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Summary

The cylindrical Hsp100 chaperone CIpA mediates
ATP-dependent unfolding of substrate proteins bear-
ing “tag” sequences, such as the 11-residue ssrA se-
quence appended to proteins translationally stalled
at ribosomes. Unfolding is coupled to translocation
through a central channel into the associating prote-
ase, CIpP. To explore the topology and mechanism of
ClIpA action, we carried out chemical crosslinking and
functional studies. Whereas a tag from RepA protein
crosslinked proximally to the flexible N domains, the
ssrA sequence in GFP-ssrA crosslinked distally in the
channel to a segment of the distal ATPase domain
(D2). Single substitutions placed in this D2 loop, and
also in two apparently cooperating proximal (D1) loops,
abolished binding of ssrA substrates and unfolded
proteins lacking tags and blocked unfolding of GFP-
RepA. Additionally, a substitution adjoining the D2
loop allowed binding of ssrA proteins but impaired
their translocation. This loop, as in homologous nu-
cleic-acid translocases, may bind substrates proxi-
mally and, coupled with ATP hydrolysis, translocate
them distally, exerting mechanical force that medi-
ates unfolding.

Introduction

Hexameric ring assemblies containing one or two AAA+
ATPase domains per subunit have been recognized to
mediate ATP-dependent protein disassembly and un-
folding in a variety of contexts in the cell (Sauer et al.,
2004). For example, the NEM-sensitive factor, NSF, me-
diates dissociation of coiled-coil helices forming SNARE
complexes during vesicle fusion (Séllner et al., 1993),
while the p97 component plays a key role in the dislo-
cation of proteins from membranes, e.g., during retro-
translocation of misfolded proteins from the ER (Ye et
al., 2001). Moreover, a general role has been identified
for the hetero-oligomeric ring of AAA+ ATPases lying at
the base of the 19S proteasome cap structure in un-
folding and translocating proteins into the 20S protea-
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some core particle (Glickman et al., 1998). In prokary-
otic cells, analogous unfolding actions are exerted by
such Hsp100 chaperone components as ClpX and CIpA,
which associate with the proteolytic ring assembly ClpP
(Hoskins et al., 2001). The nature of substrate recogni-
tion by these chaperones and how subsequent ATP-driven
unfolding and translocation are mediated by them re-
main unclear.

Both ClpX and CIpA typically recognize terminal se-
quences, or “tags,” in substrate proteins (Keiler et al.,
1996; Hoskins et al., 2000a; Flynn et al., 2003). For ex-
ample, both recognize the C-terminal ssrA undecapep-
tide added at the ribosome to translationally stalled na-
scent chains (Keiler et al., 1996; Flynn et al., 2001).
Analogously, both chaperones are able to bind the fu-
sion protein GFP-ssrA, unfold it, and translocate it into
ClpP, where it is degraded (Weber-Ban et al., 1999; Kim
et al., 2000). In the case of ClpX, an adaptor protein, the
SspB homodimer, serves as an intermediary (Levchenko
et al., 2000), binding the ssrA element in a groove pre-
sent in each of its subunits and “delivering” the ssrA-
tagged substrate to ClpX, binding to the ClpX flexible
N domains via its own flexible C-terminal tails (Sauer et
al., 2004). Yet, notably, the ClpX ring assembly has af-
finity on its own for ssrA-tagged proteins (Kim et al.,
2000). By contrast, another terminal recognition ele-
ment, which resides in the N-terminal region of the
RepA protein, is recognized only by CIpA, which serves
to dissociate the homodimeric form of RepA to a DNA
binding competent monomer (Hoskins et al., 2000a).
Notably, the RepA element can be recognized whether
placed at the N terminus or C terminus of GFP, as
judged by degradation of these substrates in the pres-
ence of ClpP (Hoskins et al., 2002).

Recent studies of ClpX have suggested, based on a
mutational analysis and binding of a synthetic peptide,
that it may recognize ssrA-tagged proteins via a motif
shared with CIpA, the tetrapeptide GYVG (Siddiqui et
al., 2004), modeled from the crystal structure of the
ClpX subunit monomer (Kim and Kim, 2003) to lie at
the channel-facing aspect of its single AAA+ ATPase
domain. Yet a related Hsp100 protein, ClpB, which ex-
hibits protein-disaggregation activity associated with
translocation of substrates through its central channel
(Weibezahn et al., 2004), has similar tetrapeptides (KYRG
and GYVG) modeled to lie at the cavity aspect of each
of its two AAA+ ATPase domains (Lee et al., 2003), but
it fails to recognize ssrA-tagged substrates. Notably,
ClpA also has two AAA+ domains and two motifs iden-
tical to those in ClpB. Here, to address the question of
which sequences in CIpA are involved with substrate
recognition, we have taken a general approach of ex-
amining chemical crosslinks formed with CIpA by GFP-
RepA and GFP-ssrA substrates bearing photocross-
linkers. The region identified by the ssrA moiety, which
faces the central channel of CIpA, as well as neighbor-
ing channel-facing structures, was then characterized
by mutational study.
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Results

Chemical Crosslinking Studies
Crosslinking of GFP-Tag Fusion Proteins Bearing
a Photoactivatable Group to CIpA
Each of the six identical subunits of the CIpA ring is
composed of three stacked domains, arranged proxi-
mal to distal in both primary and tertiary structures as
N domain, AAA+ D1, and AAA+ D2. Loops at the distal
surface of the D2 domains form contacts with the coax-
ially associating protease, CIpP. In order to map where
recognition tags become bound to ClpA, we employed
a crosslinking strategy, placing the bifunctional photo-
activatable crosslinker, PEAS (N-((2-pyridyldithio)ethyl)-
4-azidosalicylamide), directly onto a cysteine residue
substituted within or immediately adjacent to the tag in
fusion proteins joining the stable B barrel protein GFP
with either the ssrA sequence or the first 15 residues
of RepA (Figure 1A). Such fusion proteins have been
previously observed using fluorescence measurements
to be efficiently unfolded by CIpA in the presence of
ATP and also to be rapidly degraded if CIpP is present,
reflecting the behavior of bone fide substrates (Weber-
Ban et al., 1999; Hoskins et al., 2002). In a further set
of experiments, the PEAS crosslinker was placed onto
cysteine residues substituted into the solvent-exposed
surface of the GFP “body” portion of these fusion pro-
teins (Figure 1B), allowing mapping of where this por-
tion of the substrate protein becomes localized at CIpA.
Photocrosslinking was carried out between PEAS-
labeled proteins and CIpA that had been assembled
into its functional form, a hexameric ring, by incubation
with the nonhydrolyzable analog, ATPyS (top, Figure 2A).
While this nucleotide supports assembly of CIpA sub-
units, it does not support active unfolding, allowing the
step of substrate binding to be distinguished from a
subsequent one of unfolding (Weber-Ban et al., 1999;
Hoskins et al., 2000b). Because GFP-ssrA and GFP-

