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Archaeal ATPase–proteasome assemblies form spon-
taneously. In contrast, assembly of the eukaryotic
complexes, in which each position in the a-rings,
b-rings and the ATPase ring is occupied by a distinct
subunit, is assisted by assembly factors [8,9]. Several
factors for the formation of the 20S core have been
identified and are conserved from yeast to mammals
[10]. For additional regulation the 26S proteasome
also recruits binding partners that transiently associate
with the assembly. Recently, it was shown that low
levels of ubiquitin alter proteasome composition
by increasing the amount of the deubiquitinating
enyzme Ubp6 associated with 26S proteasomes,
thereby increasing the efficiency of ubiquitin recycling
[11!].

The studies on the localization of Clp proteases in bacteria
showed that they accumulate in foci near the poles of
growing cells by an as yet unknown mechanism [12–14].
Interestingly, in sporulating B. subtilis the alternative cha-
perone–protease complexes ClpXP and ClpCP accumu-
late differentially in forespore andmother cell presumably
serving to selectively degrade regulatory proteins involved
in this developmental process [14]. Such temporal and
spatial proteolytic control has also been elucidated for C.
crescentus. This bacterium features a life cycle with asym-
metric cell division into amotile swarmer cell and a sessile,
stalked cell orchestrated by the master regulator CtrA.
Localization ofClpXP to the cell pole of the newly forming
stalked cell occurs at the exact time when CtrA, accumu-
lated at the pole, needs to be removed [15!!].

210 Macromolecular assemblages

Figure 1

Architecturally related chaperone–proteases exist in the three kingdoms of life. They consist of a barrel-shaped protease (blue) and a chaperone-ring
belonging to the AAA+-family of proteins (orange). The chaperone recruits substrates (green) and uses the energy of ATP hydrolysis to unfold and
translocate them into the protease chamber, where they are degraded to peptides. Eukaryotes contain the 20S proteasome capped by the complex
19S particle, harboring the ATPases Rpt(1–6) at its base. Substrates are mostly recognized by means of a polyubiquitin-tag which is removed from the
substrate before degradation. Archaea contain a simpler version of the 20S proteasome that associates with PAN, the archaeal homolog of the Rpt-
ATPases. As an example of a bacterial chaperone–protease ClpAP is shown, which recruits substrates often via N-terminal or C-terminal motifs (red
extension). A group of bacteria (actinomycetes) have acquired the 20S proteasome by horizontal gene transfer. They presumably use a tagging system
(pupylation) to target the substrates for recognition by the chaperone component Arc/Mpa. It is currently not known if Pup, like ubiqutin, is removed
before degradation.
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Other residues of archaeal a-subunits that were shown to
participate in the binding of the C-termini of PAN (Rabl et al,
2008; Yu et al, 2010) are also partially conserved in bacteria.
Strict conservation cannot be expected, as the binding
pockets in the a-rings may have evolved differently to allow
binding of the cognate C-terminus of the proteasomal ATPase.
Taken together, this suggests that the Mpa–proteasome com-
plex likely uses a similar mechanism as other proteasomal
systems in regulating gate opening. However, further studies
will be necessary to elucidate this and it cannot be ruled out
that a factor in addition to the proteasomal ATPase Mpa is
needed for efficient proteasomal gate opening in bacteria.

On the basis of our earlier findings (Sutter et al, 2009) and
the results presented in this study, we propose the following
model for degradation of pupylated substrates (Figure 6): (1)
initial recognition of Pup by Mpa, (2) engagement of Pup’s
N-terminus into the Mpa pore, (3) unfolding, translocation
and degradation of the pupylated substrate.

Initial recognition of Pup takes place at the N-terminal
coiled-coil domains of Mpa (Mpa-CC) with a KD of 3–4 mM
(determined for Mpa binding to free Pup), a binding event
that can occur in the absence of nucleotide (Sutter et al,
2009). Coiled coils are a general feature of proteasomal
ATPases (Djuranovic et al, 2009), and it was shown that
Mpa-CC contacts the extended middle segment of Pup (re-
sidues 21–58, Figure 4A), leaving its N-terminal region un-
constrained. Hence, an Mpa variant lacking the coiled-coil
domain (MpaD98N) is deficient in Pup binding (Sutter et al,
2009) and consequently also in unfolding (Figure 2A).

