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Adaptor proteins help proteases modulate substrate choice, ensuring that appropriate proteins are degraded at
the proper time and place. SspB is an adaptor that delivers ssrA-tagged proteins to the AAA+ protease ClpXP
for degradation. To identify new SspB-regulated substrates, we examined proteins captured by ClpXPtrap in
sspB+ but not sspB− strains. RseA1–108, a fragment of a transmembrane protein that regulates the
extracytoplasmic-stress response, fits this criterion. In response to stress, RseA is cleaved on each side of the
membrane and is released as a cytoplasmic fragment that remains bound in an inhibitory complex with the
�E transcription factor. Trapping experiments together with biochemical studies show that ClpXP functions
in concert with SspB to efficiently recognize and degrade RseA1–108, and thereby releases �E. Genetic studies
confirm that ClpX and SspB participate in induction of the �E regulon in vivo, acting at the final step of an
activating proteolytic cascade. Surprisingly, the SspB-recognition sequence in RseA1–108 is unrelated to its
binding sequence in the ssrA tag. Thus, these experiments elucidate the final steps in induction of the
extracytoplasmic stress response and reveal that SspB delivers a broader spectrum of substrates to ClpXP than
has been recognized.
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The AAA+ protease ClpXP performs a diverse array of
cellular tasks, including degrading incomplete polypep-
tides, adjusting the activity of metabolic enzymes, and
altering the levels of regulatory proteins in response to
stress (Gottesman et al. 1998; Wang et al. 1999; Maurizi
and Rasulova 2002; Flynn et al. 2003; Gottesman 2003).
As a result, many substrates compete for degradation by
a relatively small number of ClpXP protease molecules
(Ortega et al. 2004). The priority of substrate recognition
and degradation can also be controlled by adaptor pro-
teins, which enhance or inhibit interactions between
specific substrates and ClpXP or other AAA+ proteases
(Dougan et al. 2002a). How widely adaptor proteins are
used to control substrate choice is not currently under-
stood.

In the ClpXP protease, ClpX—a hexameric-ring
ATPase—binds native substrate proteins, denatures
these molecules, and translocates the unfolded polypep-
tides into an internal degradation chamber of the ClpP

peptidase (Maurizi et al. 1990, 1994; Wojtkowiak et al.
1993; Wang et al. 1997; Weber-Ban et al. 1999; Kim et al.
2000; Kim and Kim 2003). ClpX binds to short unstruc-
tured peptides called recognition signals or degradation
tags, usually located near the amino or C terminus of
substrates (Levchenko et al. 1997; Gottesman et al. 1998;
Gonciarz-Swiatek et al. 1999; Flynn et al. 2003). The
ssrA degradation tag is a well-characterized 11-residue
peptide (AANDENYALAA), which is added cotransla-
tionally to nascent polypeptides when ribosomes stall
(Keiler et al. 1996). SsrA tagging frees these distressed
ribosomes for new rounds of translation and targets the
incomplete polypeptides for degradation by ClpXP and
other proteases (Gottesman et al. 1998; Withey and
Friedman 2003).

The SspB adaptor was originally identified by its abil-
ity to enhance ClpXP degradation of ssrA-tagged proteins
(Levchenko et al. 2000) and is one of the best-character-
ized proteins that functions in substrate delivery (Wah et
al. 2002, 2003; Dougan et al. 2003; Levchenko et al. 2003;
Song and Eck 2003; Bolon et al. 2004). SspB enhances
recognition of ssrA-tagged proteins by mediating the as-
sembly of ternary complexes in which the substrate,
adaptor, and protease are tethered by the following three
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sets of protein–peptide interactions: (1) the AAA+ do-
main of ClpX binds to the C-terminal LAA sequence of
the ssrA tag; (2) the substrate-binding domain of SspB
interacts with a sequence spanning the N-terminal seven
residues of the ssrA tag; and (3) a short peptide sequence
at the end of a flexible SspB tail binds directly to the
N-terminal domain of ClpX (Levchenko et al. 2000,
2003; Flynn et al. 2001; Wah et al. 2003; Bolon et al.
2004). Whether SspB delivers any substrates without
ssrA tags for ClpXP degradation has not been addressed.

Here, we show that SspB directs ClpXP recognition of
Escherichia coli proteins, which are not ssrA tagged. One
of these substrates, RseA, functions as a master regulator
of the extracytoplasmic-stress response by inhibiting the
transcription factor (�E) that activates expression of
stress genes (De Las Penas et al. 1997b; Missiakas et al.
1997; Dartigalongue et al. 2001; Rezuchova et al. 2003).
RseA is a transmembrane protein with an N-terminal
cytoplasmic domain, which normally binds to and inhib-
its �E (De Las Penas et al. 1997b; Missiakas et al. 1997).
In response to the stress-induced accumulation of un-
folded or unassembled outer-membrane proteins in the
periplasm, RseA is processed via multiple cleavage
events in a sequential cascade. DegS protease initially
cleaves RseA within its periplasmic domain, activating a
second cleavage on the cytoplasmic side of the mem-
brane by YaeL protease (Alba et al. 2001, 2002; Kanehara
et al. 2002). These cleavage events release the cytoplas-
mic domain of RseA from the membrane, but this in-
hibitory domain remains bound to �E, and thus, addi-
tional steps are required before �E can activate gene ex-
pression (Missiakas et al. 1997; Campbell et al. 2003).