CIpA recognition tag

Figure 1. Photocrosslinker Placement at Tag

and Body Region of CIpA Substrate Proteins

GFP-ssrA and GFP-RepA(1-15)

(A) Placement of crosslinker immediately ad-
WT GFP jacent to or within C-terminal recognition tags
(in red). A single accessible cysteine was

GFP-ssrh substituted for lysine at the C terminus of the

GFP-RepA GFP moiety, and the photoactivatable aryl-
e Grp azide crosslinker, PEAS (N-((2-pyridyldithio)
-

ethyl)-4-azidosalicylamide), was attached.
Note that amino acid substitutions were also
programmed at other positions in the ter-
minal flexible regions of GFP (numbered and
shown in blue) in order to protect these sites
from cleavage during postcrosslinking steps
of LysC or GIuC proteolytic digestion (see
Figure 2A). These alterations in the terminal
sequences of GFP did not affect the kinetics
of unfolding and degradation of the GFP-tag
fusion proteins.

(B) Placement of crosslinker on the external
aspect of the GFP “body” from the GFP-ssrA
and GFP-RepA(1-15) substrate protein. The
three residues that are individually substi-
tuted with cysteine and PEAS labeled are in-
dicated in red on the model of native GFP
(PDB ID code 1EMA).

RepA bind to ATPyS-assembled CIpA without becom-
ing unfolded, they maintain their fluorescence, enabling
detection of the substrate through subsequent steps
(see Figure 2A). Because the stable GFP moiety is rela-
tively resistant to LysC and GIuC as compared to CIpA,
it was possible to recover proteolytic products via
nickel-affinity purification through an N-terminal His;q
tag on intact GFP.

An SDS-PAGE analysis of a representative cross-
linking and purification is shown in Figure 2B. Cross-
linked species the size of GFP-tag substrate + ClpA
(~115 kDa) were observed both by fluorescence of the
GFP moiety and also directly by Coomassie staining.
These were only obtained when the tag was present
(compare “no tag” in fluorescence and Coomassie
analyses), indicating specificity of the tags in recruiting
the respective substrates to ClpA. While multiple discrete
crosslinked products were observed (right-hand lanes),
these are likely to be multiple folded conformers of the
crosslinked species as opposed to products of different
masses because when the crosslinked products were
examined by HPLC/MS, only one mass was observed
(not shown). The step of nickel-affinity purification re-
moved a large percentage of the CIpA subunits that
had failed to become crosslinked, theoretically >80%
because the stoichiometry of binding of the substrate
appears to be one GFP-ssrA per hexamer (Figure 2B;
Piszczek et al., 2005). The further step of MonoS chro-
matography effectively separated noncrosslinked GFP-
tag molecules from those crosslinked to CIpA. After
proteolysis and affinity capture on nickel matrix, HPLC/
MS was carried out.

Crosslinks Observed from the Tag Region

ssrA. When His;o-GFP-ssrA-crosslinked CIpA subunits
were digested with LysC and recovered by Ni affinity,
only large GFP adducts were recovered by HPLC/MS,
including a species whose size was consistent with
His;o-GFP-ssrA-PEAS plus a fragment of CIpA corre-
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Figure 2. Scheme for Photocrosslinking the PEAS-Labeled His;o-GFP-ssrA Substrate to CIpA, Purifying Crosslinked CIpA Subunit, and Identi-
fying by Proteolysis-HPLC/MS the Crosslinked Site on CIpA

(A) PEAS crosslinker, represented by an x, was attached to a cysteine substituted immediately proximal to the C-terminal ssrA tag, designated
here as ared line (see also Figure 1A). Crosslinked CIpA subunit was recovered by nickel-affinity and MonoS chromatography. LysC proteoly-
sis was then carried out, followed by nickel-affinity chromatography to recover intact GFP-ssrA crosslinked to a proteolytic fragment of CIpA.
An aliquot was subjected to HPLC/MS analysis. Because the GFP moiety has an accessible glutamate, further proteolysis by GluC produced
a crosslinker-bearing proteolytic fragment cleaved not only in the CIpA portion but also in the GFP portion. Aliquots were analyzed by HPLC/
MS both without and with reduction by TCEP.

(B) Representative gel analysis of crosslinking (xI) and purification steps, detected by fluorescence and protein staining (Coomassie). Without
photolysis (no xl) or in the absence of the recognition tag on GFP (His-GFP in Figure 1A), no crosslinked products were observed (left three
lanes in each panel, “no tag”). In its presence (right three lanes, “tag”), multiple crosslinked species were observed, presumed to represent
multiple conformations of a single species identified by mass spectrometry (see text). Note that to maintain the crosslinks and the GFP
fluorescence, no reductant was present in the SDS sample buffer, and the samples were not heated before loading. GFP fluorescence on the
gel was detected by a Storm Phosphorimager in the blue fluorescence mode.

sponding to aa 511-555 (not shown). When HPLC/MS 3A). No other peptide corresponding to a LysC peptide

was carried out on this sample after TCEP reduction of CIpA coupled to PEAS was recovered.
(which separates CIpA-PEAS from GFP-ssrA; see Fig- To confirm this assignment, the purified (nonreduced)
ure 1), a peptide was indeed observed with the size of LysC products were digested with GluC, which would

CIpA LysC peptide 511-555 coupled with PEAS (Figure be predicted to cleave the LysC 511-555 peptide after
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Figure 3. HPLC/MS Identifying a Crosslinked Peptide from the D2 Domain of CIpA

HPLC/MS (A) after LysC digestion of the purified GFP-ssrA-PEAS-CIpA photocrosslinked species and (B and C) after a further GluC digestion
of the GFP-ssrA-PEAS-CIpA peptides purified after LysC digestion is shown.

