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ABSTRACT ClpA, a member of the Clp/Hsp100 family of
ATPases, is a molecular chaperone and, in combination with
a proteolytic component ClpP, participates in ATP-dependent
proteolysis. We investigated the role of CIpA in protein
degradation by CIpAP by dissociating the reaction into several
discrete steps. In the assembly step, ClpA-ClpP-substrate
complexes assemble either by ClpA-substrate complexes in-
teracting with ClpP or by ClpA-ClpP complexes interacting
with substrate; ClpP in the absence of ClpA is unable to bind
substrates. Assembly requires ATP binding but not hydrolysis.
We discovered that ClpA translocates substrates from their
binding sites on CIpA to ClpP. The translocation step specif-
ically requires ATP; nonhydrolyzable ATP analogs are inef-
fective. Only proteins that are degraded by CIpAP are trans-
located. Characterization of the degradation step showed that
substrates can be degraded in a single round of ClpA-ClpP-
substrate binding followed by ATP hydrolysis. The products
generated are indistinguishable from steady-state products.
Taken together, our results suggest that ClpA, through its
interaction with both the substrate and ClpP, acts as a
gatekeeper, actively translocating specific substrates into the
proteolytic chamber of ClpP where degradation occurs. As
multicomponent ATP-dependent proteases are widespread in
nature and share structural similarities, these findings may
provide a general mechanism for regulation of substrate
import into the proteolytic chamber.

An exciting recent development in cell biology is the emer-
gence of the Clp/Hsp100 proteins as a new family of ATP-
dependent molecular chaperones, found in both eukaryotes
and prokaryotes (reviewed in refs. 1-3). Clp proteins have
roles in many cellular processes including protein reactivation,
protein degradation, DNA replication, regulation of gene
expression, thermotolerance, inheritance of prion-like factors,
and protein translocation through membranes (4-9). For
example, Hsp104, a Clp protein in Saccharomyces cerevisiae,
disaggregates proteins aggregated by heat shock, reactivates
luciferase and RNA-splicing enzymes following heat inactiva-
tion, and alters the conformation of a prion-like protein (6-8).
Escherichia coli CIpA activates the latent DNA-binding activity
of the plasmid P1 replication initiator protein in vitro by
remodeling inactive dimers into active monomers (10, 11).
ClpA also prevents irreversible heat inactivation of luciferase
in vitro (10). ClpX of E. coli acts as a chaperone in bacterio-
phage Mu transposition and DNA replication by disassembling
stable complexes of MuA tetramers and Mu DNA, allowing
the initiation of phage DNA replication (12, 13). ClpX, in vitro,
also prevents and reverses heat-induced aggregation of bac-
teriophage A O protein and activates DNA binding by the TrfA
replication initiator of plasmid RK2 by converting inactive
dimers to active monomers (14, 15).
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Some of the Clp ATPases, including E. coli ClpA, ClpX and
HslU (ClpY), are regulatory components of two-component
ATP-dependent proteases (16-21). For instance, either CIpA or
ClpX can activate degradation by ClpP, a peptidase sharing no
homology with the Clp ATPase family. ClpP itself exists as a
stable tetradecamer, composed of two stacked heptameric rings
(22, 23). Its structure resembles that of the inner core of 8
subunits of the 20S proteasome of eukaryotes (24, 25) with the 14
active sites located within a roughly spherical chamber formed by
the junction of the rings (26). Thus, it appears that cytoplasmic
proteins are protected from indiscriminate degradation by isola-
tion of the proteolytic active sites within the interior of ClpP.
Axial pores, only large enough to allow access by small polypep-
tides and unfolded proteins, are seen at either end of ClpP and
are presumed to be the sites where substrates enter. The Clp
ATPases, including ClpA, ClpB, ClpX, and HslU of E. coli and
Hsp104 of S. cerevisiae, undergo self-assembly in the presence of
ATP or a nonhydrolyzable ATP analog, forming hexameric or
multimeric rings as visualized by electron microscopy (23, 27-30).
Complexes of ClpP and CIpA contain a tetradecamer of ClpP
flanked at one or both ends by a hexamer of ClpA (23). Similar
structures are seen with ClpXP and HsIVU complexes (28-30).
Thus, Clp ATPase components are situated in an ideal position
to regulate the entry of specific substrates into the aqueous core
of ClpP.

