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Characterization of a Specificity Factor
for an AAA� ATPase: Assembly of SspB Dimers
with ssrA-Tagged Proteins and the ClpX Hexamer

iting degradation of ssrA-tagged substrates [23]. RssB
is required for ClpXP-mediated degradation of the �S

transcription factor [24, 25]. The Bacillus subtilis prote-
ase ClpCP requires the specificity factor MecA to de-
grade proteins involved in the regulation of the develop-
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Cambridge, Massachusetts 02139 ment of competence [26]. In eukaryotes, the p97 ATPase

associates with the protein factors p47, Udf1p, and Npl4
to promote different intracellular processes [27–30].

What macromolecular interactions are required for theSummary
activity of accessory factors such as SspB, which func-
tion to modulate specificity and stimulate degradation?SspB, a specificity factor for the ATP-dependent
It is known that SspB recognizes residues in theClpXP protease, stimulates proteolysis of protein sub-
N-terminal portion of the ssrA tag, whereas ClpX recog-strates bearing the ssrA degradation tag. The SspB
nizes the C-terminal residues of the tag [21, 22]. In princi-protein is shown here to form a stable homodimer
ple, SspB might bind ssrA-tagged substrates tran-with two independent binding sites for ssrA-tagged
siently, modifying them for subsequent interactions withproteins or peptides. SspB by itself binds to ClpX and
ClpX. Alternatively, macromolecular complexes ofstimulates the ATPase activity of this enzyme. In the
SspB, ssrA-tagged substrates, and ClpX might bepresence of ATP�S, a ternary complex of SspB, GFP-
needed for stimulation of ClpX activity. Here, we showssrA, and the ClpX ATPase was sufficiently stable to
that SspB is a stable homodimer that binds two mole-isolate by gel-filtration or ion-exchange chromatogra-
cules of a peptide containing the ssrA degradation tagphy. This complex consists of one SspB dimer, two
or GFP-ssrA. SspB also associates with ClpX and stimu-molecules of GFP-ssrA, and one ClpX hexamer. SspB
lates its ATP hydrolysis activity in the absence of andimers do not commit bound substrates to ClpXP deg-
ssrA-tagged substrate. A ternary complex consisting ofradation but increase the affinity and cooperativity of
one SspB dimer, two molecules of GFP-ssrA, and onebinding of ssrA-tagged substrates to ClpX, facilitating
ClpX hexamer assembles stably in the presence of theenhanced degradation at low substrate concentrations.
ATP�S. SspB does not commit bound substrates to
ClpXP degradation, but acts largely to stabilize the equi-

Introduction librium binding of ssrA-tagged substrates to the prote-
ase and increase the cooperativity of binding. These

Many intracellular proteases consist of a multisubunit results help clarify how specificity factors and modula-
peptidase with active sites sequestered in an internal tors act selectively in directing substrates to the AAA�
chamber and an associated AAA� ATPase that binds, ATPases.
unfolds, and translocates specific protein substrates
into the proteolytic chamber [1, 2]. The eukaryotic and
archaebacterial 26S proteasomes and the eubacterial Results
ClpXP, ClpAP, and HslUV proteases are ATP-dependent
intracellular enzymes that share this basic structural or- Native SspB Is a Stable Dimer
ganization and mechanism [3–10]. Interactions medi- As determined by MALDI-TOF mass spectroscopy, puri-
ated by the AAA� ATPase determine the degradation fied E. coli SspB protein had a monomer molecular
specificity of these energy-dependent proteases for weight (18.3 kDa) within error of the value calculated
some substrates. For example, the ClpX ATPase of the from its amino acid sequence. In equilibrium analytical
Escherichia coli ClpXP protease binds distinct peptide ultracentrifugation experiments performed at an initial
sequences displayed on otherwise native proteins [11– subunit concentration of 66 �M, SspB sedimented with
15]. One such ClpX-targeting sequence is the ssrA tag a mean molecular weight of 35.0 kDa (Figure 1A), a value
(AANDENYALAA), which is cotranslationally added to close to that expected for a dimer. Similar results were
nascent polypeptides when ribosomes stall [16, 17]. obtained in sedimentation experiments performed at
Proteins bearing the ssrA tag at their C termini are bound protein concentrations of 2.5, 10, 25, and 41 �M. SspB
by ClpX hexamers, denatured, and translocated into also behaved as a stable dimer in dynamic light-scatter-
ClpP for degradation [13, 18–20]. ing experiments (D � 4.6 F; apparent MR � 40.6 kDa).