(A) GFP-ssrA and CIpA were photocrosslinked, and the products were purified, digested with LysC, and recovered as in Figure 2 and
Experimental Procedures. An aliquot was incubated with 2 mM TCEP (to reverse the PEAS crosslink) and subjected to HPLC/MS to identify
the peptides. One of these (5145.0684 Da) from the indicated chromatogram peak (top panel, yellow highlight and arrow) corresponds closely
to the molecular mass of a LysC peptide of CIpA (aa 511-555; 4934.55 Da) plus PEAS (210.05 Da) and a proton (total predicted mass:
5145.61 Da).

(B) The affinity-purified products of the LysC digestion in (A) were digested with GIuC as in Experimental Procedures. An aliquot was subjected
to HPLC/MS without TCEP reduction. One peptide (4143.2905 Da) from the indicated chromatogram peak (yellow) corresponds to a LysC-
GluC double-digestion product of CIpA (aa 527-555; 3036.65 Da) combined with PEAS (209.04 Da), a peptide from GFP-ssrA that contains
the crosslink-modified cysteine (GFP236-ssrA5; 896.35 Da), and a proton (total mass: 4143.05 Da). Note that this peptide contains a disulfide
bond between the Cys in the GFP-ssrA peptide and the PEAS, so the mass of each is reduced by one proton.

(C) An aliquot of the GluC-digested material in (B) was subjected to HPLC/MS after reduction with 2 mM TCEP. The peptide with a mass of
3248.2278 Da corresponds to ClpA (527-555) plus PEAS and a proton (total mass: 3247.71 Da). The GFP-ssrA fragment has been released
by reduction, and the PEAS sulfhydryl group is protonated.

position 526. HPLC/MS without TCEP reduction de- stacked AAA+ ATPase domains, for which an X-ray
tected a peptide consistent with the predicted GluC- structure of an intact ring has been determined (DelLa-
LysC fragment (aa 527-555) coupled via PEAS to a pre- Barre and Brunger, 2003). As shown in Figures 4A and
dicted fragment bearing the C-terminal residues of GFP 4B, there is substantial secondary and tertiary struc-
(after E235) and the N-terminal five residues of ssrA tural similarity of CIpA and p97 through the D2 regions
(see Figures 1A and 3B). After TCEP reduction, HPLC/ of their subunits between the Walker motifs. The loop
MS now directly revealed a peptide whose mass was present in the crosslinked peptide of CIpA (lower por-
consistent with ClpA(527-555) plus PEAS (Figure 3C). tion of heavy green segment in Figure 4B, centering on
The released fragment of GFP-ssrA (GFP236 through aa 531) corresponds in p97 to a loop facing its central
ssrA5) was also detected by MS, migrating in the HPLC channel (Figure 4C), directed toward its 6-fold symme-
peak at 32.7 min. Because of the coelution of the ClpA- try axis. The loop in CIpA, however, is almost three
PEAS fragment with several larger peptides derived times longer than that in p97 (Figure 4B).
from GFP-ssrA, it was not possible to analyze this frag- RepA. In the case of crosslinking a GFP-RepA con-
ment further to determine the site of PEAS attachment. struct, a different result was obtained. Here, a large
The CIpA segment (aa 527-555) identified by this ap- peptide detected after LysC digestion and TCEP reduc-
proach maps to the second AAA+ ATPase domain, D2, tion corresponded to the N domain fragment (aa 1-144)
lying between its Walker A and B motifs, and corres- of CIpA plus PEAS (see Figure S1A in the Supplemental
ponds in the crystal structure of the CIpA monomer Data available with this article online). A fragment cor-
(Guo et al., 2002) to a loop followed by an o helix (Fig- responding to the one recovered with GFP-ssrA was
ure 4A). The position of this region relative to an intact not present. After further proteolysis with GIuC, the
ring could be modeled by homology to mouse p97, a large peptide was no longer observed, but several pep-

related hexameric ring assembly also containing two tides were detected that were consistent with LysC-
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Figure 4. Localization of the CIpA Peptide Crosslinked by GFP-ssrA-PEAS

(A) and (B) show the location of the peptide in the CIpA subunit monomer, as determined from its X-ray structure. (C) shows the position of
the analogous loop and o helix in the X-ray structure of the intact hexamer of the related chaperone p97.

(A and B) Comparison of primary and secondary structures of CIpA and p97 in the region of their AAA+ D2 domains between the Walker
motifs. The sequences are aligned according to shared secondary structural features as shown in (B), where the X-ray structure of the CIpA
monomer (PDB ID code 1KSF; Guo et al., 2002) and that of the subunit of p97 (PDB code 10Z4; DeLaBarre and Brunger, 2003) are superposed
for the D2 region between the Walker motifs. The secondary structures align closely, except in the region of the crosslinked peptide (overlined
in solid green in [A], heavy green line in [B]), where there is both a larger loop in CIpA (aa 526-538) and a longer o-helical segment (aa 539-
557). In (A), the additional N-terminal sequences of the larger crosslinked peptide (aa 511-555) identified by the initial LysC digestion (prior
to GluC treatment) are denoted by a dotted green line.

(C) Putative quaternary structural localization of the crosslinked ClIpA peptide, as indicated from position of the related segment of p97,
colored green in the X-ray structure of the p97 hexamer. Note that the loop portion of this segment faces the central channel at the proximal
aspect of the D2 domain.
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GluC peptides from the N domain of CIpA coupled to
PEAS. These included one predicted to contain the N
terminus (aa 1-5) of CIpA (not shown) and one with
ClpA residues 29-126 (Figure S1B). Because the N do-
mains are flexibly tethered to the D1 ATPase domain
(Ishikawa et al., 2004), it is not possible to judge from
these crosslinks whether the RepA tag binds at an axial
or outside aspect of the domain.

