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ABSTRACT Chaperonin GroEL has been found to inter-
act with isolated cytoplasmic membrane of Escherichia coli.
Interaction requires Mg ions, whereas MgATP inhibits, and
inhibition is stronger in the presence of co-chaperonin GroES.
‘‘Heat-shock’’ of the membrane at 45°C destroys irreversibly
its ability to bind GroEL. The binding of GroEL is charac-
terized by saturation with a maximum of about 100 pmol
GroEL bound per mg of total membrane protein, indicating a
limited capacity and specificity of the membrane to bind
GroEL. According to results of immunoblotting analysis and
cleavable photoactivable cross-linking, a membrane target of
GroEL is SecA, a protein known as a central component of the
translocation machinery. Moreover, in some cases GroEL
could modulate a cycle of association of SecA with the
membrane by stimulating release of SecA from the membrane.
A physiological role of targeting of GroEL in or close to the
protein-conducting membrane apparatus is discussed.

The Escherichia coli heat-shock protein GroEL, which is a
double toroid comprising 14 identical subunits of 57.3 kDa,
belongs to the highly conserved Hsp60 (cpn60) family of
molecular chaperones named chaperonins. As a molecular
chaperone, GroEL is required for correct folding and assembly
of newly synthesized proteins and for recovery of the cell after
exposure to either thermal or chemical stress, which denatures
protein components (1–3). GroEL interacts with nonfolded
newly synthesized proteins in an MgATP-dependent fashion
(4) and promotes their folding presumably either by preventing
or reversing unspecific aggregation and other unfavorable
interactions within and between polypeptide chains. Numer-
ous experiments suggest that the GroEL–substrate protein
complexes are maintained through hydrophobic contacts. The
binding and hydrolysis of ATP by GroEL are crucial for its
functioning and are assumed to be necessary for the binding–
release cycles of substrate proteins, which drive the substrate
folding. For the folding or assembly of some proteins, the
MgATP (or MgADP)-dependent specific interaction of
GroEL with its helper protein GroES (7 3 10 kDa) is also
required. Whether proteins fold to native structure while they
are bound to GroEL or whether they have to be released into
solution to complete folding is unclear.

Apart from its recognized function in protein folding,
GroEL is able to play a role in protein translocation across
(4–7) or insertion into (8, 9) the cytoplasmic membrane of E.
coli. Export of some secretory proteins are damaged in E. coli
strains functionally defective in GroEL (10, 11). The temper-
ature-sensitive phenotype of several mutant proteins are sup-
pressed by overexpression of GroEL (12–14). Interestingly,
some of these mutants are the membrane proteins SecA and

SecY, which are key components of the preprotein transloca-
tion apparatus in E. coli and are presumed to form a protein-
conducting membrane channel (15). All of this evidence from
genetic and biochemical studies, in vivo and in vitro, allows us
to suggest that GroEL not only is able to maintain newly
synthesized secretory or membrane proteins in a state com-
petent for interaction with membrane but it also could play a
direct role in the membrane targeting of these proteins. To
investigate this question, we found that purified GroEL inter-
acts with the isolated cytoplasmic membrane of E. coli and,
specifically, with SecA associated with the membrane. Some
important features and physiological consequences of this
interaction are discussed.

MATERIALS AND METHODS

Bacterial Strains and Preparations. E. coli strains MC4100
or MM52 carrying the wild-type (wt)-SecA or SecA51(Ts)
mutant, respectively, were grown aerobically at 30°C in Luria–
Bertani (LB) medium to OD600 ' 1.0. E. coli strain T184 (16)
was cotransformed with pGP1–2 harboring gene of T7 RNA
polymerase (17) and pT7SecA2 carrying gene of SecA under
T7 promoter (18). Purification of chaperonins GroEL and
GroES were described by us previously (19). Molar concen-
trations of GroEL and GroES are expressed in terms of their
particles (14-mer and 7-mer, respectively). Rabbit affinity-
purified GroEL IgG antibodies were prepared according to
ref. 4.