Additional factors also play important roles in regulat- The fluorescence spectrum of native SspB was blue-
ing proteolytic specificity and flux. For example, the shifted compared to the spectrum under denaturing
SspB protein stimulates degradation of ssrA-tagged conditions, suggesting hydrophobic burial of Trp17, the
substrates by ClpXP but inhibits degradation of these only tryptophan residue in SspB (Figure 1B, inset). Dena-
same substrates by the related ClpAP protease [21, 22]. turant-induced unfolding of SspB occurred in a coopera-
ClpS acts as a substrate modulator for ClpAP by direct- tive and reversible fashion with a half-maximal Cm value
ing degradation toward protein aggregates and inhib- between 3 and 4 M GuHCl as monitored by fluorescence

(Figure 1B) or circular dichroism (data not shown). The
denaturation Cm increased with SspB concentration3 Correspondence: bobsauer@mit.edu
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Figure 1. Biophysical Properties of SspB

(A) Equilibrium analytical centrifugation of 41 �M SspB (16,000 rpm, 20�C). The fitted line corresponds to a molecular weight of 35.1 kDa (36.5
kDa expected for SspB dimer). The gray line corresponds to the expected distribution for an SspB monomer (18.3 kDa).
(B) GuHCl stability (25�C) of SspB at concentrations of 3 �M (closed circles) and 15 �M (open triangles) assayed by fluorescence. The solid
line is a fit of the 3 �M data, assuming an equilibrium between unfolded monomers and folded dimers (�G � 27.0 kcal/mol; m � 6.0 kcal/
mol•M). The inset shows the fluorescence spectra of 15 �M SspB with or without 5 M GuHCl. The buffer for both experiments was 25 mM
Tris-HCl (pH 7.6), 200 mM KCl, and 5% glycerol.
(C) SspB monomer and dimer populations were calculated from analytical ultracentrifugation runs of SspB at concentrations of 3 �M and 15
�M in the buffer described in (B) above plus 2.60, 3.15, or 3.50 M GuHCl. A two-species fit using the molecular weights of SspB monomers
and dimers was used to calculate dimer and monomer populations.

(Figure 1B). This result and equilibrium sedimentation thermodynamic parameters for these binding interac-
tions are listed in Table 1. A mixture of SspB (6 �M inexperiments (Figure 1C) show that native SspB dimers

persist into the denaturation-transition zone. Hence, na- subunit equivalents) and GFP-ssrA (6 �M in monomer
equivalents) was subjected to equilibrium analytical ul-tive SspB dimers are quite stable to both dissociation

and denaturation. tracentrifugation (Figure 2C). These data suggested that
more than 90% of the molecules had an average molecu-
lar weight of 93.2 kDa (the value expected for an S2G2SspB Binding to ClpX and to ssrA-Tagged
complex). Complexes of SspB and GFP-ssrA also mi-Peptides and Proteins
grated near the position expected for an S2G2 tetramerUsing a coupled assay, we measured steady-state ATP
in gel-filtration experiments (see below).hydrolysis by ClpX in the presence of increasing

To establish a more convenient solution bindingamounts of SspB. As shown in Figure 2A, SspB stimu-
assay, we labeled the ssrA peptide with a fluorescentlated the ATPase activity of ClpX by roughly 2-fold, with
BODIPY dye and monitored binding of the modified pep-half-maximal stimulation occurring at an SspB concen-
tide to SspB by fluorescence anisotropy. The data fromtration of �1 �M at 30�C. Purified SspB had no ATPase
experiments at 20�C gave a KD of 400 � 50 nM (dataactivity (data not shown). Hence, SspB and ClpX can
not shown). Unmodified peptide competed efficientlyinteract in the absence of ssrA-tagged peptides or pro-
for binding (KI � 440 nM), showing that the BODIPY dyeteins. Moreover, this interaction alters the enzymatic
is not a significant participant in the binding reactionproperties of ClpX.
and validating the use of this assay to monitor SspB-Previous studies have shown that SspB binding to
peptide interactions. As discussed below, ClpX alsossrA-tagged proteins can be eliminated by tag muta-
bound to the BODIPY-labeled ssrA peptide (KD � 1.2 �tions and have established that the ssrA tag is both
0.2 �M; 20�C), demonstrating as expected that the ssrAnecessary and sufficient for binding [21, 22]. A synthetic
tag provides a binding site for ClpX.peptide (NKKGRHGAANDENYALAA) with seven N-ter-

minal residues chosen to improve peptide solubility and
11 C-terminal residues corresponding to the ssrA tag ClpX, SspB, and GFP-ssrA Form a Stable