Crosslinking via the GFP Body of GFP-ssrA

and GFP-RepA

When cysteine residues substituted into the external
surface of the GFP moiety of GFP-ssrA or GFP-RepA
(see Figure 1B) were modified with PEAS and cross-
linked to CIpA, different crosslinking efficiencies were
observed from different positions (data not shown), but
the S202C substitution gave interpretable results with
both tags. For both ssrA and RepA S202C constructs,
crosslinks were detected with peptides corresponding
to LysC-GluC fragments of the N domain, once again
including the N-terminal (aa 1-5) fragment (Figure S2).
As a further measurement of the position of the GFP
body relative to the N domains, a fluorescence reso-
nance energy transfer (FRET) experiment was carried
out (Figure S3). The GFP fluorophore was the donor,
and tetramethylrhodamine (TMR) was the acceptor, placed
on cysteines substituted at either of two different posi-
tions on the N domains of CIpA, one proximal to the
root of the domain, C97, and the other at a distal point,
C72. Upon binding either GFP-ssrA or GFP-RepA, both
TMR-labeled ClpAs produced significant FRET, de-
tected by a decrease of donor fluorescence lifetime. In
agreement with the physical crosslinking data, these
data place the GFP body portion of the substrate within
or adjacent to the N domains, presumably in an axial
position inside of them.

Structure-Function Studies

Structure-Function Analysis of the ssrA-Crosslinked
Segment of D2—Residues in a Channel-Facing Loop
Are Critical to Binding

To evaluate whether the channel-facing segment of D2
that had been photocrosslinked by the ssrA region of
GFP-ssrA was directly involved in recognizing the ssrA
element, a structure-function analysis was carried out.
A series of single amino acid substitutions was pro-
duced along the length of the segment, involving both
a loop portion that projects into the central channel in
the homologous p97 (Figure 4C) and an o helix portion
(see Figure 5A). Both alanine substitutions and more
drastic substitutions to acidic character were made, the
latter potentially able to produce charge-charge repul-
sion with the acidic (D4—Es) region of the ssrA element
(see Figure 1A).

After expression and purification, all of the substi-
tuted complexes assembled as hexamers in ATP. Strik-
ingly, none of the five substitutions in the o-helical re-
gion affected GFP-ssrA degradation in the presence of
ATP and ClpP (Table S1), but a number in the loop por-
tion did. The most severe substitutions, L533D and G535D,
completely blocked GFP-ssrA degradation (Figure 5B).
Interestingly, the L533D substitution significantly inhib-
ited ATPase activity, to ~20% of wild-type, whereas
the G535D substitution had no effect on ATP turnover.
Degradation was also significantly slowed by the sub-

stitutions V530D, 1534C, and 1534D, while R532A and
1534A were without effect (Figure 5B and Table S1). In
this less severe group, V530D exhibited strong reduc-
tion of ATPase activity, while the other mutants were
unaffected.

To assess whether these degradation-defective sub-
stitutions were affecting recognition of ssrA by CIpA,
as opposed to a later step of translocation of already-
recognized substrates, we measured substrate binding
by two different means. One employed the original
crosslinking reaction with PEAS-labeled GFP-ssrA that
had identified the D2 loop-containing region (Figure
5C). The other measured binding of fluorescein-labeled
A repressor(1-93)-ssrA (AR-ssrA) by fluorescence-anisot-
ropy changes, as employed in earlier studies (Reid et
al., 2001; Figure 5D). For both assays, the results were
the same. The loop mutants that had been defective in
degradation were defective both in crosslinking to PEAS-
GFP-ssrA and in binding AR-ssrA as compared with
wild-type CIpA (e.g., L533D and 1534C; see Table S1).
Y540A Substitution in D2 Allows ssrA-Substrate
Binding but Blocks Protein
Translocation/Degradation
In contrast with defective ssrA-substrate binding by the
D2 loop mutants, a substitution just beyond the loop,
Y540A, lying in the proximal region of the o helix in a
conserved GYVG motif, could bind ssrA substrates but
could not degrade them (Figure 5). In particular, it was
unable to degrade GFP-ssrA in the presence of ATP
and ClpP (Figure 5B), but it could nonetheless be cross-
linked by the GFP-ssrA-PEAS substrate (Figure 5C) and
bound by AR-ssrA (Figure 5D), although somewhat less
extensively than wild-type. This implies that, while
binding of GFP-ssrA to this mutant can occur, subse-
quent steps of unfolding/translocation and degradation
are blocked. Given the putative location of Y540 at the
region of insertion of the loop into the channel wall of
ClpA, we surmise that this residue could function in
movement of the loop in association with translocation
and degradation (see Discussion).

Involvement of the D2 Loop in Translocation/
Degradation of GFP-RepA

The D2 loop mutants as well as Y540A were also tested
for ability to bind GFP-RepA and to mediate its degra-
dation in the presence of ATP and CIpP. Using the
PEAS-labeled GFP-RepA substrate (Figure 1A) in a
crosslinking reaction with the mutants, we observed in
all cases a similar extent of crosslinking compared to
that with wild-type CIpA (Figure 5E). This is consistent
with the results of the foregoing crosslinking studies
that mapped recognition of the RepA tag to the N do-
mains, distant from the D2 loop. Despite such normal
binding, the D2 loop mutants were unable to degrade
GFP-RepA in the presence of ATP and ClpP (Figure 5F).
This suggests that the same D2 residues involved with
ssrA binding are also involved with binding, unfolding,
and translocation of GFP-RepA after ATP-dependent
release from its site of initial binding to the N domains
in ATPYS.

Residues in Channel-Facing Loops of the D1 ATPase
Are Also Critical to ssrA Binding and Translocation/
Degradation of GFP-RepA

Inspecting the primary structure of the D2 loop seg-
ment that had been functionally analyzed (Figure S4),
we were struck on one hand by the lack of a corre-
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Figure 5. Structure-Function Analysis of the D2 Loop Region Identified by Crosslinking

(A) View of the D2 segment crosslinked by GFP-ssrA, with the main chain in green and side chains that have been mutated in red and
numbered. This view is from the CIpA channel, as modeled on the structure of p97 (see Experimental Procedures).