Our experiments demonstrate that ClpXP and SspB
play a role in the final step of the proteolytic cascade that
activates �E. Cleavage of RseA on the cytoplasmic side of
the membrane generates a fragment ending in a ClpX
recognition signal, similar to the LAA sequence at the
end of the ssrA tag. By binding simultaneously to this
RseA1–108 fragment and ClpX, SspB brings the
�E · RseA1–108 complex and the ClpXP protease together.
The RseA fragment is, however, the only component of
this complex that is degraded. Surprisingly, the peptide
sequences bound by SspB in RseA1–108 and the ssrA tag
are not similar, suggesting the SspB has different modes
of protein recognition. These results establish that the
SspB adaptor recognizes and delivers different classes of
cellular proteins for degradation by ClpXP.

Results

SspB influences recognition of a set of ClpXP
substrates in vivo

To investigate whether SspB controls ClpXP degradation
of proteins without ssrA tags, we compared intracellular
substrates captured in an inactive variant of ClpP
(ClpPtrap) in the presence and absence of SspB (Flynn et
al. 2003). Trapping strains were smpB−, which inacti-
vates ssrA tagging (Karzai et al. 1999), and clpA−, which
removes another ATPase capable of choosing substrates

for ClpP. These mutations eliminate trapping of ssrA-
tagged and ClpAP substrates. Following capture in sspB+

or sspB− strains, ClpXP substrates were visualized by
staining following two-dimensional gel electrophoresis
(Fig. 1). This experiment revealed that the majority of
cellular substrates do not require SspB to interact with
ClpXP. However, a handful of proteins were clearly more
abundant in ClpPtrap when SspB was present. This dif-
ferential trapping indicates that SspB influences the rec-
ognition of a subset of ClpXP substrates. Interestingly, a
few proteins were more efficiently trapped when SspB
was absent, suggesting that SspB may also inhibit ClpXP
degradation of certain proteins.

One SspB-dependent substrate is an N-terminal
fragment of RseA

Tandem-mass spectrometry identified one of the most
prominent SspB-dependent ClpXP trapped proteins as an
N-terminal fragment of RseA. Tryptic digestion of the
RseA spot followed by mass spectrometry identified pep-
tides covering the N-terminal 108 amino acids of RseA
(Fig. 2), including a peptide with a molecular weight
corresponding to residues 94–108: VRPWAAQLTQMG
VAA108. The fact that this peptide did not terminate
with lysine or arginine (as expected for an internal tryp-
tic fragment) indicated that alanine was the natural C
terminus of the trapped protein. Thus, this analysis dem-
onstrates that the trapped RseA fragment (RseA1–108) ter-
minates with the sequence VAA-COOH (Fig. 2). This
C-terminal sequence is a member of the well-character-
ized C-motif 1 class of ClpX recognition signals (Flynn et

Figure 1. Proteins captured by ClpXPtrap with and without
SspB. Two-dimensional gel analysis of proteins captured by
ClpXPtrap in E. coli strains JF162 (sspB+clpA−; top) and JF259
(sspB− clpA−; bottom). Representative proteins trapped prefer-
entially in the sspB+ strain are circled, whereas proteins trapped
preferentially in the sspB− strain are marked by squares.
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al. 2003), and thus, it makes sense that it would target
the RseA fragment to ClpXP.

Recognition of RseA by the cytoplasmic protease
ClpXP must occur after YaeL cleavage releases the N-
terminal fragment from the membrane (Alba et al. 2001;
Kanehara et al. 2002). On the basis of the cleavage speci-
ficity of the homologous SP2 protease, Alba et al. (2002)
proposed that YaeL might cleave RseA between A108 and
C109, to generate the N-terminal fragment that we
trapped and characterized.

RseA1–108 is a substrate for SspB and ClpXP in vitro

A fragment corresponding to RseA1–108 was cloned, over-
expressed, and purified to investigate its susceptibility to
ClpXP degradation in vitro. ClpXP degraded RseA1–108 in
a reaction that required ATP (Fig. 3A; data not shown). A
mutant variant in which the C-terminal sequence was
VDD108 (RseA-DD1–108) was also purified and was found
to be degraded 25–30 times more slowly than RseA1–108

(Fig. 3A, inset). Thus, we conclude that the C-terminal
sequence of RseA1–108 is a critical signal that targets this
protein for degradation by ClpXP.