In many cases the proteins that are substrates for a Clp ATPase
chaperone activity are also degraded by the corresponding Clp
protease. For example ClpA, but not ClpX, activates RepA; and
CIpAP, but not ClpXP degrades RepA (ref. 10; S.W., unpub-
lished observations). Similarly, ClpX disassembles MuA-DNA
complexes and disaggregates A O; and ClpXP degrades MuA and
A O (13, 14, 18, 19). Although the mechanism of substrate
selection by Clp ATPases is not well understood, it has recently
been discovered that ClpX recognizes the C-terminal sequence of
some substrates (31, 32). It has been proposed that the substrate-
binding domains of the Clp ATPases are homologous and may be
distantly related to PDZ domains, which also mediate C-terminal
specific protein—protein interactions, implicating C-terminal rec-
ognition by other Clp ATPases (33).

In this study we explored the role of ClpA in proteolysis by
ClpAP in vitro. We found that ClpA-ClpP-substrate degradation
complexes assemble by either ClpA—substrate complexes binding
ClpP or by ClpA—CIpP complexes binding substrates. We discov-
ered that in an ATP-dependent reaction, ClpA translocates
substrates from their binding sites on ClpA to ClpP and that
substrates can be degraded to the final small polypeptide products
following a single round of substrate-binding to CIpAP.

MATERIALS AND METHODS
Proteins. P1 RepA (34), ClpA (35), and ClpP [and
ClpP(S111A), an inactive mutant (36)] (35) were purified as
described. To label proteins in vitro, RepA (150 ug), ClpA (400

Abbreviations: ATP[vy-S], adenosine 5'-O-(3-thiotriphosphate); TCA,
trichloroacetic acid.
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pg) and a-casein (200 ug) were separately added to a 2-fold
molar excess of succinimidyl [2,3-*H]propionate in 200 ul of 20
mM potassium phosphate, pH 7.5/100 mM KC1/0.5 mM DTT.
Mixtures were incubated with gentle mixing for 15 min at 23°C
followed by 1 hr at 4°C. Unincorporated label was removed by
Sephadex G-25 column chromatography in 20 mM Tris-HCI,
pH 7.5/100 mM KCI/5 mM DTT/0.1 mM EDTA/0.005%
Triton X-100 followed by dialysis against the same buffer
without Triton. Both RepA and ClpA retained greater than
90% of their initial specific activity after this procedure as
measured in the RepA activation reaction. Solubility in tri-
chloroacetic acid (TCA) was 0.05% for the [*H]RepA and 3%
for the [*H]a-casein using the degradation conditions de-
scribed in the figure legends. In vivo labeling of RepA with
[**C]leucine has been previously described (11). ClpP was
chemically inactivated by treatment with 100 uM succinyl-
Leu-Tyr-chloromethyl ketone (Bachem), which reacts with the
catalytic His residue of serine proteases (37). After treatment,
excess reagent was removed by gel filtration on Sephadex G25.
Throughout, proteins are expressed as moles of RepA dimers,
ClpA hexamers, ClpP tetradecamers, and a-casein monomers.
Immunoprecipitation of ClpP and Associated Proteins.
Reaction mixtures containing [PH]RepA or [*H]a-casein,
ClpA, and active-site mutant ClpP or chemically inactivated
ClpP (in the amounts indicated in the legends) were incubated
for 20 min at 23°C in 20 ul of buffer A [20 mM Tris-HCI, pH
7.5/100 mM KCl/5 mM DTT/5 mM magnesium acetate/0.1
mM EDTA/10% glycerol (vol/vol)] containing 0.25 mM
adenosine 5'-O-(3-thiotriphosphate) [ATP(y-S)] and 0.5
mg/ml BSA. Reaction volumes were adjusted to 100 ul with
buffer A, and 0.5 mM ATP was added. The samples were
incubated at 23°C for 10 min followed by the addition of 100
wl of buffer A containing 2 M NaCl. Samples were incubated
an additional 10 min at 23°C and then diluted to 1 ml with 20
mM Tris-HCI, pH 7.5/100 mM NaCl/0.05% Tween 20 (buffer
B). Rabbit anti-ClpP serum (1:1000) was added, and samples
were rotated at 20 rpm for 1 hr at 4°C. Then, 50 ul of a slurry
of Protein A Sepharose CL-4B (Pharmacia) in buffer B was
added, and the mixtures were rotated for 45 min at 4°C. Protein
A Sepharose was collected by centrifugation at 10,000 X g for
20 sec and was washed three times, each time with 1 ml of 20
mM Tris-HCI, pH 7.5/500 mM NaCl/0.05% Tween 20/5 mM
EDTA and rotated for 10 min at 4°C. Coprecipitated proteins
were recovered in 10% SDS (wt/vol) and quantitated by
measuring recovered radioactivity. In the absence of ClpA and
ClpP, 0.04 pmol of [*H]RepA and 0.02 pmol of [*H]a-casein
nonspecifically associated with the immunoprecipitates; the
numbers reported account for this nonspecific association.