Ternary Complexwas synthesized and binding was monitored by isother-
mal titration calorimetry (ITC). Experiments at 20�C with The GFP fluorophore absorbs at 500 nm, providing a

convenient assay of its elution position during gel-filtra-SspB as the injectant (Figure 2B; Table 1) or the peptide
as the injectant (data not shown) were consistent with tion chromatography. As shown in Figure 3A, GFP-ssrA

by itself or in S2G2 complexes eluted from a Superdexindependent and identical binding of two ssrA peptides
to the SspB dimer with a microscopic KD of 300 � 20 200 column at distinct positions expected for the relative

sizes of these species. Chromatography of a mixture ofnM for each binding site.
Data from ITC experiments using SspB and GFP-ssrA GFP-ssrA, SspB, ClpX, and ATP�S revealed a larger

ternary complex (Figure 3A). Chromatography of ternaryshowed independent binding of two molecules of GFP-
ssrA to the SspB dimer with a KD of 16 � 4 nM (Table complexes purified by gel filtration on a reverse-phase

C4 HPLC column confirmed the presence of GFP-ssrA,1). Hence, SspB binding to GFP-ssrA was approximately
20-fold tighter than binding to the ssrA-peptide. The SspB, and ClpX (data not shown). Stable formation of
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Figure 2. SspB Binding to ClpX and to ssrA-Tagged Peptides and Proteins

(A) SspB stimulation of ClpX-catalyzed ATP hydrolysis (30�C). The fit is a bimolecular binding isotherm with half-maximal stimulation at an
SspB concentration of 1.1 � 0.3 �M (subunit equivalents).
(B) SspB binding to the NKKGRHGAANDENYALAA ssrA peptide assayed by isothermal titration calorimetry (25�C). The top panel shows raw
data in power versus time. The lower panel shows integrated areas normalized to the molar quantity of SspB injected at each step. The best-
fit curve using a single-site model gave a �H of 	16.9 kcal/mol, a KD of 0.30 �M, and a binding stoichiometry of 1.02 ssrA peptides to 1.0
SspB subunit (Table 1).
(C) Equilibrium analytical ultracentrifugation (12,000 rpm, 4�C) of a mixture of SspB (6 �M subunit equivalents) and GFP-ssrA (6 �M) monitored
by GFP-ssrA absorbance at 492 nm. The fitted line corresponds to a two-species fit in which 90% of the GFP-ssrA is present as a 93.2 kDa
complex (expected for SspB2•GFP-ssrA2), and 10% is present as free GFP-ssrA (27.8 kDa).

the ternary complex required ATP�S. In the absence phase chromatography on C4 HPLC column (Figure 3C).
Known quantities of GFP-ssrA, SspB, and ClpX wereof SspB, almost no GFP-ssrA chromatographed at a

position expected for a complex with ClpX even when also chromatographed on the C4 column and used to
determine the protein concentration of each species inATP�S was present (Figure 3A). Hence, formation of a

stable interaction between ClpX and GFP-ssrA is depen- the ternary complex. The stoichiometry determined from
this experiment (normalized to an SspB dimer) was 5.5dent on the presence of SspB.

Several experiments were performed to determine the ClpX subunits, 2.0 SspB subunits, and 2.1 GFP-ssrA
subunits. Because ClpX is hexameric [6], the ternarysubunit composition of the ternary complex. First, in-

creasing quantities of the ClpX hexamer were added to complex appears to contain one ClpX hexamer, one
SspB dimer, and two GFP-ssrA monomers.a mixture of 3 �M SspB dimer and 6 �M GFP-ssrA

monomer, and ternary complex formation was assayed The molecular weight of the ternary complex was de-
termined directly from hydrodynamic experiments per-by gel filtration in the presence of ATP�S (Figure 3B).

As the ClpX6 concentration was increased, there was formed using a mixture corresponding to one ClpX hex-
amer, one SspB dimer, and two GFP-ssrA monomersa roughly linear shift of the GFP-ssrA into the ternary

complex until all of the GFP-ssrA eluted in this peak. in the presence of ATP�S. Sedimentation velocity exper-
iments, monitored by GFP-ssrA absorbance at 500 nm,Analysis of the results of this experiment gave a stoichi-

ometry of 1.7 � 0.1 GFP-ssrA monomers for each ClpX gave an s20,w sedimentation coefficient of 10.8 S when
analyzed by the time derivative method [31]. Dynamichexamer in the complex (Figure 3B, inset). In a second

experiment, the ternary complex was isolated as a single light scattering gave a D20,w translation diffusion coeffi-
cient of 2.64 F for the complex. The molecular masspeak following ion-exchange chromatography on a

MonoQ column in the presence of ATP�S (Figure 3C, calculated from the s20,w and D20,w values was 377 �
34 kDa (Table 2), within error of the value of 370 kDainset) and peak fractions were subjected to reverse

Table 1. Thermodynamics of SspB Interactions with ssrA Peptide and GFP-ssrA at 25�C by Isothermal Titration Calorimetry

