast to the full suppression of the secB
Cs phenotype at 14°C exerted by the tig null mutation, the
overexpression of SecA only partially improved bacterial growth
(Fig. 5B). These results suggest that SecA is not the sole limiting
factor and that potentially other factors participate in protein
export, especially at very low temperatures, in the absence of
SecB and/or DnaK/DnaJ.

It is known that ribosomes specifically interact with the Sec
translocon and that one of the main contacts between the
ribosome and the translocon occurs in the neighborhood of
ribosomal protein L23 (42–44). The L23 protein is located near
the polypeptide tunnel exit and also serves as a TF docking site
(32, 45). Thus, the presence of L23-bound TF may somehow
sterically interfere with the association of the ribosome with the
translocon. By comparing the levels of ribosomal proteins to
those of YidC and/or SecE in IM vesicles from both the wild-type
strain and its isogenic tig mutant grown at 37°C (Fig. 5A) or 16°C
(SI Fig. 8), we found that, comparable to SecA, significantly
more ribosomal proteins associated with IMs in the absence of
TF, whereas TF overexpression reduced the amount of ribo-
somal proteins at the IM (Fig. 5A). Furthermore, we also
compared whole membrane to cytoplasmic fractions and found
that without TF �4% of total S3 was found in the membrane
fraction, and that this percentage dropped, similarly to SecA,
when TF was overexpressed (SI Fig. 9).

Taken together, all of the above results suggest that in the

Fig. 5. TF modulates both SecA and ribosome association with IMs. (A)
Western blot analysis of either whole-cell or IM preparations showing SecA,
L4, S3, YidC, and FtsA levels from cells grown at 37°C. The MC4100 wild type
and its �tig mutant derivative, as well as the �tig mutant transformed with
either p29SEN vector or p29SEN-TF are shown. Expression of TF from
p29SEN-TF was induced with 100 �M IPTG for 1 h. Comparison of cytoplasmic
and whole membrane fractions observed under such conditions is shown in SI
Fig. 9. (B) Complementation of the Cs phenotype of MC4100 �secB by p29SEN
vector or p29SEN-SecA. Fresh transformants were serially diluted 10-fold and
spotted on LB-ampicillin agar plates in the presence of 100 �M IPTG and
incubated at the indicated temperatures. (C) SecA expression levels in these
transformants at 37°C after 2-h induction with 100 �M IPTG. (D) Suppression
of the OppA export defect of MC4100 �secB by p29SEN vector or p29SEN-SecA
at 23°C in the presence of 100 �M IPTG.
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absence of TF, SecB (and perhaps DnaK)-dependent protein
export is facilitated by increased concentrations of active SecA
and ribosomes at the Sec translocon (see model in SI Fig. 10).
Whether the observed increased ribosome levels at the IM are
due directly to the absence of TF steric hindrance or indirectly
due to a more efficient SecA-dependent targeting of the ribo-
some to the IM remains to be determined.

Materials and Methods
Bacterial Strains. Genetic analyses were carried out in the E. coli
MG1655 (46), Mph42 (47), and MC4100 (48, 49) genetic back-
grounds. GP108 is MC4100 dnaJ::Tn10-42(TetR) (49). The
MC4100 tig-13::Tn10(KanR) mutant has a miniTn10(KanR) cas-
sette inserted 86 nucleotides upstream of the tig initiation codon
(this work).

The deletion of the tig gene was carried out as described by Yu
and colleagues (50), except that the CmR cassette was amplified
from plasmid pKD3 (51). The �tig::CmR allele was then moved
by bacteriophage P1 transduction into either the MC4100 or
MG1655 strain backgrounds, and the CmR cassette was subse-
quently removed by using the FLP recombinase (51). The
in-frame deletion/replacement of the 468-nt secB gene by the
639-nt cat gene from plasmid pKD3 was similarly carried out.
After recombination into the bacterial chromosome, we noted
that the resulting cat gene had undergone a fortuitous deletion
of two guanines 25-nt upstream of the initiation codon and 48-nt
downstream of the transcription start of the secB P2 promoter.
The strain GP495 is an Mph42 derivative in which the endoge-
nous dnaKdnaJ promoters are replaced by the PBAD promoter,
together with the upstream araC and kanamycin resistance
genes. In this case, the level of expression of DnaK in the
presence of 0.5% L-arabinose inducer is comparable to that of
DnaK from its native promoter at 30°C. Higher expression levels
could not be achieved by using this conditional strain (data not
shown). Strain GP502 is GP495 �secB::cat.

Genetic Selections. To select for loss-of-function mutants sup-
pressing the �secB Cs phenotype, the MC4100 �secB Cs
mutant was grown at 37°C in LB broth and subjected to
transposon mutagenesis by using the miniTn10(KanR) from
bacteriophage �NK1316 as described by Kleckner and col-
leagues (52). Approximately 30,000 independent KanR clones
thusly obtained at 37°C were pooled and selected as colony
formers at 14°C for 8 days. To ensure that the suppressive

effect was due to a single transposition event, the KanR alleles
of individual colonies were back-crossed into MC4100 �secB
by P1 transduction and rechecked for the suppression of the Cs
phenotype at 14°C. The exact localization of the
miniTn10(KanR) insertions in the E. coli chromosome was
determined by inverse-PCR as described (53).

Isolation of Aggregated Proteins. Aggregated proteins were iso-
lated essentially as described by Tomoyasu and colleagues (54),
except that all volumes of solutions were increased 10-fold. To
monitor protein aggregation upon DnaK and DnaJ depletion,
overnight cultures of strains GP495 and GP502 grown at 30°C in
LB supplemented with 0.5% L-arabinose were diluted 1:100 in
the same medium and grown at 30°C to an OD600 of 0.4. Cells
were pelleted, resuspended in prewarmed LB supplemented
either with 0.4% glucose or 0.5% L-arabinose, and grown for 3 h
at 30°C. Identical densities of cells were then pelleted, and
aggregated proteins were isolated.

SecA and Ribosome Association with IMs. Bacteria were grown in
LB medium at 37 or 16°C to an OD600 of �1.0, and they were
used to prepare whole-cell extracts and IM vesicles as described
(55). Whole-cell extracts (�14 �g) and IM fractions (�4 �g)
were separated on SDS/PAGE gels, transferred to nitrocellulose
membranes, and probed with antibodies raised against SecA (D.
Belin, Centre Médical Universitaire, Geneva, Switzerland),
SecE, YidC, L4, L6 (J. Luirink, Vrije Universiteit, Amsterdam,
The Netherlands), FtsA (C. Hale, Case Western Reserve Uni-
versity, Cleveland, OH), and S3 (I. Iost, Ecole Normale Su-
périeure, Paris, France).

Pulse–Chase Analysis, Steady-State Protein Expression Levels, and
Plasmid Constructs. Details are given in the SI Materials and
Methods.
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