RESULTS

Assembly of Proteolytic Complexes. In an effort to dissect the
pathway of degradation by CIpAP, we studied the order of
assembly of proteolytic complexes. Although there is no evidence
to suggest that ClpP recognizes substrates in the absence of ClpA,
previous work showed that both ClpA—ClpP complexes (38) and
ClpA-RepA complexes could be isolated (10, 11). We wanted to
know whether both of these complexes could be intermediates in
the degradation pathway.

To determine whether ClpA-substrate complexes are able to
present substrates to ClpP, we incubated a labeled substrate,
RepA, with ClpA and ATP[y-S] to generate stable ClpA-RepA
complexes. This was followed by the addition of a large excess of
an unlabeled substrate, a-casein, to compete with free RepA for
binding to ClpA. Last, ATP (which exchanges with ATP[y-S]
bound to ClpA with a half-time of less than 1 min [S.W,,
unpublished results]) and ClpP were added. If the ClpA-RepA
complex could interact with ClpP without first releasing RepA,
then the bound RepA would be preferentially degraded even in
the presence of an excess of competing substrate. We found by
using this approach that RepA was degraded (Fig. 1, column 1),
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and the amount degraded (15%) was similar to that when all three
proteins were present in the first reaction (Fig. 1, column 2). In
control experiments, when RepA, CIpA, or ATP[y-S] was omit-
ted from the first reaction and added after a-casein to the second
reaction, degradation of RepA was inhibited (Fig. 1, columns 3-5,
respectively). Similarly, when casein was added in the first reac-
tion (Fig. 1, column 6) or when ClpA and RepA were both
omitted from the first reaction and added in the second (Fig. 1,
column 7), degradation of RepA was inhibited. When RepA and
ClpP were incubated together in the first reaction and CIpA was
added in the second, RepA degradation was inhibited by the
competing a-casein, suggesting that ClpP does not bind RepA in
the absence of ClpA (Fig. 1, column 8). These results show that
ClpA with bound substrate can interact with ClpP, thereby
preferentially presenting the bound substrate for degradation by
ClIpP in the presence of a large excess of a competing substrate.