�G� �H� 	T�S�

(kcal/mole, monomer (kcal/mole, monomer (kcal/mole, monomer KD n
Proteins equivalents) equivalents) equivalents) (nM) (monomers)

SspB•ssrA-peptide 	8.9 	16.9 8.0 300 1.02
SSpB•GFP-ssrA 	10.6 	14.1 3.5 16 1.07
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Figure 3. Isolation and Stoichiometry of a
Complex of ClpX, SspB, and GFP-ssrA

(A) Superdex-200 gel filtration at 4�C in the
presence of 1 mM ATP�S in the elution buffer
of (1 ) GFP-ssrA (6 �M), (2 ) GFP-ssrA (6 �M)
plus ClpX6 (8 �M), (3 ) GFP-ssrA (6 �M) plus
SspB2 (3 �M), and (4 ) GFP-ssrA (6 �M) plus
SspB2 (3 �M) plus ClpX6 (8 �M). Note that
only the elution position of the GFP-ssrA is
detected by absorbance at 500 nm. The posi-
tions of molecular weight standards in kDa
are marked at the top of the panel.
(B) Gel filtration as shown in (A) for 3 �M
SspB2, 6 �M GFP-ssrA plus 5.6 �M ClpX6

(open triangles), 2.8 �M ClpX6 (closed dia-
monds), or no ClpX6 (closed circles). For these
and additional experiments, the inset shows
the quantity of GFP-ssrA present in the X6S2G2

complex as a function of the quantity of
added ClpX6. The slope of the fitted line
shows that roughly 1.7 GFP-ssrA molecules
are bound to each ClpX6•SspB2 in the ternary
complex.
(C) Reverse-phase HPLC separation of pro-
teins in the ternary complex. The black curve
shows the peak fractions from anion-exchange
purification of the ternary complex (see inset).
The gray curve shows chromatography of
0.15 �M ClpX6, 0.33 �M SspB, and 0.34 �M
GFP-ssrA for comparison and is offset by 0.5
min for clarity.

calculated for a complex consisting of one ClpX hex- sites (assuming one site per hexamer) or 1.3 � 0.1 �M
SspB binding sites (assuming two sites per dimer).amer, one SspB dimer, and two GFP-ssrA monomers.

These studies conclusively rule out the possibility that These binding curves showed no cooperativity. In con-
trast, half-maximal peptide binding was observed at aternary complexes contain more than one ClpX

hexamer. concentration of 350 � 40 nM (assuming two sites per
ClpX6•SspB2) in the experiment containing both ClpX
and SspB, and a Hill constant of 1.8 � 0.3 was requiredSspB Enhances ClpX Binding to ssrA-Tagged

Peptides to fit this binding curve. These results show directly that
SspB enhances the binding of the ssrA peptide to ClpX.Previous studies have shown that SspB lowers the KM

for GFP-ssrA degradation by ClpXP, suggesting that The positive cooperativity in formation of the ternary
complex most likely arises because binary complexesSspB enhances binding of the ssrA substrate to ClpX

[21, 22]. As a test, interaction of the fluorescent BODIPY- of SspB and the ssrA-tagged peptide are not fully popu-
lated at low concentrations but are stabilized by bindinglabeled ssrA peptide with SspB dimers, ClpX hexamers,

or a mixture of SspB dimers and ClpX hexamers was ClpX.
As a functional comparison, the rate of ClpXP-medi-assayed by fluorescence anisotropy. Binding curves at

30�C are shown in Figure 4, left. As expected from their ated degradation of GFP-ssrA at 30�C was assayed with
respect to increasing quantities of GFP-ssrA alone or arelative molecular weights, the anisotropy at saturating

concentrations was higher for the ternary complex than 1:2 mixture of SspB dimers and GFP-ssrA monomers
(Figure 4, right). As expected from previous studies [21,for the ClpX-ssrA peptide complex, which in turn was

higher than for the SspB-ssrA peptide complex. Under 22], the presence of SspB increased Vmax and lowered
the apparent KM for degradation of GFP-ssrA. Fitting ofthese conditions, half-maximal peptide binding was ob-

served at a concentration of 2.5 � 0.6 �M ClpX binding the data with SspB, however, required a Hill constant

Table 2. Hydrodynamics of the ClpX-SspB-GFP-ssrA Ternary Complex

Calculated Expected Molecular
D20,w s20,w Molecular Mass Mass*
(Fick) (Svedberg) (kDa) (kDa)

2.64 10.7 377 370
(2.51–2.82) (10.4–10.9) (343–404)