As expected from the trapping results, SspB also
stimulated degradation of RseA1–108 by ClpXP in vitro
(Fig. 3). SspB reduced the Michaelis constant (Km) for
ClpXP degradation of RseA1–108 approximately sevenfold
from 1.3 to ∼0.2 µM and stimulated Vmax by ∼50% (Fig.
3A). Thus, SspB enhances productive interactions be-
tween RseA1–108 and ClpX, in a manner analogous to its
role in delivering ssrA-tagged proteins for ClpXP degra-
dation (Levchenko et al. 2000). A truncated SspB variant
lacking the tails that bind ClpX did not enhance ClpXP
degradation of RseA1–108, demonstrating that tethering
interactions between SspB and ClpX are important for
delivery of this substrate (data not shown).

YaeL cleavage releases the N-terminal fragment of
RseA from the membrane, but does not disrupt its bind-

ing to �E (Alba et al. 2002; Kanehara et al. 2002). We
asked, therefore, whether SspB could deliver the
�E · RseA1–108 complex to ClpXP for disassembly and
degradation. As shown in Figure 3B, ClpXP degraded
RseA1–108 bound to �E, and SspB stimulated this degra-
dation. At the concentrations tested, the rate of degrada-
tion of free RseA1–108 was similar to that of complexed
RseA1–108. This result indicates that binding of �E to
RseA1–108 does not inhibit degradation or provide any
critical contacts that enhance recognition of RseA1–108

by ClpX. Importantly, �E in the �E · RseA1–108 complex
was not degraded. In addition, as expected, SspB re-
mained undegraded throughout the reaction (data not
shown).

On the basis of this analysis, we conclude that SspB

Figure 3. ClpXP efficiently degrades purified RseA1–108 in an
SspB-stimulated manner. (A) Rates of ClpXP-mediated degrada-
tion of 35S-labeled RseA1–108 by ClpX6 (50 nM) and ClpP14 (150
nM) were determined at different substrate concentrations in
the presence or absence of SspB (200 nM). Degradation was as-
sayed by changes in TCA-soluble radioactivity, and rates were
plotted against the substrate concentration. The solid lines are
fits to the Michaelis-Menten equation in the absence (Km = 1.3
µM, Vmax = 5.2 min−1) or presence (Km = 0.18 µM, Vmax = 6.8
min−1) of SspB. (Inset) Degradation of RseA-DD1–108 (2 µM) or
RseA1–108 (2 µM) by ClpX6 (300 nM) and ClpP14 (800 nM) was
assayed by SDS-PAGE. (B) ClpXP degradation of RseA1–108 com-
plexed with �E. 35S-labeled RseA1–108 (500 nM) was incubated
with unlabeled �E (500 nM) for 5 min at 30°C. Degradation by
ClpX6 (50 nM) and ClpP14 (150 nM) was assayed by changes in
TCA-soluble radioactivity in the presence (�) or absence (�) of
SspB (200 nM). 35S-labeled �E was also incubated with unlabeled
RseA1–108 and ClpXP degradation was monitored in the same
manner (�). No detectable �E degradation by ClpXP was ob-
served in the presence of SspB.

Figure 2. Sequence analysis of the ClpXPtrap-captured RseA
fragment. Tryptic fragments of the RseA fragment were ana-
lyzed by mass spectrometry. Identified peptides are marked
with bold lines above the corresponding sequences; sequences
identified by tandem mass spectrometry are italicized, and pep-
tides identified by MALDI mass spectrometry have the experi-
mental (expected) molecular weights listed. The peptide high-
lighted in bold was identified by MALDI mass spectrometry and
is the C-terminal tryptic peptide of the trapped fragment.
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can deliver the �E · RseA1–108 complex to ClpXP, leading
to the targeted degradation of RseA1–108. These results
are integrated into a model for �E activation shown in
Figure 4. Following DegS and YaeL cleavage of RseA,
SspB delivers the �E · RseA1–108 complex to ClpX, which
selectively denatures RseA1–108 and translocates it into
ClpP for degradation. This processing of the RseA frag-
ment by ClpXP releases SspB and �E from the enzyme
complex. As a consequence, �E is liberated to bind to
core RNA polymerase and activate transcription.

SspB and ClpX enhance activation of the �E regulon
in vivo

Taken together, the results presented so far suggest that
degradation mediated by ClpXP and SspB controls the
intracellular levels of RseA1–108 and should therefore in-
fluence �E activity. To test for roles for ClpX and SspB in
the extracytoplasmic stress response, we monitored in-
duction of a �E-controlled lacZ reporter gene following
induction of the stress response in sspB− or clpX− cells.
Extracytoplasmic stress was induced using a plasmid-
encoded fusion protein, ending with a YYF sequence,
which is targeted to the periplasm and activates DegS
degradation of RseA (Walsh et al. 2003). Following in-
duction, �E-dependent �-galactosidase synthesis was de-
layed in both the clpX− and sspB− cells (Fig. 5). These
data show that ClpX and SspB participate in activation of
�E during the stress response. The clpX− cells had a larger
defect than the sspB− cells, in accordance with the ob-
servation that SspB is not essential for ClpXP degrada-
tion of RseA1–108 in vitro. Although clearly reduced, the
�E-reporter gene was still induced in the absence of

ClpX, suggesting that proteases in addition to ClpXP also
participate in the activation of �E by degrading RseA1–108

(see Discussion).