Isolation of IMVs. E. coli MC4100 or MM52 cells were
disrupted by sonicating (Microson, Heat SystemsyUltrasonics)
in buffer containing 25 mM KCly1 mM MgCl2y0.2 mM
EDTAy1 mM DTTy0.5 mM PMSFy10 mM TriszHCly25 mM
TEAzHCl, pH 7.5 (20). The homogenate was clarified, and
crude IMVs were isolated by centrifugation at 60,000 rpm for
75 min at 4°C (TLA100.1 rotor, Beckman TL100 centrifuge).
The pelleted IMVs were suspended in 7.5% sucrosey1 mM
MgCl2y0.1 mM EDTAy1 mM DTTy50 mM triethanolamine-
OAc, pH 7.5, and purified by recentrifugation through 22%
sucrose in 50 mM KCly20 mM MgCl2y0.5 mM EDTAy1 mM
DTTy30 mM TEA-OAc, pH 7.5, at 54,000 rpm for 90 min at
4°C (TLS55 rotor, Beckman TL100 centrifuge). Where indi-
cated (Fig. 2), purified cytoplasmic inverted cytoplasmic mem-
brane vesicles (IMVs) were isolated by passing cell suspension
twice through a French pressure cell, followed by separation of
inner membrane vesicles from outer membrane by centrifu-
gation through sucrose gradient containing 20 mM EDTA
(21). As described (22), the presence of EDTA did not
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interfere with interaction of IMVs with SecA and was used for
isolation of IMV–SecA complex.

The [35S]IMVs containing radioactive wt-SecA were iso-
lated from T184 (pGP1–2, pT7SecA2) cells. The cells were
grown at 30°C in LB medium (plus 30 mgyml kanamycin and
100 mgyml ampicillin) to OD600 ' 0.6 and additionally for 1 hr
in M9 minimal medium supplemented with 0.5% glucose and
40 mgyml amino acids (lacking methionine and cysteine). After
methionine starvation, the culture was incubated for 20 min at
42°C (induction of T7 RNA polymerase) and for an additional
20 min in the presence of 0.4 mM rifampicin. The cells were
cooled to 30°C, and growth was continued for 30 min in the
presence of '20 mCiyml of L-[35S]Met (specific activity,
.1,000 Ciymmol, Amersham). The cells were then harvested
on ice and washed with 10% sucrosey10 mM TriszHCl, pH 8.0.

Interaction of GroEL with IMVs. Typically, interaction of
GroEL with IMVs was carried out in a 40-ml sample containing
40–70 mg IMVs and 1 mM GroEL in 10 mM MgCl2y0.1 mM
EDTAy25 mM KCly5 mM DTTy50 mM TEA-OAc, pH 7.5
(‘‘binding buffer’’). The samples were incubated for 20 min at
different temperatures and loaded on a four-step sucrose
gradient (0.34 ml each of 20, 15, 10, and 7.5% in the binding
buffer). Where indicated, some additions to the incubation
mixtures and sucrose gradients were included. After centrif-
ugation at 4°C for 70 min at 54,000 rpm (TLS55 rotor,
Beckman TL100 centrifuge), 120-ml fractions were collected
from the top. The membrane pellets dissolved in 33 ml (final
volume) 2% SDS-sample buffer for 30 min at 37°C were
analyzed by SDSyPAGE by using 8% acrylamidey0.16% bi-
sacrylamide. After Coomassie blue staining, the GroEL bands
were quantitated by scanning densitometry relative to a known
GroEL standards loaded on the same gel (Model GS-690
Imaging Densitometer, Bio-Rad). Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose membrane
and immunoblotting with SecA antisera were performed ac-
cording to enhanced chemiluminescence (ECL) Western blot-
ting protocol (Amersham) as described by the manufacturer.

Cross-Linking of GroEL to SecA on the Membrane. The
coupling of the photoactivable cross-linker TDPDP (23) to the
amino groups of GroEL was carried out by treatment of 3.75
mM GroEL (i.e., '2.1 mM amino groups) with 2.8 mM
3-{3-[3-(trif luoromethyl)diazirin-3-yl]phenyl}-2,3-dihy-
droxypropionic acid N-hydroxysuccinimide ester (TDPDP-
ONSu (Fig. 4A) for 1 hr at 25°C in the binding buffer, except
that 0.4 mM DTT and 10% dimethyl sulfoxide were presented.
The reaction was stopped by treatment for 15 min at 25°C with
1y10 volume of 1 M TriszHCl, pH 8.0, and the photoactivable
TDPDP-GroEL was separated from the reagent excess by gel
filtration in the same buffer. According to a test with a
colorimetric amino-group reagent TNBS (24), GroEL particle
acquired '4 photoactivable groups per subunit. TDPDP-
GroEL (0.5 mM) was incubated for 20 min at 37°C with 37 mg
[35S]IMVs ('2 3 106 cpm) in 40 ml binding buffer containing,
where indicated, some additions (Fig. 4A). Irradiation was
performed for 1 min on ice with a UVP 350-W mercury
short-arc lamp with a filter transmitting light preferentially
above 330 nm and 2-cm water layer to prevent heating of the
sample (conditions of complete decomposition of the photo-
probe).