(B) Degradation of GFP-ssrA by wild-type CIpA and the CIpA D2 mutants in the presence of CIpP and ATP. The reaction was followed by loss
of GFP fluorescence, as detailed in Experimental Procedures. A number of mutants (black traces) were as active as wild-type CIpA (red
trace). A few were completely inactive (L533D, G535D, and Y540A; dark blue, yellow, and green traces, respectively); several others (V530D,
1534C, 1534D, and Y540C) had reduced but detectable activity.

(C) Binding of GFP-ssrA-PEAS to CIpA and several CIpA D2 mutants determined by photocrosslinking. Photocrosslinking was carried out as
in Experimental Procedures and Figure 2, except on a smaller scale. Aliquots were electrophoresed on an SDS gel without reduction or
heating to retain both the disulfide crosslink and GFP fluorescence. GFP fluorescence was detected by Phosphorimager. Crosslinked products
are indicated by “XL” and noncrosslinked GFP-ssrA by “GFP.” Some mutants show strong crosslinking, indicative of binding, including Y540A,
even though it failed to degrade GFP-ssrA (see [B]); others, such as G535D, show no crosslinking, consistent with their inability to degrade
GFP-ssrA. In comparison with the wild-type lane, the major crosslinked species with the mutants was the faster-migrating one, but the basis
for this difference is not known.

(D) Binding of another ssrA-tagged CIpA substrate, AR-ssrA, to selected mutant ClpAs. The change in anisotropy of fluorescein-maleimide-
labeled AR-ssrA upon ATPYyS addition (at 60 s) was monitored as in Experimental Procedures. Color coding is as in (B). This substrate binds
to mutant Y540A, although less well than it does to wild-type CIpA.

(E) Binding of GFP-RepA to wild-type CIpA and selected D2 mutants. GFP-RepA-PEAS was incubated with CIpA and the indicated mutants
and photocrosslinked as in (C). All of the mutants in D2 show strong crosslinks. Only CIpAA143 (missing the N domain) fails to crosslink, as
expected because the N domain is required for binding the RepA tag. Selected lanes from the same gel are shown.

(F) Degradation of GFP-RepA by wild-type CIpA and selected ClpA D2 mutants in the presence of ClpP and ATP. GFP-RepA was incubated
with CIpA or the indicated D2 mutants, ClpP, and ATP, and its fluorescence was followed as in (B). Color coding is as in (B). Note that none
of the mutants can degrade GFP-RepA, even though all of them can crosslink this substrate (see [E]).
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sponding structure in ClpX, which, like ClpA, acts on
ssrA-tagged substrates, and on the other by the pres-
ence of strong homology with ClpB, which does not
recognize ssrA-tagged proteins (M. Zolkiewski, J.H.,
and A.L.H., unpublished data). Meanwhile, both ClpX
and ClpB D2 share a GYVG motif with the D2 of CIpA.
Such structural and functional disparities with related
components prompted consideration that the CIpA D2
loop sequence might not function alone in mediating
ssrA-substrate binding. Therefore, we carried out a fur-
ther functional analysis of neighboring structures facing
the central channel at the level of the proximal ATPase
domain (D1). Identical measurements of ssrA-substrate
binding and unfolding/translocation/degradation were
carried out and revealed that single-residue substitu-
tions in many residues in both a D1 loop with homology
to that of D2 (termed loop 1) and a neighboring loop
(loop 2) abolished ssrA binding (Figures 6A-6D and Ta-
ble S1). By contrast, substitutions in an underlying o
helix in D1 were without effect (Figure 6A).

The mutants were also tested with GFP-RepA, and,
as expected, the mutations blocking ssrA-substrate
binding did not affect GFP-RepA binding (Figure 6E).
On the other hand, these mutants, like those of D2,
abolished GFP-RepA degradation (Figure 6F). Thus,
these D1 residues likely participate in subsequent bind-
ing and/or unfolding of GFP-RepA initially bound by the
N domains.

Substitutions in Loops of Both D1 and D2 Block
CipA’s Ability to Bind Unfolded Proteins

Lacking a Tag

It seemed unclear whether the identified loop residues
were involved exclusively with binding the ssrA tag or
whether these elements could also bind additional se-
quences in recognized substrates, possibly as they be-
gin to unfold and translocate through the central chan-
nel. The question of involvement in binding segments
of unfolding polypeptide was addressed by taking ad-
vantage of previous observations that CIpA has signifi-
cant affinity for unfolded proteins lacking tag sequences.
Two such proteins have been studied: AR (without a
tag), which unfolds dynamically in solution (Huang and
Oas, 1995), and GFP diluted from denaturant (Hoskins
et al., 2000b). Both proteins were able to bind to ClpA
and be degraded by CIpAP. Here, these same sub-
strates were tested with the D1 and D2 loop mutants.
In an assay of fluorescence anisotropy of fluorescein-
labeled AR, we observed that substitutions that had
blocked ssrA binding also blocked binding of AR (Fig-
ure 7A). The substitution, Y540A, that had been able to
bind but not translocate GFP-ssrA also behaved con-
cordantly, able to at least partially bind AR (Figure 7A)
but unable to efficiently degrade it when compared with
wild-type CIpA (Figure 7B), although here the reduc-
tions in apparent binding and degradation were of sim-
ilar magnitude. Furthermore, in an assay of binding
acid-unfolded GFP measuring loss of recovery of GFP
fluorescence as a function of binding to CIpA (unbound
GFP spontaneously refolds to the fluorescent native
state), the pattern of behavior of the mutants once again
paralleled that toward the ssrA substrates (Figure 7C).
We thus conclude that the loop residues critical to
binding ssrA-tagged substrates are likewise involved
with binding proximal segments of nonnative polypep-

tide entering the central channel during ClpA-mediated
unfolding and translocation.