Diffusion and sedimentation coefficients D20,w and s20,w were determined independently by dynamic light scattering and velocity sedimentation,
respectively, and adjusted for conditions of 20�C in water.
* Molecular mass expected for a complex comprising one ClpX hexamer, one SspB dimer, and two GFP-ssrA monomers as calculated from
amino acid sequence.
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Figure 4. Binding and Degradation of ssrA-
Tagged Molecules in the Presence of SspB

Left: binding assayed by fluorescence anisot-
ropy (30�C) of BODIPY-labeled ssrA peptide
to SspB, ClpX, or a mixture of SspB and ClpX
(1 SspB dimer per ClpX hexamer). The fits of
the SspB and ClpX data are to bimolecular
reactions. For the mixture of ClpX and SspB,
the best fits of the binding data required a Hill
constant of 1.8 � 0.3.
Right: the rate of ClpXP-mediated degrada-
tion of GFP-ssrA (30�C) assayed as a function
of increasing quantities of GFP-ssrA alone or
a mixture of one SspB dimer and two GFP-
ssrA monomers. The presence of SspB in-
creased Vmax and lowered the apparent KM for

degradation of GFP-ssrA. Fitting of the data with SspB required a Hill constant of 1.9 � 0.1. The inset shows the steady-state ATP hydrolysis
rate measured with 0.3 �M ClpX6 alone, in the presence of 10 �M GFP-ssrA, and in the presence of 10 �M subunit equivalents of SspB and
GFP-ssrA.

of 1.9 � 0.1, consistent with the binding data (Figure 4, SspB by itself binds to ClpX and stimulates ATP hydroly-
left) and supportive of the idea that formation of sis by this enzyme. We have also shown that a complex
SspB2•GFP-ssrA2 complexes is stabilized by binding to containing one SspB dimer and two GFP-ssrA mole-
ClpX hexamers. cules assembles with a single ClpX hexamer to form a

ternary complex in the presence of ATP�S. In the pres-
SspB Does Not Commit Bound Substrates ence of ClpP and ATP, this ternary complex is compe-
to Degradation tent in the sense that some bound ssrA-tagged sub-
Because SspB enhances the binding of ssrA-tagged strates could be degraded without dissociation and
substrates to ClpX, we wondered whether SspB might rebinding.
commit bound ssrA-tagged substrates to enzymatic In the presence of SspB, ClpX bound more tightly to
processing. To test this model, complexes of GFP-ssrA, ssrA-tagged proteins or peptides. This result provides
ClpX, and ClpP were allowed to form in the presence a simple explanation for the observation that, at low
of ATP�S with or without SspB. In one set of reactions, substrate concentrations, SspB improves the efficiency
degradation was initiated by adding ATP together with a of ClpXP-mediated degradation of ssrA-tagged mole-
nonfluorescent competing substrate (Arc-ssrA). In other cules. This effect is probably physiologically important
reactions, the competitor was added before addition of as SsrA-mediated tagging occurs when translation of a
ATP, or no competitor and only ATP was added. In
the absence of SspB, GFP-ssrA degradation slowed
immediately whether the competitor was added first or
added together with ATP (Figure 5, right). Simultaneous
addition of ATP and competitor to samples with SspB
resulted in an initial rate of GFP-ssrA degradation that
was roughly 60% of the rate with no inhibitor, which
decayed to the preinhibited rate with a half-life of roughly
60 s (Figure 5, left). Hence, SspB provides some protec-
tion against immediate competition by other substrates.
Moreover, these results show that some substrates
complexed with ClpXP, SspB, and ATP�S can be de-
graded without having to dissociate and reassociate.
However, more than 90% of the substrate initially bound
in such complexes dissociated before degradation. The
experiment shown in Figure 5 was performed at 20�C.
Parallel experiments performed at 30�C revealed no pro-
tection by SspB against competition by the second sub-
strate (data not shown). These experiments suggest that
complexes of ClpXP, SspB, and ssrA-tagged substrates
are highly dynamic and thus largely uncommitted to

Figure 5. Competition Assaysdegradation under physiological conditions. Because
some commitment to degradation is observed, however, ClpX6 (1 �M), ClpP14 (1.5 �M), GFP-ssrA (2.0 �M), and ATP�S (1

mM) were preincubated for 5 min at 30�C in the presence or absencethese experiments also demonstrate that complexes of
of SspB2 (1 �M). In experiment 1, ATP (7.5 mM) plus the Arc-ssrAClpXP, SspB, and ssrA-tagged GFP are on pathway.
competitor (50 �M) were added together at time zero, and degrada-
tion of GFP-ssrA was monitored by fluorescence. Experiment 2 wasDiscussion performed in the same way, except for inclusion of the Arc-ssrA
competitor in the preincubation reaction. Control experiments per-

The results reported here show that SspB forms a stable formed under the same conditions but with no added competitor
are also shown.dimer that binds two ssrA-tagged peptides or proteins.
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particular mRNA molecule is compromised, and thus
most ssrA-tagged proteins are produced at relatively
low concentrations in the cell [32]. Indeed, ssrA-tagged
substrates have longer half-lives in sspB	 cells than in
sspB� cells [21].