The irradiated [35S]IMVs were sedimented through a su-
crose gradient as described in previous paragraph, and mem-
brane pellets were solubilized in 40 ml of 10 mM MgCl2y25 mM
KCly2 mM DTTy0.1 mM EDTAy50 mM TriszHCl, pH 7.5,
containing 0.8% nonionic detergent dodecylmaltoside (DM).
Ten microliters of the solubilized membranes was analyzed by
SDSyPAGE. The remaining 30 ml was centrifuged at 4°C for
130 min at 54,000 rpm (TLS55 rotor, Beckman TL100 centri-
fuge) through 5–20% sucrose gradient prepared on the same
buffer but with 0.2% DM. The gradients were divided into
110-ml fractions from the top. The gradient fractions contain-

ing GroEL with the cross-linked [35S] label were combined and
precipitated with 5% trichloroacetic acid on ice. The pellet was
solubilized for 30 min at 37°C in 25 ml 1.8% SDSy5 mM
N-ethylmaleimidey15 mM methylaminey0.1 M sodium phos-
phate, pH 7.5, and was divided into two 12-ml aliquots. One
aliquot was directly analyzed by SDSyPAGE and fluorography
whereas the another was treated first for 30 min at 25°C with
1.3 ml 0.1 M sodium metaperiodate (BDH). Then, DTT was
added to 20 mM to destroy the excess of periodate, and the
sample was analyzed by SDSyPAGE.

The analogous procedure was applied for cross-linking of
photoactivable TDPDP-GroEL to IMVs carrying the chromo-
somally produced wt-SecA. Identification of the SecA in the
isolated cross-linking product was carried out by immunoblot-
ting with SecA antisera as described above.

RESULTS

GroEL Interacts with Cytoplasmic Membrane of E. coli.
Incubation of GroEL with IMVs followed by isolation of the
membranes by sedimentation results in an appearance in the
membrane protein profile of a new and well defined Coomas-
sie-stained band (Fig. 1A, lane 3) which, according to immu-
noblotting analysis with anti-GroEL IgG (Fig. 1B, lane 3),
corresponds to GroEL. As seen in Fig. 1 A and B, IMVs
themselves are not contaminated by endogenous GroEL (lane
2). Binding of GroEL to IMVs is promoted by Mg ions and is
inhibited by EDTA (compare lanes 3 and 4). The inhibitory

FIG. 1. Interaction of GroEL with IMVs. (A and B) Cosedimen-
tation of GroEL with IMVs after incubation at 37°C in the presence
of 10 mM MgCl2 (lanes 1–3) or 20 mM EDTA (lane 4). (A) Coomassie
blue R-250 staining. (B) Western blotting using GroEL IgG antibod-
ies. Lanes: 1, GroEL alone; 2, IMVs alone; 3 and 4, GroEL plus IMVs.
(C) Heating of IMVs at 45°C inhibits irreversibly their subsequent
interaction with GroEL at 30°C (Coomassie staining). Lanes: 1,
GroEL alone, incubation for 30 min at 45°C; 2, IMVs alone, incubation
for 30 min at 30°C; 3, GroEL plus IMVs, incubation for 30 min at 30°C;
4, GroEL plus IMVs, incubation for 30 min at 45°C and then for 30 min
at 30°C; 5, IMVs alone, incubation for 30 min at 45°C and, after cooling
to 30°C, GroEL was added and incubation was continued for 30 min
at 30°C; 6, GroEL used as a marker.
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effect of EDTA is not caused by EDTA-induced removal from
IMVs of a special membrane protein(s) required to anchor
GroEL. In particular, treatment of IMVs with 20 mM EDTA
followed by their sedimentation and resuspension in the
Mg-containing buffer does not change the yield of the GroEL–
IMV complex (data not shown). Possibly, Mg ions are required
to prevent the electrostatic repulsion between negatively
charged membrane surface and GroEL (pI ; 4.48, ref. 25).