SspB forms stable delivery complexes with RseA1–108

and with �E · RseA1–108

Mutagenic and crystallographic studies have identified
detailed interactions between the ssrA tag and SspB, and
peptide-binding studies have established a strong con-
sensus sequence for SspB recognition of the tag
(Levchenko et al. 2000, 2003; Flynn et al. 2001; Song and
Eck 2003). Inspection of the RseA1–108 sequence, how-
ever, failed to identify any sequences with significant
homology to the SspB-recognition sequence in the ssrA
tag. Thus, we sought to determine whether SspB forms a
specific complex with RseA1–108 as it does with the ssrA
tag using gel filtration as a binding assay. SspB and
RseA1–108 coeluted on a Superose 12 column at a posi-
tion distinct from free RseA1–108 (Fig. 6A). Moreover, a
larger ternary complex was formed when SspB, �E, and
RseA1–108 were mixed (Fig. 6B). The presence of SspB, �E,
and RseA1–108 in this complex was confirmed by SDS-
PAGE (data not shown). Stable formation of this ternary
complex provides further support for the model that
SspB binds the �E · RseA1–108 complex and delivers this
complex to ClpXP.

Truncation experiments established that a sequence
near the C terminus of RseA1–108 was required for stable
complex formation with SspB. A truncated variant end-
ing at residue 89 (RseA1–89) failed to coelute with SspB
during gel filtration, whereas a slightly longer variant,
RseA1–99, retained the ability to bind SspB stably (Fig.

Figure 4. Activation of �E mediated by a cascade of RseA proteolysis.
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7A). To determine which portion of RseA1–108 bound
SspB, we looked for sites protected from tryptic cleavage
in the complex. Incubation of RseA1–99 with trypsin re-
sulted in two major stable fragments; the larger fragment
resulted from digestion after K93, whereas the smaller
fragment was generated by trypsin digestion after both
R58 and K93 (Fig. 7B). In the presence of SspB, two larger
fragments were also observed as a result of partial sup-
pression of the cleavage following K93. These data, like
the truncation experiments, implicate the sequence sur-
rounding residue 93 in SspB · RseA complex formation.

Peptide-binding studies confirm that the C-terminal
region of RseA1–108 mediates its interaction with SspB. A
synthetic fluorescein-labeled peptide containing RseA
residues 77–108 bound SspB with a Kd of 0.35 µM as
determined by changes in fluorescence polarization (Fig.
7C). This binding was competed both by excess
RseA1–108 and by an ssrA peptide (data not shown). Fur-
thermore, a mutation in the peptide-binding cleft of SspB
(Bolon et al. 2004) prevented binding of both molecules.
These experiments suggest that the C-terminal region of
RseA1–108 and the ssrA peptide bind to at least some
common sites within the peptide-binding cleft on SspB,
despite the lack of significant sequence homology.

Discussion

ClpXP and SspB regulate �E activity via
RseA destruction

The activity of �E, the transcription factor for the extra-
cytoplasmic-stress response, is tightly controlled by its

binding to and inhibition by the transmembrane regula-
tor, RseA (Fig. 4; De Las Penas et al. 1997b; Missiakas et
al. 1997). Stress induces sequential cleavages of RseA on
each side of the membrane by the DegS and YaeL prote-
ases, respectively, releasing the �E · RseA1–108 complex
into the cytoplasm (Ades 2004). Our results show that
ClpXP, with the assistance of SspB, recognizes the inhib-
ited �E · RseA1–108 complex and catalyzes release of ac-
tive �E through selective proteolytic destruction of
RseA1–108. Thus, SspB and ClpXP participate in the final
stage of a proteolytic cascade, which begins in the
periplasm and, ultimately, releases an active transcrip-
tion factor in the cytoplasm.

ClpXP is especially well suited to recognize and de-
grade proteins with C-terminal signals generated by prior
proteolytic cleavage. Cleavage of RseA from the mem-
brane generates a fragment that terminates with VAA-
COOH, a sequence that belongs to the C-motif 1 class of
ClpXP recognition signals (Flynn et al. 2003). For this
class of peptide sequences, which includes the ssrA tag,
the nonpolar side chains and the free �-carboxyl group
are both important for ClpX recognition (Kim et al. 2000;
Flynn et al. 2001). Thus, a VAA or LAA sequence is rec-
ognized poorly, if at all, at an internal position in a pro-
tein. Degradation of the SOS response repressor, LexA,
also illustrates this type of regulation (Neher et al.
2003a). Full-length LexA is not a ClpXP substrate, but
damage-induced auto-cleavage creates an N-terminal
LexA fragment, ending with VAA-COOH, which is de-
graded efficiently by ClpXP (Neher et al. 2003a). Thus,
certain internal peptide sequences function as cryptic