Next we asked whether preassembled ClpA-ClpP complexes
are able to directly interact with and degrade substrates. We first
incubated ClpA, ClpP, and ATP[y-S] to generate stable ClpA-—
ClpP complexes that dissociate very slowly (38) and then diluted
the reaction 1:100. Finally ATP and labeled substrate, either
RepA or a-casein, were added. Because we used dilution con-
ditions in which CIpA and ClpP assemble poorly, we expected to
observe degradation only if preformed ClpA—ClpP complexes
bind substrates and not if preformed ClpA—ClpP complexes must
dissociate and reassemble after ClpA binds the substrate. We
found that the substrates were degraded when ClpA, ClpP, and
ATP[y-S] were present in the first reaction (Fig. 2, column 1); the
amount of degradation seen was similar to that observed when
the substrate was present in the first reaction (Fig. 2, column 7).
In control experiments, when ClpA, ClpP, ATP[vy-S] or both
ClpA and ClpP were omitted from the first reaction and added
after dilution, degradation was less than 20% of the control,
showing that ClpA and ClpP assembled poorly in dilute condi-
tions of the second reaction (Fig. 2, columns 2-5). When ATP was
omitted, insignificant degradation was seen (Fig. 2, column 6).

1 2 3 4 5 6 7 8
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BHRepA + + - + + + - +
CipA + + + - + + - -
ATP[y-S] + + + + + + +
ClpP -+ = = - - - F
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FiG. 1. «-Casein trap experiment to determine whether ClpP
recognizes ClpA-RepA complexes. [PH]RepA-CIpA complexes were
formed by incubating 28 pmol of ClpA with 18 pmol of [*H]RepA in
40 wl of buffer A containing 0.5 mM ATP[y-S] for 10 min at 23°C.
Reaction volumes were adjusted with 80 ul of buffer A containing 100
uM a-casein, 9 pmol of ClpP, and 2 mM ATP. After a 5-min
incubation at 23°C, TCA was added to 20% concentration, and RepA
degradation was quantitated by measuring radioactivity in the acid-
soluble fractions. Control experiments with added or omitted com-
ponents in the two steps are as indicated.
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Fic. 2. Dilution experiment to determine whether assembled
CIpAP recognizes substrates. CIpAP complexes were formed by
incubating 0.8 pmol each of CIpA and ClpP in 10 ul of buffer A
containing 1 mM ATP[y-S] for 10 min at 23°C. Complexes were
diluted to 1 ml with buffer A containing 0.005% Triton X-100. Then
90 pmol of [*H]RepA or 70 pmol of [*H]a-casein and 1 mM ATP were
added, and the mixtures were incubated for 5 min at 23°C. TCA was
added to 20% and radioactivity in the acid-soluble fractions was
measured. Control experiments were performed with added or omit-
ted components as indicated. Results are means (=SEM) of three
independent experiments.

Thus, assembled CIpAP is able to recognize substrates. Taken
together these results show that the interactions between sub-
strate—CIpA complexes and ClpP and between ClpA—ClpP com-
plexes and substrate need not be ordered in the degradation
pathway.

Knowing that ClpA could form complexes either with
substrate or with ClpP, we looked directly for complexes of all

Table 1. Isolation of RepA—ClpA—ClpP and ClpA—ClpP complexes

Amount retained,

Experi- LOI
ment Additions RepA ClpA
1 RepA, ClpA, ClpP, ATP[y-S] 63*0.2 83%03
2 RepA, ClpA, ClpP <0.5 <0.5
3 RepA, ClpA, ATP[y-S] <0.5 <0.5
4 RepA, ClpP, ATP[y-S] <0.5 —
5  RepA, CIpA, ClpP, ATP[y-S] followed  <0.5 <0.5