In addition to its effects on substrate binding, SspB
also increases the maximum rate of ClpXP degradation
of ssrA-tagged protein [21, 22]. There are several poten-
tial explanations for this effect. First, we found that SspB
can bind directly to ClpX and increase the rate at which
this enzyme hydrolyzes ATP. In a similar fashion, SspB
interactions with ClpX might enhance the ability of the
enzyme to denature ssrA-tagged substrates. Second,

Figure 6. Model of the Complex of ClpX, SspB, and ssrA-TaggedVmax might be increased to some extent because SspB
Substrates

is able to deliver two ssrA-tagged substrates to ClpX at
In the model, the 6-fold rotational axis of the ClpX hexamer is aligned

once. Finally, denaturation of a single substrate mole- with the presumed 2-fold axis of the SspB dimer. A single ssrA-
cule by ClpX is known to be an inefficient process that tagged substrate is bound to each SspB subunit and is positioned
requires many catalytic cycles and the hydrolysis of to interact with ClpX.
roughly 150 molecules of ATP [20]. This probably occurs
because substrates are loosely bound, and the applica-

an unstructured polypeptide chain had to be disruptedtion of force by ClpX leads to substrate dissociation
before the tag could fold into an SspB binding conforma-more often than substrate unfolding. By this model,
tion. By this model, the ssrA peptide used here mightSspB could stabilize binding of the ssrA-tagged sub-
be a good model for a denatured ssrA-tagged protein. Itstrate, thereby increasing the probability of denaturation
will be interesting to determine if SspB shows a generallyrelative to dissociation.
greater affinity for native ssrA-tagged proteins than forPrevious studies have shown that the 11-residue ssrA
denatured ssrA-tagged proteins. If so, SspB might pref-tag contains distinct sets of recognition determinants for
erentially deliver ssrA substrates that require active un-SspB and ClpX [21, 22]. Specifically, SspB recognizes
folding to ClpXP, leaving globally unfolded ssrA-taggeddeterminants in the seven N-terminal residues of the
substrates to be degraded in an SspB-independentssrA tag, whereas ClpX recognizes determinants in the
fashion by proteases such as ClpAP. It has been estab-three C-terminal residues. It has been proposed that
lished that ClpAP can degrade denatured proteins with-ClpX initiates unfolding of ssrA-tagged substrates by
out degradation tags [33], but ClpXP does not have thisengaging the tag [13, 19, 22]. If application of a pulling
capability [34].force to the very C terminus of the tag occurred in com-

ClpX assembles as a hexameric ring with a centralplexes with SspB and ClpX, then this should weaken
pore along its 6-fold rotational axis [6, 35]. In a ternarythe nearby interactions of the tag with SspB and might
complex with maximal symmetry, the 6-fold of ClpX6lead to more rapid dissociation of SspB. It is also possi-
would be aligned with a 2-fold axis of the SspB2•GFP-ble that the thermodynamic stability of the SspB dimer
ssrA2 complex. In this arrangement, one ClpX trimerallows it to withstand denaturation forces transmitted
would interact with one SspB•GFP-ssrA unit (Figure 6),from ClpX through the bound ssrA-tagged substrate. In
which, in turn, raises the possibility that each trimerthis regard, it is interesting that our experiments show
may form a functional substructure within the hexamer.that SspB binds ClpX as well or better than most sub-
Indeed, in one crystal form of the related ATPase HslUstrates and, yet, is not itself a substrate for unfolding or
(ClpY), the hexamer can be viewed as a dimer of trimersdegradation.
with each trimer containing two nucleotide-bound sub-Our studies confirm that the ssrA tag does not need
units and one nucleotide-free subunit [36]. Other HslUto be attached to a native protein to allow binding by
crystal forms, however, contain three or six bound nucle-SspB. Specifically, an 18-residue peptide ending with
otides or inhibitors [9, 36–40], pointing to dimers orthe ssrA tag bound with roughly micromolar affinity to
monomers as the fundamental repeat [41]. It will beSspB. On the other hand, SspB bound to native GFP-
important to determine how ATP binding and hydrolysisssrA about 15-fold more tightly than to the ssrA peptide.
by different subunits of ClpX are mechanistically linkedThis difference might result from an adventitious contact
to SspB-mediated unfolding of ssrA-tagged substrates.between the native portion of GFP-ssrA and SspB, but