Figure 5. Induction of the �E regulon is attenuated in sspB− and
clpX− strains. The extracytoplasmic-stress response was in-
duced in wild-type (CAG43583), sspB�kan (CAG43583) and
clpX�kan (CAG43583) strains with L-arabinose at time 0.
Samples were analyzed for �-galactosidase activity at the times
indicated. The clpX�kan and sspB�kan strains grow slightly
slower than wild type. When the cultures were at a similar
O.D.600, however, the clpX�kan and sspB�kan strains still ex-
hibited reduced levels of �-galactosidase (see inset). The unin-
duced samples were measured at time 0 when the cultures were
at an O.D.600 of 0.15. The induced samples were measured when
the cultures reached an O.D.600 of 0.45.

Figure 6. SspB forms stable complexes with RseA1–108 and
RseA1–108 · �E. Gel-filtration on a Superose 12 column (4°C) of
RseA1–108 · SspB complex (A, top trace), free RseA (A, bottom
trace), and RseA1–108 · �E · SspB complex (B).

Flynn et al.
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degradation signals, which remain hidden until revealed
by protein cleavage. Cryptic signals permit coordinated
protein destruction, allowing a single protein processing
event—such as cleavage in response to an environmental
cue—to trigger recognition by ClpXP.

Structural and biochemical studies demonstrate that
complexes of �E with RseA are very stable and incom-
patible with transcriptional activation. The cocrystal
structure of RseA1–90 bound to �E reveals extensive con-

tacts in which the first 66 amino acids of RseA are sand-
wiched between the two domains of �E in a manner that
would directly block �E-RNA polymerase interaction
(Campbell et al. 2003). We found that the �E · RseA1–108

complex copurified over several columns without de-
tectable dissociation during a period of days (J. Flynn and
I. Levchenko, unpubl.), and direct experiments estimate
the half-life of the complex in vitro to be well in excess
of 2 h (I. Grigorova and C. Gross, pers. comm.). Response
to extracytoplasmic stress, in contrast, occurs in min-
utes, a time-scale similar to the rate of ClpXP degrada-
tion of RseA1–108 in a �E · RseA1–108 complex. Therefore,
ClpX must actively pull the two proteins in the
�E · RseA1–108 complex apart to release �E and allow deg-
radation of RseA1–108. The proteolytic activity of ClpP in
the ClpXP complex may assist in activation of �E by
destroying RseA1–108 to prevent reformation of the
RseA1–108 · �E complex. Thus, a key feature of �E activa-
tion is the mechanical disassembly of the �E · RseA1–108

complex by ClpXP.
In the cocrystal structure of �E · RseA1–90, the first 66

residues of RseA form a stable domain that binds �E,
whereas the last 24 residues are not visible and are pre-
sumably unstructured (Campbell et al. 2003). Although
previously there was no known function for this un-
structured extension of N-RseA, our data indicates that
this region functions to interact with both SspB and
ClpX during the final step of activation of �E. SspB, �E

and N-RseA form a stable delivery complex, in which �E

interacts with the first 66 residues of RseA, and SspB
binds to the C-terminal unstructured tail. Why is RseA1–

108 the only member of this stable complex degraded?
Both SspB and �E probably lack degradation signals that
would allow ClpX to engage these proteins to initiate
protein degradation. Alternatively, the geometry of the
complex might place RseA1–108 but not the other proteins
in a position that allows engagement by the enzyme.

�E function is essential in E. coli (De Las Penas et al.
1997a) but ClpX, ClpP, and SspB are nonessential pro-
teins, suggesting that other proteases also degrade
RseA1–108 and release active �E. clpX− and sspB− cells
show reduced induction of a �E-regulated promoter,
rather than no induction. In fact, recent experiments
demonstrate that several different proteases participate
in degradation of RseA1–108, although ClpXP plays the
single largest role (R. Chaba and C. Gross, pers. comm.).
Hence, RseA1–108 must contain targeting signals for sev-
eral proteases, emphasizing the critical nature of its de-
struction.