Table 1 shows the effects of adenine nucleotides and co-
chaperonin GroES on interaction of GroEL with IMVs. The
presence of 0.1 mM ADP or ATP has no effect whereas
addition of co-chaperonin GroES or ATP-regenerating system
(to ATP) decreases strongly the yield of the membrane-bound
GroEL. At high concentration (3 mM), ADP and especially
ATP alone show remarkable inhibitory effects. Sensitivity of
GroEL–IMV complex to adenine nucleotides (and GroES) is
similar to that of the GroEL complex with various nonnative
substrate proteins (3) and is contrary to that of the GroEL
interaction with lipids (26). This implies that, upon membrane
attachment, GroEL interacts with protein rather then with
lipid. Additional evidence in favor of this suggestion comes
from measuring GroEL–IMV interaction as a function of
concentration of GroEL at different temperatures. The bind-
ing of GroEL to IMVs versus concentration of GroEL shows
a saturation indicating a restricted capacity of IMVs for
binding GroEL (Fig. 2). In particular, at about 2–3 mM GroEL
the curves reach a plateau approximately 55–60 or 95–100
pmol GroEL bound per mg total membrane protein at 30–
37°C or 45°C, respectively. These values are estimated to be
roughly comparable, for example, to concentrations in cyto-
plasmic membrane of E. coli of each of Sec proteins such as
SecA, SecD, SecE, or SecY and about five times less than that
for ATP-synthase (22, 27–29). The clear jump in the capacity
for the GroEL–IMV interaction at 45°C is probably caused by
additional exposure andyor unfolding of the membrane target
at this temperature.

Another interesting feature of the curves in Fig. 2 is their
sigmoidicity, which is usually interpreted in terms of a positive
cooperativity. The slopes of the Hill plots (not shown) are
practically independent on the temperatures used, and the
average value of the Hill coefficient nH is about 1.7 6 0.06,
suggesting that membrane target for GroEL is perhaps an
oligomeric protein, at least a dimer. An additional restriction
on the nature of the target is that this protein must be in a
partially unfolded state to be recognized by GroEL. From data
in Fig. 2 the apparent dissociation constant Kd for GroEL–
IMV complex is roughly 1.0 mM, with a slight dependence on
temperature. This value of Kd is biologically relevant because
it does not exceed the physiological concentration of GroEL
(close to 1 mM, ref. 3).

Interaction of IMVs, preheated at 45°C, with GroEL at 30°C
is much lower compared with that for the IMVs that are not
preheated (Fig. 1C, lanes 5 and 3, respectively). Apparently,

cooling of the membrane target denatured at 45°C yields a
conformation that is no longer recognized by GroEL, i.e., the
temperature-induced unfolding of the membrane target for
GroEL is irreversible. Such phenomenon of heat-dependent
conformational irreversibility is known to be a typical feature
of a variety of proteins and is in contradistinction to the
temperature-promoted phase transition of lipids, which is
reversible (30). In addition, the phase transition of E. coli
cytoplasmic membrane is always completed below growth
temperature (31, 32), i.e., below 30°C under our conditions.
Considered together with these data, the heat-induced irre-
versible block of the binding ability of GroEL to the membrane
is indicative of conformational damage in membrane pro-
tein(s), interacting with GroEL, and not in lipids.