Discussion

Cooperation of Channel-Facing Loops in Substrate
Binding by CIpA

The mutational studies here indicate a role for three
loops in the central channel of CIpA in binding both the
ssrA tag element and segments of unfolded polypep-
tide. Two of these loops are situated at the level of the
D1 domain, while a third, which was chemically cross-
linked by GFP-ssrA and also tested functionally, is lo-
calized to the D2 domain. We propose that binding in-
volves the participation of these three loops in concert
because substitutions in any of the three produced, in
many cases, a complete block of binding. This seems
incompatible with a sequential transfer of substrate from
one loop(s) to another, as, for example, in a “bucket
brigade” model of passing of substrate from a D1 bind-
ing site to one in D2. In such a model, for example,
one would have expected that binding could still occur
through D1 in the setting of D2 loop substitutions.

Yet mutants defective in binding ssrA-tagged pro-
teins and tagless unfolded proteins were also defective
in GFP-RepA degradation (in the presence of ATP and
ClpP). Because the loop mutant versions of CIpA re-
mained able to bind GFP-RepA (presumably via the N
domains, as in the case of wild-type CIpA), this implies
that GFP-RepA ultimately takes the same path through
CIpA as ssrA substrates, requiring binding and translo-
cation by the same channel-facing loops in D1 and D2.
It also implies that transfer does in fact occur from the
N domains to these loops. The nature of the ATP-medi-
ated action that recruits the RepA tag from the N do-
mains remains to be resolved. For example, whether
the loops from D1 can reach up to contact the sub-
strate or whether the N domains bend down to deliver
the substrate to the channel is unknown.

Nature of ssrA Binding

The crosslinking of the ssrA region of GFP-ssrA to a
loop as far down the CIpA channel as D2 was some-
thing of a surprise, but the functional results and con-
sideration of the geometry of substrate binding and of
ClpA itself lend support to such a direct physical con-
tact. We infer that GFP-ssrA occupies a topology while
bound at CIpA that positions the folded GFP moiety
axially inside the N domains, as indicated by both
chemical crosslinking from the GFP body (Figure S2)
and a FRET study (Figure S3), and in this position can
extend the flexible C-terminal segment down the chan-
nel past the face of D1 (Figure 8). The ssrA tag is rela-
tively unstructured while bound in a cocrystal to the
delivery protein SspB (Levchenko et al., 2003; Song and
Eck, 2003), and, if it occupies an extended conforma-
tion in solution and when interacting with CIpA, it could
extend as far as 35 A. There are another eight to ten
residues at the C terminus of GFP that are disordered,
potentially adding an additional 25 A of length. From a
working model of CIpA derived from the crystal struc-
ture of the subunit monomer and from EM studies (Ishi-
kawa et al., 2004), we estimate the height of the D1
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Figure 6. Structure-Function Analysis of the D1 Region of the Central Channel

(A) View of two loops and an underlying o helix in the D1 channel-facing region, with the main chain in green and side chains that have been
mutated in red and numbered. View is from the CIpA channel, as modeled from the structure of p97 (see Experimental Procedures).

(B) Degradation of GFP-ssrA by wild-type CIpA and ClpA D1 mutants in the presence of CIpP and ATP, carried out as in Figure 5B.

(C) Binding of GFP-ssrA-PEAS to CIpA and several ClpA D1 mutants determined by photocrosslinking. Photocrosslinking was carried out
and analyzed as in Figure 5C. Crosslinked products are indicated by “XL” and noncrosslinked GFP-ssrA by “GFP.”

(D) Binding of another ssrA-tagged CIpA substrate, AR-ssrA, to selected mutant ClpAs. The change in anisotropy of fluorescein-labeled AR-ssrA upon
ATPYS addition was monitored as in Experimental Procedures. Color coding is as in (B).

(E) Binding of GFP-RepA to wild-type CIpA and selected D1 mutants. GFP-RepA-PEAS was incubated with CIpA and the indicated mutants
and photocrosslinked as in (C). All of the selected mutants show strong crosslinks.

(F) Degradation of GFP-RepA by wild-type CIpA and selected ClpA D1 mutants in the presence of ClpP and ATP. GFP-RepA was incubated
with CIpA or the indicated D1 mutants, ClpP, and ATP, and its fluorescence was followed as in (B). Color coding is as in (B). Note that some
of the mutants (e.g., L254D, Y259A) cannot degrade GFP-RepA, even though all of them bind this substrate (see [E]).

domain as 40 A. Thus, the combined lengths of the un- D2 loop could directly contact it, particularly if the loop
structured C terminus of GFP and the ssrA tag would can assume a proximal position within the central chan-
allow the ssrA element to extend to a level where the nel. Of course, an allosteric effect of one loop on the
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Figure 7. Binding and Degradation of Two Unfolded Substrates, AR
and GFP, by CIpA and Mutants in the Loop Segments

(A) Binding of AR (without a tag) to representative mutant ClpAs.
Fluorescein-labeled AR was incubated with wild-type CIpA (red
trace) or representative mutants from D1 and D2 regions, and bind-
ing was followed by the change in anisotropy upon addition of
ATPYS at 100 s. Y540A (green trace) binds AR, although with lower
efficiency than wild-type CIpA. The other mutants, defective in
binding ssrA-tagged substrates, are also defective here.

(B) Degradation of AR by wild-type and Y540A CIpA in the presence
of ClpP and ATP. Fluorescein-labeled AR was incubated with the indi-
cated CIpA, ClpP, and ATP as in Experimental Procedures. Aliquots

other cannot be excluded based on the present studies.
We note, however, that many of the loop substitutions
made here had no remote effects on hexameric assem-
bly or ATPase activity (see Table S1).