Adaptors like SspB expand and regulate the substrate
repertoire of proteases

Prior to this study, ssrA-tagged proteins were the only
known substrate partners for SspB (Levchenko et al.
2000). Identification of RseA1–108 as a new SspB partner
provides the opportunity to compare mechanisms of
substrate delivery. There are many similarities. Both
RseA1–108 and ssrA-tagged proteins contain a C-motif 1
degradation tag at the extreme C terminus, and SspB

Figure 7. SspB interacts with residues 77–99 of RseA. (A)
RseA1–99 forms a stable complex with SspB (gray trace), whereas
RseA1–89 does not form this complex (black trace). The RseA
variants and SspB were incubated at 30°C for 5 min and then
chromatographed on a Superose 12 gel-filtration column (4°C).
(B) Protection of RseA1–99 by SspB from tryptic cleavage.
RseA1–99 (5 µM) was incubated with trypsin in the absence or
presence of SspB (15 µM). Electrospray mass spectrometry and
N-terminal sequencing determined the identity of the resulting
fragments. (C) The RseA77–108 peptide binds to SspB. Binding of
fluorescently labeled RseA77–108 peptide to SspB at 30°C was
measured by an increase in polarization. The solid line is a fit
for a Kd of 0.35 µM. Unlabeled RseA77–108 peptide was able to
compete for binding to the fluoresceinated peptide. The se-
quence of the RseA77–108 peptide is given in the inset. Gray
arrows correspond to the C-terminal residues of the fragments
tested for complex formation in A. The black arrow corresponds
to the protected trypsin site in B.
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binds to a nearby region within 10–30 residues. For both
classes of substrates, SspB enhances ClpXP degradation
principally by decreasing Km, and therefore serves to sta-
bilize enzyme–substrate interactions. Finally, RseA1–108

and the ssrA tag appear to occupy overlapping binding
sites in the peptide-binding cleft on SspB.

Despite these similarities, the sequences within
RseA1–108 and the ssrA tag that bind SspB are not similar.
Experiments presented here reveal that the SspB-binding
site in RseA1–108 lies between residues 77 and 99 (see Fig.
7). This region, as well as the rest of RseA1–108, is devoid
of sequences resembling the ssrA tag consensus for SspB
binding ([AGPSV]1-[ASV]2-[NH]3-[DCE]4-X5-X6-[FWY]7;
Flynn et al. 2001). Studies are currently in progress to
define more clearly how RseA1–108 binds to SspB and
how the peptide-binding cleft of SspB can interact
strongly and specifically with two, seemingly unrelated,
sequences.

The studies reported here revealed several different
proteins that were trapped in sspB+ but not sspB− strains.
In addition to RseA1–108, trapping of both AceA (isoci-
trate lyase) and Cdd (deoxycytidine deaminase) was also
stimulated by the presence of SspB (data not shown).
Delivery of ssrA-tagged substrates or RseA1–108 for
ClpXP degradation is clearly a direct consequence of
SspB function, and we suspect that additional proteins
will also be directly delivered by SspB. However, adap-
tors also can have indirect effects on substrate selection
by AAA+ proteases. For example, by mediating efficient
degradation of specific substrates, an adaptor may serve
to free the protease to degrade other substrates more ef-
ficiently. In addition, targeted degradation of transcrip-
tion factors, translation regulators, chaperones, and pro-
teases has the potential to cause large changes in protein
levels, leading to indirect changes in the repertoire of
substrates available for degradation.

Although SspB is a positive regulator of RseA1–108 rec-
ognition, it also has the potential to act as an inhibitor.
In our experiments, ClpXP trapped a few substrates more
efficiently when SspB was absent (see Fig. 1). SspB bind-
ing could prevent ClpXP degradation of certain proteins
by masking their degradation tags. In fact, both SspB and
the ClpS adaptor protein inhibit ClpAP recognition of
ssrA-tagged proteins (Flynn et al. 2001; Dougan et al.
2002b). Alternatively, absence of competition could lead to
improved degradation of substrates or substrate–adaptor
complexes that compete with SspB for tethering to ClpX.

It is becoming increasingly clear that many proteins
are targeted for disassembly and destruction by AAA+
ATPases both by intrinsic recognition tags and by extrin-
sic tethering mediated by adaptor proteins. How many
adaptors exist for each enzyme, and their overall impact
on recognition is not yet known. In addition to SspB, E.
coli ClpXP uses the RssB adaptor that delivers the sta-
tionary � factor �S to ClpXP for degradation during non-
starvation conditions (Muffler et al. 1996; Zhou and Got-
tesman 1998). Furthermore, the UmuD subunit of the
UmuD UmuD� heterodimer functions as an SspB-like
adaptor for UmuD� degradation by ClpXP during recov-
ery from DNA damage (Neher et al. 2003b).

Why do certain substrates use adaptors? One answer is
that adaptor proteins can increase the efficiency of rec-
ognition at low substrate concentrations. For example,
SspB improves ClpXP recognition of RseA1–108 in vivo,
as shown both by trapping and �E-induction experi-
ments, even though RseA1–108 is a good ClpXP substrate
in the absence of SspB in vitro. Furthermore, the use of
adaptors can lead to the degradation of a group of pro-
teins, allowing coregulation. The results of our trapping
experiments indicate that up-regulation or down-regula-
tion of SspB would be likely to change the efficiency of
degradation of a group of substrate proteins in a coordi-
nated manner. In fact, we have observed that overpro-
duction of SspB improves activation of �E during stress
(data not shown). We suspect that additional adaptors
remain to be discovered. These proteins, like SspB, will
probably also bind a spectrum of substrates, thereby con-
trolling the breadth and efficiency of recognition by their
partner AAA+ enzymes.