GroEL Interacts with the Membrane-Bound SecA and in
Some Cases Could Promote Its Release from the Membrane.
Identification of membrane protein(s) interacting with GroEL
is of importance in elucidating the physiological role of
interaction of GroEL with the membrane. In this context, a
striking finding was observed when IMVs were separated from
excess of unbound GroEL by sucrose gradient sedimentation,
namely, a faint band a of about 100 kDa, stained by Coomassie
blue, which preferentially sediments together with GroEL
(Fig. 3A, fraction 3). Because the GroEL preparation itself,
overloaded on the same gel, is not contaminated with this band
(Fig. 3A, right lane), it seems likely that a protein interacting
with GroEL originates from the membrane and, consequently,
the protein a-dissociating action of GroEL on the membrane
is very specific. The following observations suggest that band
a corresponds to the membrane-associated protein SecA. SecA
is known to be a cytoplasmically exposed membrane protein
(27) of molecular mass of 102 kDa (34), which exists in both
soluble and membrane-associated forms (33, 34). That GroEL
suppresses the protein translocation defect in the SecA51(Ts)
mutant at nonpermissive temperature 42°C (11–13) is also
evidence in favor of the possibility that GroEL interacts with
SecA. Protein FtsY, which also exists in soluble and mem-
brane-bound states and migrates in SDS gel as an '100-kDa
polypeptide (35), or some other membrane proteins could be
also considered.

As a test of our hypothesis, we have performed an immu-
noblot analysis and found that the FtsY antisera does not
recognize the band a (not shown), whereas the SecA antisera
does. SDS gels in Fig. 3 show the content of SecA in a few

Table 1. Effect of adenine nucleotides and GroES on GroEL
binding to IMV at 37°C

Experiment Additions GroEL binding, %

1 — 100
2 0.1 mM ADP 99 (66)
3 0.1 mM ADP 1 GroES 12

4 0.1 mM ATP 101 (23)
5 0.1 mM ATP* 30
6 0.1 mM ATP 1 GroES 15
7 0.1 mM ATP* 1 GroES 5

Molar ratio, GroES:GroEL 5 2.5. Asterisk shows that the ATP-
regenerating system (10 mM creatine phosphate and 50 mgyml creatine
kinase) was included. The numbers in parantheses indicate the GroEL
binding to IMVs at 3.0 mM ADP or ATP.

FIG. 2. Effects of concentration of GroEL on its interaction with
IMVs at different temperatures. The purified cytoplasmic IMVs were
used. (Inset) The temperature dependence of binding of GroEL to
IMVs (at 2.5 mM GroEL).
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fractions from the top of sucrose gradients and also in the
membrane pellet after incubation without or with GroEL. As
was found for the 100-kDa band a stained by Coomassie blue
(Fig. 3A), in the presence of GroEL, a majority of SecA
released from the membranes ran together with GroEL max-
imally in fraction 3 (Fig. 3B). In the absence of GroEL, soluble
SecA was found at the top of the gradient (maximally in
fractions 1 or 2). The GroEL preparation itself contains no
detectable impurity of SecA (not shown). The use of IMVs
carrying [35S]SecA, plasmid borne and metabolically labeled,
yields a similar result (Fig. 3C). Furthermore, the intensity of
the band of [35S]SecA running together with GroEL is cer-
tainly higher than that for [35S]SecA released from the mem-
branes in the absence of GroEL. This suggests that GroEL is
able not only to interact with SecA but also to stimulate
dissociation of SecA from the membranes. An analogous
phenomenon is also observed when IMVs carrying the
SecA51(Ts) mutant is used. After incubation at 37°C (Fig. 3D)
and especially at ‘‘heat shock’’ temperature, 42°C (Fig. 3E),

where in the absence of GroEL, SecA51(Ts) does not disso-
ciate at all, in the presence of GroEL a significant portion of
the mutant appears to release from the membranes and
sediment together with GroEL.

To further characterize an interaction of GroEL with SecA,
some additional controls are presented. In particular, similar
to the binding of GroEL to IMVs (Table 1), the interaction of
GroEL with SecA51(Ts) is prevented by ATP (Fig. 3F) or
EDTA (not shown). [Notice that the increase of the mutant at
the top of the control gradient observed upon addition of ATP
to IMVs (Fig. 3F, 2GroEL) is consistent with observations of
others (20, 22, 36) that ATP facilitates dissociation of SecA
from the membrane.] Finally, incubation of GroEL with the
membrane-depleted cellular extract does not reveal interac-
tion of GroEL with cytoplasmic fraction of wt-SecA (Fig. 3G)
or SecA51(Ts) (not shown). This is consistent with the findings
of others (37) that GroEL has no affinity for the isolated SecA.