by treatment with 1 M NaCl

6  ClpA, CIpP, ATP[y-S] —  60x02
7 ClpA, CIpP — <05
8  ClpA, ATP[y-S] — <05
9  ClpA, CIpP, ATP[y-S], followed by — <05

treatment with 1 M NaCl

Complexes were formed by incubating 28 pmol of [3H]CIpA, 9 pmol
CIpP, and 18 pmol of ["*C]RepA in 20 ul of buffer A containing 1 mM
ATP[-S] for 20 min at 23°C. Reaction volumes were adjusted to 100 ul
with buffer A lacking Mg?* and containing 0.1 mg/ml BSA and 0.005%
Triton X-100. Samples were centrifuged at 2040 X g for 6 min through
Ultrafree-MC 300,000 NMWL filters (Millipore). The amount of
[**C]RepA and [PH]|CIpA was quantitated by measuring radioactivity in
the retentates and filtrates. In the presence of ATP[y-S], 0.9 pmol of CIpA
was nonspecifically bound and has been subtracted from all ClpA values.
Similarly, 1.5 pmol of RepA was nonspecifically bound and has been
subtracted from all RepA values. ClpP alone was not retained as
demonstrated by the recovery of 95% of ClpP in the filtrate as detected
by Bio-Rad Protein assay. Results are means (=SEM) of three to seven
independent experiments.
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three proteins. We incubated [*H]ClpA, ClpP, and ["*C]RepA
with ATP[vy-S], and then isolated complexes by ultrafiltration.
We found that RepA was retained on the filters only when
ClpA, ClpP, and ATP[y-S] were present in the incubation
mixture (Table 1). Free CIlpA hexamers, RepA dimers, ClpP
tetradecamers, and RepA—CIpA complexes were not retained.
ClpA-ClpP complexes were retained on the filters in an
ATP[y-S]-dependent manner and could be detected when
labeled ClpA was used and RepA was omitted (Table 1). Both
RepA-ClpA-ClpP and ClpA-ClpP complexes were dissoci-
ated by treatment with 1 M NaCl (Table 1).

Translocation of Substrates from ClpA to ClpP. The trans-
location of substrates from their binding sites on CIpA into the
chamber of ClpP is one of the possible energy-dependent roles
of CIpA in degradation. Our first indication that ClpA may, in
fact, have a translocation role came from experiments with two
inactive forms of ClpP. One inactive form had a mutation that
changed the active-site serine to alanine, and the other inactive
form was made by treating wild-type ClpP with succinyl-Leu-
Tyr-chloromethyl ketone, a reagent that inactivates ClpP by
reacting with His-136 in the active site (M.R.M. and H. Y.
Yong, unpublished data). Surprisingly, these proteolysis-
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F1G. 3. Inhibition of ClpA-dependent RepA activation by prote-
olysis-deficient forms of CIpP. (4) [?’H]RepA (0.9 pmol) and ClpA (0.8
pmol) were incubated in 20 ul of buffer A containing 0.5 mM
ATP[y-S] and increasing amounts of wild-type A, mutant m, or
chemically inactivated ® ClpP. After a 15-min incubation at 23°C, the
mixtures were diluted 1:2 with buffer A containing 2 mM ATP and 5
uM a-casein. After a 5-min incubation at 23°C, TCA was added, and
protein degradation was determined by measuring radioactivity in the
acid-soluble fractions. (B) RepA (0.9 pmol) and ClpA (0.8 pmol) were
incubated in 10 ul of buffer A containing 1 mM ATP[y-S] with
increasing amounts of mutant ClpP m, chemically inactive ClpP @, or
wild-type ClpP a for 15 min at 23°C. Two microliters was then diluted
1:100 into buffer A containing 0.005% Triton X-100, 1 mM ATP, and
4 uM a-casein, and incubated for 5 min at 23°C. RepA activation was
quantitated by measuring radioactivity retained on nitrocellulose
filters following a 5-min incubation at 23°C with 10 fmol of [*H]oriP1
plasmid DNA and 0.5 pg of calf thymus DNA (11). Values correspond
to the percent of activation relative to the control without ClpP.
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FiG. 4. Translocation of RepA from ClpA to inactive ClpP.
[*H]RepA (34 pmol), ClpA (28 pmol), and chemically inactivated ClpP
(11 pmol) were incubated first with ATP[y-S] and then with ATP.
Samples were then treated with 1 M NaCl and ClpP antibody.
Coimmunoprecipitated RepA was quantitated by measuring the
amount of radioactivity in the recovered immunoprecipitates. Control
experiments were performed as indicated. Results are means (+xSEM)
of two to five independent experiments.

deficient forms of ClpP (Fig. 34) inhibited the ClpA-
dependent activation of RepA (Fig. 3B). The wild-type protein
caused a decrease in RepA activation as expected because
RepA was degraded. The inhibition by the inactive ClpP
proteins was never more than 75%, for unknown reasons. This
inhibition may be expected if RepA is actively translocated by
CIpA to ClpP and sequestered by the inactive ClpP.