Several specificity factors and activity modulators forthis explanation is not supported by the thermodynam-
AAA� ATPases have now been described, although toics of binding. In particular, binding of the ssrA peptide
differing degrees of biochemical detail. Comparingto SspB had a more favorable enthalpy, whereas binding
these protein factors reveals many differences but someof native GFP-ssrA showed a significantly reduced en-
common principles. In certain cases, cofactor bindingtropic cost (Table 1). The opposite result would be ex-
appears to redirect the AAA� ATPase from one func-pected for the simplest form of the adventitious-contact
tional pathway to another, but there is no evidence thatmodel. It is possible that it is more difficult for the ssrA
these modulators participate directly in substratetag to assume its proper SspB binding conformation
choice. For example, ClpS inhibits degradation of ssrA-when attached to a denatured protein. This could occur,
tagged substrates by ClpAP and stimulates degradationfor example, if interactions between the C terminus of

the tag, which is quite hydrophobic, and other parts of of protein aggregates [23]. However, ClpS has no affinity
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reverse-phase chromatography on an LC-10AD-VP HPLC columnfor ssrA-tagged substrates or protein aggregates and
(Shimadzu Corporation, Kyoto, Japan). The peptide was labeledbinds to a domain of ClpA that is not required for degra-
with BODIPY-FL, CASE (Molecular Probes, Eugene, Oregon) usingdation of ssrA-tagged molecules [23, 42]. Unlike SspB,
a standard protocol for labeling of amino groups. The BODIPY-

six ClpS monomers bind to one ClpA hexamer [23]. labeled peptide was purified by reverse-phase HPLC and lyophi-
Other AAA� modulators like SspB are actively in- lized. Concentrations of SspB monomers (
280 � 12,090 M	1 cm	1),

GFP-ssrA monomers (
280 � 19,770 M	1 cm	1), and ClpX hexamersvolved in substrate selection. For example, MecA dimers
(
280 � 84,480 M	1 cm	1) were determined by UV absorbance.bind to the ComK substrate and form ternary complexes

with the ClpC ATPase [26, 43, 44]. Like SspB, MecA
Hydrodynamic Studiesstimulates the ATPase activity of ClpC [26, 44]. However,
Protein samples were centrifuged in an Optima XL-A centrifugeunlike SspB, MecA is degraded together with ComK by
(Beckman-Coulter, Fullerton, California) using a 60 Ti rotor. SspB

the ClpCP protease [45]. A phosphorylated form of the at 25, 41, or 66 �M in 25 mM MES (pH 6.0), 175 mM KCl, and 5%
RssB protein forms a 1:1 complex with the stationary- glycerol was centrifuged at 20�C at 8,000, 12,000, and 16,000 rpm.

Absorbance readings were taken at 245, 280, and 285 nm. SspB atphase transcription factor, �S, and is required for degra-
2.5 and 10 �M in 25 mM HEPES-KOH (pH 7.6), 200 mM KCl, 1 mMdation of this substrate by ClpXP [24, 25, 46–49]. In
DTT, and 10% glycerol was centrifuged at 4�C and 20�C at 8,000the presence of ATP�S, a stable quaternary complex
and 12,000 rpm, respectively, and absorbance scans were taken atincluding ClpX, ClpP, RssB, and �S is formed [49]. The
230, 236, and 276 nm. SspB plus GFP-ssrA at 3, 6, and 10 �M

subunit compositions of the ClpC•MecA•ComK and monomer equivalents each in TC buffer minus ATP�S were centri-
ClpX•RssB•�S complexes have not been reported. A fuged at 4�C at 8,000, 12,000, and 16,000 rpm, and absorbance

readings were taken at 276, 490, and 492 nm. For denaturationcommon stoichiometry of 6:2:2 between these systems
experiments, SspB at 3 and 15 �M in 10 mM potassium phosphateand ClpX•SspB•GFP-ssrA is possible, however, and
(pH 7.5); 200 mM KCl; and 2.6, 3.2, or 3.5 M GuHCl was centrifugedwould be highly suggestive that ATPase trimers play a
at 25�C at 16,000 rpm, and absorbance scans were taken at 230,functionally significant role in substrate processing.
236, and 276 nm. Absorbance measurements were made at 3–4 hr
intervals until equilibrium was reached (usually 24 hr). Scans were

Significance analyzed as described [51] to determine apparent molecular
weights. In velocity sedimentation experiments, SspB (6 �M), GFP-
ssrA (6 �M), and ClpX6 (3 �M) in TC buffer plus 9 mM ATP�S wereThe study of the mechanisms by which accessory fac-
centrifuged at 4�C at 40,000 rpm for 4 hr. Scans monitoring GFP-tors modulate the activity of AAA� ATPases is becom-
ssrA absorbance at 492 nm were taken every 2 min. Scans wereing increasingly important in understanding chaper- analyzed using the time derivative method [31] using Origin (Micro-

one and protease function. The results reported here cal, Amherst, Massachusetts) to determine the sedimentation coeffi-
provide a foundation for a mechanistic dissection of cient.