Thus, it can be concluded that GroEL interacts with the
membrane-associated SecA and could ‘‘pull’’ it off the mem-
branes. The ‘‘pulling’’ phenomenon is clearly seen for the
wt-[35S]SecA, plasmid-borne and metabolically radiolabeled,
or SecA51(Ts) mutant. Surprisingly, this effect is not observed
for the unlabelled wt-SecA originated from chromosome (Fig.
3B). It seems clear that the GroEL-promoted release of this
SecA a priori cannot be effective because a lot of SecA
dissociates from the membrane regardless of GroEL (Fig. 3B,
2GroEL). The observed distinction between the chromo-
somally produced SecA and the plasmid-borne [35S]SecA in
their affinity for the membrane is unclear now and could be
caused by non-identity of the membranes used. In particular,
the IMVs and [35S]IMVs were isolated from different E. coli
strains (MC4100 and T184, respectively), so that the conditions
of growth of the cells from these strains differ considerably
(Materials and Methods).

Cross-Linking of GroEL to SecA on the Membrane. To
confirm that GroEL indeed interacts with the membrane-
embedded SecA, a cross-linking approach has been employed
by using a cleavable, photoactivable, bifunctional reagent,
TDPDP-ONSu (Fig. 4A and ref. 23). This cross-linker consists
of (i) ONSu-activated carboxyl group, which allows incorpo-
ration of a TDPDP group into the protein via its specific
interaction with amino groups; (ii) aryldiazirine group TDPDP
with lmax ' 350 nm, mild UV irradiation of which generates
a highly reactive carbene radical assumed to attack any chem-
ical bond in the nearest neighborhood; and (iii) cis-diol group,
which connects the photoactivable group with the activated
carboxyl and is easily cleaved by periodate oxidation.

Cross-linking reaction is performed in two steps. In the first
step, TDPDP groups are coupled to GroEL followed by
removal of the excess reagent. In the second step, the photo-
activable derivative of GroEL is incubated at 37°C with the
membranes, carrying wt-[35S]SecA originated from plasmid
([35S]IMVs) or wt-SecA originated from chromosome (IMVs),
and irradiated on ice. In the case of [35S]IMVs, the light-
induced cross-linking is detected by upward shifting of radio-
active material on an SDS gel. As seen in Fig. 4B, only under
conditions stimulating the binding of GroEL to IMVs (i.e., in
the presence of Mg ions and not of EDTA or ATP plus
GroES), irradiation of the GroELyIMVs mixture yields a
cross-linked product X. This indicates that the cross-linking is
a consequence of targeting of GroEL to IMVs and not of
accidental collision of them. As seen, a molecular mass of the
cross-linked product exceeds considerably a sum of those of
GroEL subunit (56 kDa) and SecA (102 kDa). Such effect
apparently is caused by the GroEL particle harboring approx-
imately four photoactivable groups per subunit (Materials and
Methods), and irradiation yields an inter-subunit cross-linking
within the GroEL particle simultaneously and additionally to
the cross-linking of GroEL to SecA (not shown). To confirm
that GroEL cross-links to SecA and not to some radioactive

FIG. 3. GroEL interacts with SecA associated with the membrane.
The IMVs carrying either wt-SecA originated from chromosome (A
and B) or wt-[35S]SecA originated from plasmid and metabolically
labeled with [35S]methionine (C), or SecA51(Ts) mutant (D–F) were
used. In G, the membrane-depleted cellular extract containing soluble
fraction of wt-SecA was used instead of wt-IMVs. [Note that a similar
picture was observed when the membrane-depleted cellular extract
containing Sec51(Ts) mutant was used (not shown)]. The samples were
incubated for 30 min at indicated temperatures in the absence or
presence of 1.5 mM GroEL in the Mg-containing buffer. In F, 5 mM
ATP plus 3.8 mM GroES was also added. The membranes were then
sedimented through a sucrose gradient for 70 min at 54,000 rpm as
described in Materials and Methods. In G, for better separation of
GroEL from soluble wt-SecA, the mixtures were centrifuged for 120
min so that the GroEL maximum was in fractions 6–7 from the top.
The fractions were collected from the top of the gradients (total, 11).
The corresponding aliquots from the gradient fractions and membrane
pellets (P), solubilized in SDS-sample buffer, were analyzed by SDSy
PAGE. Note: To save a space, only a few fractions from the top of the
gradients and the membrane pellet are shown. The assays were
performed either by Coomassie blue staining (A), immunoblotting
with SecA antisera (B, D–G), or autoradiography (C). In A, the
standard molecular mass markers (in kDa) and GroEL as a marker are
shown on the left and on the right, respectively. Band a on the right
is the membrane protein sedimenting together with GroEL.
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impurities seen below the band of SecA (Fig. 4B), the irradi-
ated [35S]IMVs were sedimented and solubilized by a nonionic
detergent DM. The GroEL carrying the cross-linked radioac-
tive label was then isolated by centrifugation in a sucrose
gradient containing the detergent and analyzed by SDSy
PAGE before or after periodate treatment. As seen in Fig. 4C,
the periodate cleavage of a cis-diol bond between the GroEL
and its membrane partner moieties within the cross-linked
product shows downward change in position of radioactive
band on an SDS gel so that the band X (lane 1) quantitatively