To search directly for translocation of substrates to ClpP, we
designed the following experiment. First, CIpA was incubated
with radiolabeled substrate, ATP[y-S], and chemically inacti-
vated ClpP to allow the assembly of substrate—ClpA-ClpP

1 2 3 4
1. [3H]RepA + + + +
ClpA + + - +
ClpP (mutant) + + + +
ATP[y-S] + + + -
ATP - - - +
2. ATP + - + +
ATP[y-S] - + - -
3. NaCl, CipP
antibody + + + +
o 1.24
T 2
2 w© i
Sa-g
g o5= 08
2oSE i
c=882
g = C 0.4+
Q 3
-
= 0.0

FiG. 5. Translocation of RepA from ClpA to mutant ClpP. Reac-
tions were identical to those described in Fig. 4 except that the inactive
mutant form of ClpP was used. Control experiments are as indicated.
Results are means (=SEM) of two to five independent experiments.
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Fi1G. 6. Translocation of RepA from [*H]CIpA to inactivated CIpP.
Experimental conditions were identical to those described in Fig. 4. In
experiment 1 [*H]RepA and unlabeled ClpA were used, whereas in
experiments 2-5 [3H]CIpA and unlabeled RepA were used. Control
experiments with added or omitted components are as indicated. In
the absence of added ClpP and RepA, 0.02 pmol of [*H]ClpA
associated with the immunoprecipitates and has been subtracted.

complexes. Next, ATP was added in excess of ATP[y-S], in
expectation that the translocation of substrate may be the step
that specifically required ATP. After a short incubation, 1 M
NaCl was added to dissociate ClpA and ClpP. Lastly, ClpP was
immunoprecipitated, and associated radiolabeled substrate
was measured. We discovered that the substrate, RepA, co-
precipitated with the inactivated ClpP (Fig. 4, column 1). After
correcting for the recovery of ClpP, the immunoprecipitates
contained about 0.6 mol of RepA, per mol of ClpP;4. When
ATP was omitted, RepA was not detectable in the immuno-
precipitates, demonstrating that translocation required ATP
(Fig. 4, column 2). Similarly, ClpA was required for the
transfer reaction (Fig. 4, column 3). The control in which ClpP
was omitted showed that ClpP was necessary for the immu-
noprecipitation of RepA (Fig. 4, column 4). When ATP was

1 2 3 4

1. [3H]o-casein + + + +

ClpA + + - +

CIpP (mutant) + + + +

ATP[y-S] + + - -

ATP - - - - +
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FiG. 7. Translocation of a-casein from ClpA to mutant ClpP.
Experiments were carried out as described in Fig. 4 except that inactive
mutant ClpP was substituted for chemically inactivated ClpP and 50
pmol of [*H]a-casein was substituted for [PH]RepA.
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FiG. 8. Dilution experiment in the presence of an a-casein trap to
determine whether CIpAP can degrade substrates in a single cycle of
substrate binding and product release. Substrate—ClpA—ClpP complexes
were formed by incubating 0.8 pmol each of ClpA and ClpP with 0.9 pmol
of [*HJRepA or [*H]a-casein in 5 ul of buffer A containing 1 mM
ATP[vy-S] for 10 min at 23°C. Complexes were diluted to 1 ml with buffer
A containing 4 uM a-casein, 0.005% Triton X-100, and 1 mM ATP, and
incubated an additional 10 min at 23°C. Reaction products were precip-
itated with 20% TCA, and radioactivity in the acid-soluble fractions was
measured. Control experiments are as shown.

present during the first incubation as well as the second, RepA
was found with immunoprecipitated ClpP, although the
amount was slightly less than when ATP[vy-S] was present in
the assembly step (Fig. 4, column 5). As expected, when
wild-type ClpP was used, RepA was not associated with ClpP
immunoprecipitates because RepA was degraded and the
degradation products were released from ClpP (Fig. 4, column
6). When the active-site ClpP mutant protein was used, the
results were similar to those obtained with the chemically
inactivated ClpP (Fig. 5).