The nature of the putative binding site formed by
these three loops remains unclear. Perhaps a structure
resembling the shallow groove where ssrA binds in
SspB (Levchenko et al., 2003; Song and Eck, 2003) can
be formed by interaction of the three loops in CIpA,
albeit that a distinct mechanism of binding may also be
involved. On the part of the ssrA tag itself, considering
that the CIpA loops also participate in recognition of
unfolded polypeptides devoid of tag elements, the
question must be raised as to whether it is simply a
segment of “generic” unfolded polypeptide bearing a
relatively apolar sequence. Consistent with this, if the
ssrA sequence, AANDENYALAA, in GFP-ssrA was sub-
stituted at positions 1, 2, 8, or 9 with aspartate, binding
was reduced, while substitutions of the polar residues
with alanine were without effect (Flynn et al., 2001). As
concerns recognition of proximal segments of a sub-
strate protein, once unfolding commences, such ele-
ments would have access to the central channel, ac-
cess that would be sterically excluded while in native
globular structure (see Figure 8). In addition, as such
elements enter the channel, they would be present at
very high local concentration, potentially overcoming
any sequence specificity in the affinity of the channel-
facing loops. Whether such binding favors, for exam-
ple, hydrophobic side chains of proximal segments or
involves main-chain hydrogen bonding remains to be
resolved.

The cooperation of loops observed here in binding
substrate proteins may also be relevant to protein bind-
ing and disaggregation mediated by the related chaper-
one, ClpB, which also has two ATPase domains and
channel-facing loops, even though this chaperone does
not recognize ssrA-tagged proteins. A recent study has
shown, for example, that the D2 channel-facing region
of ClpB is involved with protein disaggregation (Weibe-
zahn et al., 2004), and an earlier study from the same
group presented evidence that a loop in the D1 region
might be involved (Schlieker et al., 2004), although the
mutational effects at D1 were small relative to those
observed at D2. Nevertheless, it may be that loops in
the channel of ClpB cooperate similarly to those in
ClpA in recognizing proteins introduced into this chap-
erone by assisting action of Hsp70 during protein dis-
aggregation.

were removed at the indicated times and electrophoresed on an
SDS-polyacrylamide gel. Intact labeled AR was detected by the
blue fluorescence channel of a Storm Phosphorimager. Degrada-
tion of AR-ssrA by wild-type CIpA/ClpP (left panel) is included for
comparison.

(C) Unfolded-GFP binding by wild-type CIpA and various mutants.
Inhibition of recovery of GFP fluorescence upon dilution from dena-
turant was used as a measure of binding to ClpA, as in Supplemen-
tal Experimental Procedures. No binding (e.g., wild-type CIpA with-
out ATPYS) corresponds to maximum recovery of fluorescence,
while 100% binding (wild-type CIpA with ATPYS) is minimum recov-
ery (about 65% of the starting fluorescence). Mutants in all three
loops that failed to bind tagged substrates also fail to bind un-
folded GFP. Those that showed partial binding of tagged sub-
strates, such as Y540A, also show partial binding here.
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Figure 8. Model for Binding, Translocation,
and Unfolding of GFP-ssrA by CIpA

Binding (left panel) requires interaction of the
C-terminal ssrA tag element (red) with three
loops lying in the central channel, two at the
level of the D1 ATPase, and one at the level
of the D2 ATPase. As illustrated, interaction
is occurring with loops in one subunit, but
other arrangements are not excluded. The
GFP moiety (green hatched rectangle) is
shown in an axial position at the level of the
N domains.

Translocation (middle panel) is proposed to
be triggered by ATP hydrolysis by the D2
ATPase, driving the D2 loop distally and exert-
ing mechanical force on the ssrA tag and the
C-terminal segment of GFP, acting to com-
mence unfolding of GFP (see Discussion).
Further binding/translocation (right panel)
can occur following restoration of the D2
loop to its original position upon nucleotide

exchange. The possibility of binding of proximal segments of polypeptide chain by the channel loops is suggested by the affinity of CIpA for
nonnative proteins lacking a tag element (Hoskins et al., 2000b) and by the loss of binding and translocation of such substrates by the same
substitution mutants that adversely affect ssrA-substrate binding and translocation.

Substrate Translocation—A Proposal

We propose that the D2 loop of CIpA mediates protein
unfolding by moving, along with a bound segment of
substrate protein, from a proximal to a distal position
inside the central channel in association with ATP hy-
drolysis in the D2 nucleotide pocket, effectively exert-
ing mechanical pulling on bound substrate that unfolds
it in association with its translocation (Figure 8). This
proposal is based on a number of observations: loca-
tion of the D2 loop inside the central channel, lying in
the pathway that polypeptides take through CIpA; in-
volvement demonstrated here in substrate-protein bind-
ing; connection to the much more active ATPase do-
main of CIpA, the D2 ATPase (Singh and Maurizi, 1994);
observation here of a mutant in D2 that can bind but
not translocate substrate polypeptide; and precedents
for such loop movement inside hexameric nucleic-acid-
translocating ring structures and, very recently, inside
p97 (DeLaBarre and Brunger, 2005).

The functional studies here support this model by
showing on one hand that the D2 loop is involved in
polypeptide binding and on the other that a mutant ad-
joining the D2 loop can support substrate binding but
is selectively defective for the subsequent steps of un-
folding, translocation, and degradation (Figure 5). In
particular, the ClpA mutant Y540A was able to bind ssrA
substrates and also two unfolded polypeptides devoid
of tag sequences, but it was impaired in their degrada-
tion in the presence of ATP and ClpP (despite normal
turnover of ATP). This indicates that the coupled steps
of unfolding and translocation were affected. Whether
Y540A itself lies in a physical “hinge” point for the loop
or, rather, lies in a pathway of transduction of ATP hy-
drolysis into putative loop movement remains unclear.

The size of the D2 loop, direction of polypeptide
translocation, and nature of polypeptide unfolding are
consistent with a model of D2 loop-mediated transloca-
tion. The D2 loop is 13 residues in size and, in modeled
structures, is able to move well proximal in the central
channel, up to the level of the D1 domain, but is also
able, with putative distal movement, to reach well to-

ward the distal outlet of ClpA. Consistent with such di-
rectional movement is the direction of movement of
substrate proteins, with the ssrA-tagged end of sub-
strates the first to enter the distally localized ClpP pro-
teolytic chamber during ClpAP-mediated degradation
(Reid et al., 2001). Consistent with a proposed model
involving force exerted from a single point, i.e., by the
D2 loop, experiments from the Matouschek and Sauer
groups with ClpA and ClpX have suggested that it is
the degree of local structure adjoining the tag element
that determines the rate of unfolding, based on com-
paring rates of unfolding of substrates tagged in a vari-
ety of structural contexts. This has been interpreted to
indicate that it is a local pulling force at one end of
substrate proteins that appears to mediate unfolding
(Lee et al., 2001; Kenniston et al., 2003).