converts into a band running at a position corresponding to
SecA (lane 2). This means that the membrane-embedded
radioactive component cross-linked to GroEL is indeed the
SecA.

In the case of IMVs containing wt-SecA originated from
chromosome, GroEL-SecA cross-linking product X was de-
tected by immunoblotting with SecA antisera. As shown in Fig.
4D the appearance of band X requires interaction of GroEL
with IMVs (lane 3). This band is not seen in the absence of
irradiation (lane 1) or at irradiation in the presence of ATP
plus GroES, which, as shown above, inhibit the GroEL-IMVs
interaction (lane 5). The periodate treatment cleaves cross-
linking product X and yields the SecA, which is detected by
increasing intensity of the band SecA (lane 4).

Taken together, all of these observations are legitimate
grounds to conclude that GroEL can bind to the membrane via
the membrane-bound SecA, although participation of other
unidentified membrane components is not excluded.

DISCUSSION

This study demonstrates the binding of GroEL to cytoplasmic
membrane of E. coli and reveals participation of the mem-
brane-associated protein SecA in this interaction. In some
cases, after coming into contact with SecA, GroEL could
stimulate its release from the membrane. It should be empha-
sized that all features, observed here and characterizing the
targeting and interaction of GroEL with SecA on the mem-
brane, correlate with the following well known properties of
SecA:

(i) SecA is a membrane protein facing to cytoplasm (27).
The conformation of SecA bound to the membrane is remark-
ably unfolded compared with that in solution (20, 36, 38, 39).
This explains why GroEL prefers to interact with the mem-
brane-bound and not with the soluble SecA (Fig. 3).

(ii) SecA is thermally denatured with a midpoint close to
42°C (39) that could cause a jump in binding of GroEL to the
membrane (Fig. 2). Moreover, thermally induced denaturation
of SecA is irreversible (40), which could be reflected in an
inability of IMVs, preheated at 45°C, to bind GroEL at lower
temperature (30°C, see Fig. 1C).

(iii) SecA exists and functions as a homodimer (34, 41, 42).
This property of SecA points to its potential opportunity to
interact with GroEL with positive cooperativity (Fig. 2).

(iv) Defects in protein secretion caused by mutation in SecA,
in particular, by SecA51(Ts) mutant, are suppressed by over-
expression of GroEL (11–13), suggesting that suppression is
caused by interaction of GroEL with SecA.

(v) SecA is a very dynamic protein, because cytoplasmic,
peripheral, and integral membrane forms of it have been
detected (33, 34). This property of SecA correlates with an
ability of GroEL to participate in partition of SecA between
the membrane and cytoplasm. Furthermore, unlike wt-SecA
(34, 43), the SecA51(Ts) mutant is shown to possess an
inherent high affinity for the membrane, accumulating there
(44). Therefore, a weakening the SecA51(Ts)-membrane as-
sociation by GroEL and, by this, an adjusting of the membrane
affinity for the mutant to that for wt-SecA seems a likely
mechanism by which GroEL repairs the functional defect in
SecA51(Ts) (11–13). Taken together, our data are in favor of
the model according to which a dynamic membrane bindingy
release cycling of SecA is essential for its biological function
(20, 36, 44, 45).