It was important to show that treatment with 1 M NaCl
removed most of the CIpA from the immunoprecipitates. The
possibility existed that ClpA was associated with ClpP, and
RepA was immunoprecipitated because it was associated with
ClpA. To quantitate the amount of CIpA in the immunopre-
cipitates, we repeated the set of experiments using radiola-
beled ClpA and unlabeled RepA (Fig. 6). We found that about
1/20 as much ClpA as RepA coimmunoprecipitated with
ClpP, not enough to explain the association of the substrate
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F16. 9. Working model of the pathway of degradation by CIpAP.
See text for discussion.

with ClpP by an indirect association with CIpA. Similarly low
amounts of CIpA coimmunoprecipitated with ClpP when ATP
was omitted. A significant but small amount of ClpA associ-
ated with the ClpP immunoprecipitates when RepA was
omitted or when ATP was included throughout the experi-
ment. Very likely this is because ClpA is itself a substrate for
degradation by CIpAP (10).

We next showed that ClpA specifically translocated CIpAP
substrates. We used the protocol described above but substi-
tuted [*H]a-casein for [*H]RepA. We found that the labeled
a-casein coimmunoprecipitated with ClpP (Fig. 7). There was
no detectable association of a-casein with the ClpP immuno-
precipitates when ClpA was omitted. When ATP was omitted,
1/5 the amount of a-casein coimmunoprecipitated, consistent
with the observation that a low level of a-casein is degraded in
the absence of ATP (Fig. 8, column 7). We next performed
competition experiments in which we added other proteins,
either substrates or nonsubstrates, to the first reaction with
[*H]RepA, ClpA, ATP[y-S], and inactive ClpP (Table 2). As
expected, excess unlabeled RepA or a-casein inhibited the
coimmunoprecipitation of labeled RepA with ClpP. When the
competing substrate was added after the ATP promoted step,

Table 2. Specificity of ATP-dependent substrate translocation from ClpA to chemically inactivated ClpP

RepA associated with ClpP

Experiment Additions to first reaction immunoprecipitates, pmol
1 Complete: [*H]RepA, ClpA, CIpP (inactivated), ATP[y-S] 1.09 = 0.11
2 Complete plus 20-fold molar excess of RepA to [PH]RepA 0.05 £ 0.03
3 Complete plus 20-fold molar excess of casein to [PH]RepA 0.17 £ 0.01
4 Complete plus 20-fold molar excess of lysozyme to [*H|RepA 1.09 = 0.24
5 Complete plus 20-fold molar excess of ovalbumin to [*H]RepA 0.87 £ 0.01
6 Complete, with a 20-fold molar excess of RepA to [PH]RepA 1.14 = 0.22

added after incubation with ATP

Translocation experiments were identical to those described in Fig. 4, but for experiments 2-5 a 20-fold molar excess of
unlabeled RepA, a-casein, lysozyme, or ovalbumin was added during the first incubation step as indicated. In experiment 6,
a 20-fold molar excess of unlabeled RepA was added after the ATP incubation step. Results are means (=SEM) of two

independent experiments.
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transfer of [*H]RepA was no longer inhibited. Two other
proteins that are not degraded by CIpAP, ovalbumin and
lysozyme, did not significantly affect the amount of labeled
RepA associated with ClpP immunoprecipitates. Thus, these
experiments show that specific CIpAP substrates are translo-
cated to ClpP in a reaction requiring ClpA and ATP. It is not
known whether the reaction is driven by ATP binding or by
ATP hydrolysis.