Materials and methods

Strains and plasmids

Genes encoding RseA1–108 and RseA1–99 were amplified by PCR
from E. coli genomic DNA using primers encoding NdeI and
BamHI restriction sites. The amplified DNA was cleaved with
both restriction enzymes and cloned between the NdeI and
BamHI sites of pET3a to generate pET3a-rseA1–108 and pET3a-
rseA1–99. A plasmid expressing RseA-DD1–108 was constructed
by site-directed mutagenesis of the rseA1–108 gene. The gene
encoding �E (rpoE) was PCR amplified from E. coli chromo-
somal DNA and cloned into the NdeI and BclI sites of the
pT7LysS plasmid (I. Levchenko, unpubl.) to generate pT7LysS-
rpoE.

The chromosomally encoded sspB gene was replaced by a
FRT-flanked kanamycin resistance cassette following the
method of Datsenko and Wanner (2000). The sspB�kan cassette
was then transferred into W3110 clpP�cat �smpB-1 cells by P1
transduction. KmR mutants were transformed with pCP20 en-
coding the Flipase enzyme, and resulting transformants were
tested for loss of the kanamycin resistance as described in Dat-
senko and Wanner (2000). The deletion was confirmed by PCR
analysis. A clpA · kan cassette was then introduced by P1 trans-
duction and finally pJF105 (Flynn et al. 2003) encoding the
ClpPtrap was transformed into the strain (JF259). CAG43583
(Walsh et al. 2003) was a gift from Carol Gross (University of
California at San Francisco, San Francisco, CA). The sspB · kan
and clpX · kan cassettes were introduced into the strain by P1
transduction.

Solutions

Buffer A is 50 mM Tris-HCl (pH 7.0), 50 mM NaCl, 0.5 mM
DTT, 2 mM EDTA, and 5% glycerol. GF buffer is 50 mM Tris-
HCl (pH 7.0), 150 mM KCl, 1 mM DTT, and 5% glycerol. PD
buffer is as described (Kim et al. 2000).

Proteins

ClpX (Levchenko et al. 1997) and ClpP (Kim et al. 2000) were
purified as described; SspB was a gift from David Wah (Massa-
chusetts Institute of Technology, Cambridge, MA).

RseA1–108 was purified from E. coli ER2556 pLysS/pET3a-
RseA1–108 cells grown in LB broth with 100 µg/mL ampicillin
and 30 µg/mL chloramphenicol. Cells were grown at 37°C to an
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O.D.600 of 0.6 and protein expression was induced with IPTG for
2 h. All purification steps were performed at 4°C. Cell pellets
were resuspended at a concentration of 3 mL/g of cells in buffer
A plus 6 M of guanidine and Protease Inhibitor Cocktail III
(Calbiochem). Following lysis for 1 h, the lysate was centrifuged
for 30 min at 25,000 × g and the supernatant was dialyzed
overnight against 4 L of buffer A with one buffer change. In-
soluble proteins were removed by centrifugation, and ammo-
nium sulfate was added to the supernatant to a final concentra-
tion of 30%. After mixing for 20 min, the precipitate containing
RseA1–108 was collected by centrifugation, resuspended in buffer
A, and desalted into the same buffer using a PD-10 desalting
column (Amersham Biosciences). This sample was loaded onto
a MonoQ HR 5/5 column (Amersham Biosciences) equilibrated
in buffer A. The column was washed with 10-column volumes
of buffer A, and the bound protein was eluted with a gradient to
1 M NaCl. The peak, including RseA1–108, was collected, and
TFA was added to a final concentration of 0.06%. The sample
was applied to a C4 HPLC column equilibrated in 0.06% TFA to
separate full-length RseA1–108 from degradation products, and
eluted with a gradient to 80% acetonitrile. RseA1–108 was ly-
ophilized, resuspended in buffer A, and dialyzed against the
same buffer overnight. RseA1–108 concentration was determined
by UV absorbance (�280 = 24040 M−1 cm−1).

RseA1–99 was purified from E. coli BL-21/pET3a-rseA1–99 cells
using a similar protocol, except lysis in 50 mM Tris (pH 8.0),
0.l5 M NaCl, 1 mM EDTA, and 5% glycerol was performed by
French press, and a Superdex 75 column (Amersham Biosci-
ences) was used in place of HPLC as the final purification step.
The resulting protein was >95% pure as determined by Com-
massie staining on a SDS–polyacrylamide gel.

The �E · RseA1–108 and �E · RseA1–108DD complexes were pu-
rified from ER2566 E. coli cells coexpressing either pET3a-
rseA1–108 or pET3a-rseA1–108DD and pT7LysS-rpoE plasmids.
The binary complexes were purified on a Sephacryl S-200 gel
filtration column (Amersham Biosciences) followed by chroma-
tography on Source15Q (Amersham Biosciences). The RseA
fragment purified from the RseA1–108 · �E complex contained a
number of C-terminal degradation products. The smallest deg-
radation product (RseA1–89) was isolated by a C4 HPLC column
as described above, and had a molecular weight of 10,251 Da by
electrospray mass spectrometry.