(vi) GroEL interacts not only with loosely membrane-bound
SecA (Fig. 3), but also with the SecA embedded deeply into the
membrane. In particular, the GroEL-SecA cross-linking prod-
ucts were isolated by solubilization of the membrane by DM
(Fig. 4).

It is obvious that our procedures, indicating an interaction
of GroEL with the membrane-bound SecA, do not allow us to

FIG. 4. Photo-induced cross-linking of the TDPDP-GroEL to
SecA on the membranes. (A) Structure of cross-linker TDPDP-ONSu
(23). (B) Cross-linking of the TDPDP-GroEL to [35S]IMVs is caused
by targeting of GroEL to the membrane. Lanes: 1, GroEL and
[35S]IMVs in the presence of 10 mM MgCl2, no irradiation; 2, as in lane
1 but after irradiation; 3, as in lane 2, except that 10 mM MgCl2 is
replaced by 20 mM EDTA; 4, as in lane 2 but in the presence of 7.5
mM ATP plus 1.4 mM GroES; 5, [35S]IMVs irradiated alone. (C)
35S-labeled membrane component cross-linked to GroEL is indeed the
SecA. The sample identical to that shown in lane 2 of B was used, and
GroEL carrying the radioactive label was isolated by treatment of the
membranes with 0.8% DM followed by centrifugation in the sucrose
gradient, as described in Materials and Methods, and analyzed by
SDSyPAGE and fluorography before or after periodate treatment
(lanes 1 or 2, respectively). Band X, cross-linked product. Standard
molecular mass markers (Amersham) are indicated on the right (in
kDa). (D) Immunoblotting detection with SecA antisera of cross-
linking of TDPDP-GroEL to the chromosomally produced wt-SecA on
the membrane. Immunoblots of the GroEL-containing fractions (iso-
lated by centrifugation of the IMVs after irradiation in the presence
of TDPDP-GroEL and solubilization by DM as described above)
before and after periodate treatment are shown in odd or even lanes,
respectively. Lanes: 1 and 2, GroEL and IMVs in the presence of 10
mM MgCl2, no irradiation; 3 and 4, as in lanes 1 and 2 but after
irradiation; 5 and 6, as in lanes 3 and 4, except that 10 mM MgCl2 is
replaced by 20 mM EDTA. Note: A slight intensity of the band X in
lane 3 is likely caused by a low yield of electrophoretic transfer of
cross-linking product X (.200 kDa) from polyacrylamide gel to
nitrocellulose membrane before immunoblotting.
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conclude that SecA is the sole membrane component recog-
nized by GroEL. Other not-yet-identified membrane proteins
and also lipids could be involved in the membrane interaction
with GroEL in addition to and independent of SecA. But a
basic role of lipids in this process seems unlikely because some
essential features of interaction of GroEL with cytoplasmic
membranes of E. coli shown here (first, the effects of ATP and
GroES) are contrary to those described recently for interaction
of GroEL with model lipid mono- and bilayers (26).

Interaction of GroEL with the membrane-associated SecA
might be physiologically relevant. One of the interacting
partners, GroEL, has been shown to interact with newly
synthesized secretory or membrane proteins and stimulate
translocation across or insertion into the membrane (4–10).
Another partner, SecA, is known to play a central role in
translocation of a variety of secretory proteins across cyto-
plasmic membrane of E. coli by participation in formation and
functioning of the protein-conducting channel (14, 46). Taken
together with an ability of GroEL to interact with the mem-
brane-bound SecA shown here, we speculate that GroEL as a
chaperone might participate in functioning of the protein-
conducting membrane apparatus by maintaining SecA in a
functionally active conformation under a variety of conditions.
In addition, GroEL also is able to modulate a cycle of SecA
association with the membrane by stimulating release of SecA
from the membrane. Finally, it is exciting to think that GroEL
might act as a carrier and bring its passenger (secretory or
membrane proteins) directly to the protein-conducting mem-
brane channel. Our preliminary observations in vitro, that
GroEL carrying the newly synthesized secretory protein
proOmpA or polytopic membrane protein lactose permease
can interact with IMVs followed by the ATP-promoted deliv-
ering of the bound protein to the membrane, are in favor of the
carrier function of GroEL. Future experiments must examine
the plausibility of our proposals and describe the mechanism
by which GroEL participates in the membrane targeting of
secretory andyor integral membrane proteins.
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