After the ClpA-ClpP-RepA/a-Casein Complex Is Formed
the Substrate Is Degraded to Completion, and This Occurs
Without the Release and Rebinding of Substrate by ClpA.
Because CIpAP makes many proteolytic cleavages in its sub-
strates, producing acid-soluble small polypeptides (35, 39), we
wanted to know whether complete degradation requires mul-
tiple rounds of substrate binding and release. To address this
question we incubated a labeled substrate, a-casein, in one
experiment and RepA in another, with ClpA, ClpP, and
ATP[y-S] to generate stable complexes. Reaction mixtures
were then diluted to prevent further assembly of ClpAP, and
a large excess of unlabeled «-casein was added to inhibit
rebinding of CIpAP to the labeled substrate. We then added
ATP, incubated the mixture for a short time, and analyzed the
labeled products. With these conditions, CIpAP degraded a
significant amount of the labeled substrate (13-20%) to acid-
soluble products (Fig. 8, column 1). Control experiments
showed that there was undetectable degradation when the
entire reaction was carried out in the presence of excess
unlabeled a-casein in the dilute conditions of the second
reaction (Fig. 8, column 2). Similarly, when ClpA, ClpP, or
labeled substrate was omitted from the first reaction and added
to the second, there was very little degradation of the labeled
substrate (Fig. 8, columns 3-5). There was only a small amount
of substrate degraded when ATP[y-S] was omitted from the
first reaction or when ATP was omitted from the second
reaction (Fig. 8, columns 6 and 7). When reaction mixtures
from the experiment in column 1 with RepA were analyzed by
reverse-phase column chromatography after the second incu-
bation, the labeled products generated were indistinguishable
from those generated in a steady-state experiment. Partial
degradation products were not detected. This set of experi-
ments shows that CIpAP degrades both RepA and a-casein to
small polypeptide products in a single cycle of substrate
binding to CIpAP and product release.

DISCUSSION

Fig. 9 summarizes our working model of the pathway of degra-
dation by CIpAP. The CIpA hexamers can interact with the
substrate, forming stable substrate—CIpA complexes in a reaction
that requires ATP binding. For RepA-CIpA complexes about
one RepA dimer is bound per ClpA hexamer (11). The substrate—
ClpA complexes are able to interact with ClpP, generating stable
substrate—CIpAP complexes. Alternatively, assembled CIpAP
complexes (23) can interact with the substrate. Following assem-
bly of the degradation complex, the substrate is translocated from
its CIpA recognition/binding site to ClpP. Once a substrate is in
the ClpP chamber, peptide-bond cleavage occurs, and presum-
ably the peptide products passively diffuse out. For RepA and
a-casein, ATP-dependent degradation of the substrate to small
polypeptides is accomplished in one cycle of binding to ClpAP.
It will be interesting to know whether substrates larger than RepA
(32 kDa) and a-casein (24 kDa) will require multiple rounds of
binding for complete degradation.

Fig. 9 also summarizes the alternate fate of substrates in the
absence of ClpP: protein remodeling by ClpA. For RepA,
inactive dimers are remodeled into active monomers. The
observation that RepA monomerized by ClpA or by Dnal/
DnaK is not degraded by ClpP without further participation of
ClpA and ATP (ref. 10; S.W. and J.H., unpublished observa-
tion) suggests that protein remodeling by CIpA is not sufficient
to convert the substrate into a form that passively diffuses into
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the ClpP chamber. Thus, our current model is that the
chaperone activity of ClpA unfolds the substrate and, in the
presence of ClpP, translocates the substrate to ClpP.

In summary, we have presented direct evidence that ClpA
actively translocates specific substrates to ClpP. Our results
suggest that ClpA regulates degradation by translocating those
proteins it specifically recognizes into the ClpP chamber through
an otherwise inaccessible channel. In eukaryotes, a likely function
of one or more of the ATPase components of the proteasome is
to regulate substrate entry into the proteolytic chamber. One
significant difference is that in eukaryotes the specificity of
degradation is determined by the ubiquitin conjugation machin-
ery and not by the ATPases associated with the proteasome.

We thank Susan Gottesman and Keith McKenney for their many
helpful discussions.
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