Presumably, beyond initial movement of the ssrA-
tagged end of a substrate, additional rounds of forceful
movement may also be able to be exerted, at least by
ClpA, because it has affinity for unfolded proteins (Fig-
ure 8). That is, more proximal portions of a substrate
polypeptide chain may be bound and translocated by
the same kind of movement as that exerted on the ini-
tially bound ssrA segment. This action appears to apply
as well in the case of the GFP-RepA substrate, which
binds initially to the N domains at the top of the CIpA
cylinder. Whether GFP-RepA becomes subsequently
recognized at the level of the D1 and D2 loops through
the RepA tag element or through sequences proximal
to its tag remains to be resolved.

The proposed model of D2 loop-mediated transloca-
tion of substrate proteins takes as precedents models
recently proposed for the action of two ATP-consuming
hexameric ring structures that translocate nucleic
acids, the packaging motor for the bacteriophage ¢12
and the SV40 large T antigen (Mancini et al., 2004; Gai
et al., 2004). For the packaging motor, an RNA binding
loop, present in each subunit facing a central channel,
is involved. As captured crystallographically, the loop of
any given subunit was observed to assume a different
position depending on the bound nucleotide. ATP hy-
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drolysis was proposed to occur sequentially in a rotary
fashion around the ring of this machine, with ATP hy-
drolysis in any given subunit associated with a distal-
ward displacement of the loop and an incremental
movement of the bound RNA substrate. On the other
hand, a similar mechanism of loop-directed transloca-
tion proposed for the SV40 large T antigen invoked a
concerted ATP hydrolysis mechanism associated with
a helicase action on origin DNA (Gai et al., 2004). Fi-
nally, inspection of newly published structures of p97
indicate that its D2 channel-facing loop repositions
downward while going from an AMP-PNP (“ATP”) bound
D2 ring to an ADP bound state (DeLaBarre and Brunger,
2005). Additional structural and mechanistic studies of
the CIpA D1 and D2 loops may be able to better resolve
both substrate-protein binding and putative transloca-
tion movements associated with protein unfolding.

Experimental Procedures

DNA Constructs and Proteins
DNA constructs and proteins were as previously described, detailed
in Supplemental Experimental Procedures.

Degradation and Binding Assays

Degradation of GFP-ssrA, GFP-RepA, and their variants with wild-
type CIpA/CIpP (or the CIpA mutants) was performed essentially
as described (Weber-Ban et al., 1999), detailed in Supplemental
Experimental Procedures. Fluorescence measurements of binding
of fluorescein-labeled AR or AR-ssrA or of GFP to CIpA are de-
scribed in Supplemental Experimental Procedures.

Photocrosslinking and Sample Purification

His-tagged GFP variants reduced with TCEP were exchanged into
20 mM potassium phosphate (pH 7.5), 50 mM NaCl by PD-10 (Am-
ersham) chromatography, then incubated with equimolar bifunc-
tional crosslinker PEAS (Molecular Probes) dissolved in DMSO. Af-
ter 1 hr at 23°C in the dark, PD-10 chromatography removed
unreacted photocrosslinker and exchanged the buffer to 20 mM
Tris-HCI (pH 7.5), 100 mM NaCl. Mass spectrometry verified label-
ing efficiency. PEAS-labeled substrate (4 M) was added to 40 ml
crosslinking buffer (300 mM NacCl, 20 mM Tris-HCI [pH 7.5], 20 mM
MgCl,, 10% glycerol, 0.5 mM ATPyS) containing 1.5 ©M CIpA, then
aliquoted into 96-well microtiter plates (75 pl/well). After photolysis
(10 x 30 s at 30 s intervals; 312 nm Stratalinker), aliquots were
pooled, urea was added to 1 M, and the sample was purified on a
Ni?*-charged HiTrap. The material was eluted with 200 mM imidaz-
ole in 1 M urea; diluted 10-fold with 20 mM Tris-HCI (pH 8.0), 1 M
urea; and subjected to cation-exchange chromatography on a 5 x
50 mm MonoS column (Amersham), developed with a steep gradi-
ent (to 1 M NaCl). The fluorescence peak containing crosslinked
material was collected, concentrated, and exchanged to LysC di-
gestion buffer (100 mM Tris-HCI [pH 8.9], 1 M urea, 50 mM NaCl) on
a 30 kDa Amicon Ultra-4 centrifugal concentrator (Millipore). LysC
(Wako) digestion was performed for 16-18 hr at 23°C at 1:20 mass
ratio (LysC:crosslinked protein). The digest was purified via Ni%*-
HiTrap. The recovered material was exchanged into 50 mM ammo-
nium bicarbonate, 0.1% RapiGest (Waters) using an Ultra-4 con-
centrator and digested with GluC (Roche) at a 1:20 mass ratio for
16-18 hr at 23°C, then immediately subjected to HPLC/MS
analysis.

HPLC/MS

HPLC/MS was carried out on a Shimadzu 10A series liquid chroma-
tograph directly coupled to a Micromass/Waters Q-Tof1 tandem
mass spectrometer with electrospray ionization, as detailed in Sup-
plemental Experimental Procedures.

Structure Modeling

The structures of the D1 and D2 domains of the CIpA monomer
(PDB ID code 1KSF; Guo et al., 2002) were superposed individually
on the structure of the p97 hexamer (PDB ID code 10Z4; DeLa-
Barre and Brunger, 2003) to build a model for the CIpA hexamer,
using the program O (Jones et al., 1991).

Supplemental Data

Supplemental Data include Supplemental Experimental Proce-
dures, Supplemental References, four figures, and one table and
are available with this article online at http://www.cell.com/cgi/
content/full/121/7/1029/DC1/.
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