35S-labeled RseA1–108 and �E were purified as a complex from
ER2566 E. coli cells coexpressing pET3a-rseA1–108 and pT7LysS-
rpoE. 35S-labeling was performed as described (Kim et al. 2000).
Cells were lysed in guanidine, the lysate was dialyzed against
buffer A, and a 30% ammonium sulfate cut was performed. The
precipitate was resuspended in buffer A, and applied to a protein
C4 HPLC column equilibrated in 0.06% TFA. RseA1–108 and �E,
were separated by a gradient to 80% acetonitrile, lyophilized,
resuspended in buffer A, and dialyzed against the same buffer
overnight. �E concentration was determined by UV absorbance
(�280 = 14650 M−1 cm−1).

Synthetic fluorescein-labeled peptides containing residues
77–108 of RseA (EAQPAPHQWQKMPFWQKVRPWAAQLTQ
MGVAA) and of an SsrA tag sequence (NKKGRHGAANDE
NYALAA) were synthesized by the Massachusetts Institute of
Technology Biopolymers Laboratory and purified by reverse-
phase chromatography on a C4 HPLC column (Vydac).

Protein trapping

Trapped proteins were isolated from an sspB+ strain (JF162;
W3110 clpP�cat clpA�kan �smpB-1/pJF105) or an sspB− strain
(JF259; see above) and analyzed by two-dimensional gels as de-
scribed (Flynn et al. 2003). Protein spots from the gel were ex-

cised, digested with trypsin, and analyzed by microcapillary re-
verse-phase HPLC nano-electrospray tandem mass spectrom-
etry using a Finnigan LCQ DECA quadropole ion trap mass
spectrometer (Harvard Microchemistry Facility). The two-di-
mensional spot corresponding to RseA1–108 was subjected to
in-gel tryptic digestion as described (Rosenfeld et al. 1992; Hell-
man et al. 1995) and peptides were analyzed by MALDI mass
spectrometry at the MIT Biopolymers Facility.

Degradation assays

ClpX6, ClpP14, ATP (4 mM), and an ATP regeneration system
(50 µg/mL creatine kinase and 2.5 mM creatine phosphate) were
mixed in PD buffer and incubated for 2 min at 30°C. For gel
analysis, RseA1–108 or RseA-DD1–108 (2 µM) was added, and
samples were removed at different times and analyzed by SDS-
PAGE. Bands were visualized using Sypro Orange protein stain
(Molecular Probes) on a Fluorimager 595 (Molecular Dynamics).
Degradation of 35S-labeled proteins were assayed by changes in
TCA-soluble radioactivity as described in Burton et al. (2001).
When present, the SspB concentration was 0.2 µM (monomer
equivalents).

Gel filtration of protein complexes

Gel filtration was performed on a SMART system (Amersham
Biosciences) using a Superose 12 column equilibrated in GF
buffer at 4°C. RseA1–108, RseA1–99, RseA1–89, or the RseA1–108 ·
�E complex (8 µM) was incubated with or without SspB (8 µM
monomer equivalents) in GF buffer for 5 min at 30°C prior to
chromatography.

Limited trypsin proteolysis

A total of 5 µM RseA1–99 was incubated with or without 15 µM
SspB in 100 mM Tris-HCl (pH 8.9) for 5 min at 30°C. Trypsin
and RseA1–108 were mixed in a 1:93 ratio and samples were
taken at different times and analyzed by 18% Tris-Tricine SDS-
PAGE. To identify the resulting RseA fragments, a portion of
each time point was analyzed by electrospray mass spectrom-
etry and another portion was separated by SDS-PAGE, trans-
ferred onto PVDF membrane (Millipore), stained by Ponceau red
stain, and subjected to N-terminal sequencing at the Massachu-
setts Institute of Technology Biopolymers Facility.

Peptide-binding assays

Binding of SspB to the fluorescein-labeled RseA75–108 peptide
(0.1 µM) was assayed by fluorescence polarization (excitation
467 nm; emission 511 nm) at 30°C in PD buffer lacking NP-40
using a Fluoromax-2 instrument (ISA, Jobin-Yvon). Binding
curves were fit using Kaleidagraph (Synergy Software).

�-Galactosidase assays

Overnight cultures were diluted 1:100 to an O.D.600 of ∼0.025
and grown at 30°C in LB broth with appropriate antibiotics. The
cultures were then grown at 30°C to an O.D.600 of 0.15 and
overexpression of the OmpC fusion protein was induced by
0.2% L-(+)-arabinose. �-Galactosidase activities were measured
as described (Miller 1972; Mecsas et al. 1993; Ades et al. 1999).
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