Dynamic-light scattering experiments were performed on Dyna-SspB, a specificity factor for the ATP-dependent
Pro-MS/X (Protein Solutions). SspB and GFP-ssrA (6 �M monomerClpXP protease, which stimulates proteolysis of pro-
equivalents) were incubated for 5 min in TC buffer. ClpX6 (3 �M)tein substrates bearing the ssrA degradation tag. Sta-
was added and incubated for 20 min, and the sample was spinble SspB homodimers bind two ssrA-tagged proteins filtered using a 0.2 �m filter. Four sets of 40 data points were col-

or peptides and assemble with one ClpX hexamer to lected and each data set was analyzed using the DYNAMICS soft-
form a stable ternary complex in the presence of the ware (Protein Solutions).
ATP�S. This complex is competent for GFP-ssrA deg-

Denaturation and Binding Assaysradation in the presence of ClpP and ATP. Although
Curve fitting for denaturation and binding assays was performed inSspB does not kinetically commit bound ssrA-tagged
Kaleidagraph (Synergy Software, Reading, Pennsylvania). Fluores-substrates to ClpXP degradation, it permits more effi-
cence experiments were performed at 25�C using a QM-2000-4SEcient degradation at low substrate concentrations by spectrofluorometer (Photon Technology International, London, On-

stabilizing and increasing the cooperativity of binding. tario) or a Fluoromax-2 instrument (ISA, Jobin-Yvon, Longjumeau,
SspB also increases the maximum rate of degradation, France). Fluorescence emission spectra of 15 �M SspB in 25 mM

Tris-HCl (pH 7.6), 200 mM KCl, and 5% glycerol with or without 5potentially by stimulating ClpX ATPase activity, deliv-
M GuHCl was measured by exciting the samples at 285 nm andering multiple substrates, and/or by stabilizing sub-
recording spectra at 1 nm wavelengths with an integration time ofstrate interactions with ClpX. Our definition of condi-
5 s. For denaturation experiments, SspB samples were prepared attions that allow isolation of stable ternary complexes each GuHCl concentration in 50 mM HEPES-KOH (pH 7.6), 200 mM

should set the stage for structural studies of this mac- KCl, and 1 mM DTT and incubated for at least 30 min. The GuHCl
romolecular assembly. concentration was determined by refractive index using a Bausch &

Lomb refractometer. Samples were incubated in a 25�C bath for
Experimental Procedures 5 min immediately prior to measurement. Emission intensity was

measured at 333 nm (excitation at 265 nm) for 60 s (1 s integration
Buffers time) and averaged. Emission spectra were also measured from 300
PD buffer contains 25 mM HEPES-KOH (pH 7.6), 5 mM KCl, 5 mM to 400 nm, and the center of mass of the spectral peak was calcu-
MgCl2, 0.032% NP-40, and 10% glycerol. The ATP regenerating lated. GuHCl denaturation of SspB was reversible as judged by the
system consists of 4 mM ATP, 16 mM creatine phosphate, and 0.32 recovery of center of mass from dilution of the 4 M GuHCl sample
mg/ml creatine kinase. TC buffer contains 50 mM HEPES-KOH (pH to 2 M GuHCl.
7.6), 200 mM KCl, 10 mM MgCl2, 0.1 mM ZnSO4, 2 mM DTT, 10% Steady-state ATP hydrolysis by ClpX in the presence of SspB at
glycerol, and 1 mM ATP�S. 30�C was measured using a coupled assay [52] on a Spectramax

Plus spectrometer (Molecular Devices). A 47.5 �l mixture of 0.3 �M
ClpX6, different quantities of SspB, 1 mM NADH, 2 mM phosphoenol-Proteins and Peptides

E. coli SspB, GFP-ssrA, and E. coli ClpX were expressed and purified pyruvate, 3 U/ml lactate dehydrogenase, and 3 U/ml pyruvate kinase
in PD buffer plus 70 mM KCl was incubated in a 50 �M cuvette foras described [12, 21, 50]. Arc-ssrA was a gift of Randall Burton. The

ssrA peptide (NH2-NKKGRHGAANDENYALAA-COOH) was synthe- 4 min. At this time, 2.5 �l of 100 mM ATP was added and loss of
absorbance was monitored at 340 nm for 5 min. The rate of ADPsized by the MIT Biopolymers Laboratory, desalted, and purified by
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formation was calculated assuming a 1:1 correspondence between References
ATP regeneration and NADH oxidation and a �
340 of 6.23 �M	1 cm	1
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