The second step, engagement of the substrate, requires the
N-terminus of Pup. Substrates modified with Pup that was
truncated by eight residues from the N-terminus (PupD8N)
are strongly stabilized against unfolding by Mpa (Figure 4B
and C), although these residues do not participate in the
initial recognition event (Chen et al, 2009; Liao et al, 2009;
Sutter et al, 2009) and PupD8N still binds to Mpa in pulldown
assays. Fusion of orthologous N-terminal Pup sequences or a
generic-linker sequence to PupD8N restored unfolding activ-
ity by Mpa, indicating little sequence specificity for the initial
unfolding event (Figure 4D and E). A similar length depen-
dence has been observed for the bacterial chaperone ClpA in

the degradation of bacterial N-end rule substrates (Erbse
et al, 2006). It is tempting to speculate that the N-terminal
residues of Pup are needed to traverse the Mpa interdomain
(Mpa-ID) (Djuranovic et al, 2009; Wang et al, 2009) and
contact the conserved Ar-f-Gly-loops of the Mpa-ATPase
domain (Mpa-AAA, Figure 6). This is further supported by
the fact that in the partially tagged population of decameric
PanB (Chaudhuri et al, 2003), only those PanB subunits are
degraded that are covalently fused to Pup, even though the
whole complex is tethered to Mpa (Figure 3B). It has been
shown for several AAA ATPases that nucleotide hydrolysis
leads to up- and down-movements of these pore loops along
the pore axis, exerting a pulling force on stretches of substrate
they contact, which causes substrate unfolding and translo-
cation (Wang et al, 2001; Schlieker et al, 2004; Hinnerwisch
et al, 2005; Martin et al, 2008).

This leads to step three, the processive unraveling and
translocation of pupylated substrates into the 20S core parti-
cle (Figure 6). An F341A substitution in the conserved pore
loop abolishes Mpa unfolding activity (Figure 2B), suggesting
that Mpa uses a similar mechanism as described for other
AAA proteins. Consistently, a comparable loop mutation of
Mpa (V342A) led to in vivo accumulation of a proteasomal
substrate (Wang et al, 2009). Importantly, Pup is not recycled
in our in vitro assay but degraded along with the substrate
and, furthermore, Pup alone is degraded in an Mpa-depen-
dent manner (Figure 5A and B). Nevertheless, the competi-
tion experiment with Pup and pupylated substrate
(Supplementary Figure S7) suggests that the affinity of Mpa
towards pupylated substrates may be higher than to free
Pup. Furthermore, the relative cellular levels of free Pup
versus pupylated substrates might be rather small. This is,
amongst other factors, also influenced by the affinities of the
conjugation machinery towards Pup.

The features discussed above highlight important differ-
ences to the eukaryotic ubiquitin system, that uses a two-part
degradation signal (Schrader et al, 2009). The first part of the
degradation signal consists of tethering by polyubiquitin, a
process in which the polyubiquitin tag is usually recognized
by Ub-receptors at the 19S regulatory particle (Deveraux et al,
1994; Husnjak et al, 2008). However, polyubiquitination is
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Figure 6 Proposed mechanism for degradation of pupylated substrates. Step 1: The substrate (yellow) modified with Pup (blue and red) binds
to the coiled-coil domains of Mpa (brown, ‘CC’) with a KD of 3–4mM (Sutter et al, 2009). The C-terminal helix of Pup is shown as a blue
cylinder, the residues of Pup (21–58) bound by Mpa-CC are shown in blue, and the N-terminal region of Pup is shown in red. Step 2: The N-
terminal segment of Pup (red) is engaged by the Ar-f-Gly-loops (green) in the ATPase domain of Mpa (AAA). ‘ID’ refers to the Mpa
interdomain. Step 3: Mpa unfolds and translocates the pupylated substrate into the 20S proteasome (grey), where Pup and the substrate are
degraded to peptides.
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Figure 1
Basic mechanism of a AAA+ protease. A degron or degradation tag in a native substrate is initially recognized by a hexameric AAA+
unfoldase. Repetitive cycles of ATP hydrolysis then power unfolding of the substrates and translocation through the enzyme’s central
pore into the degradation chamber of the associated compartmental peptidase.

Degron: a protein
sequence element
responsible for
proteolytic
recognition. Some
degrons function
directly as recognition
or degradation tags

collaboration between the hexameric AAA+
ring and the compartmental protease.

How do AAA+ rings recognize the proper
protein substrates and unfold them? One step
involves the binding of an exposed peptide
segment of the substrate in the axial pore of the
AAA+ ring. Conformational changes in the
ring, powered by ATP binding and hydrolysis,
subsequently translocate this peptide and
create an unfolding force when the attached
protein is pulled against the pore entrance. In
addition, other portions of the substrate are
frequently tethered to auxiliary domains on
the AAA+ ring, either directly or by specific
adaptor proteins. The substrate sequences that
mediate tethering or binding to the pore are
called degradation tags or degrons.

AAA+ proteases are present in all kingdoms
of life and can be divided into distinct families
based upon the sequences of their ATPase,
protease, and auxiliary domains (1, 16). Even
the simplest AAA+ proteases function as large
oligomers. In the Lon and FtsH families,
hexamers consist of six identical subunits, each
containing a AAA+ domain, a protease do-
main, and an additional domain. In the ClpXP,
ClpAP, and HslUV families, the ClpX, ClpA,

or HslU proteins form a hexameric AAA+
ring with six identical multidomain subunits,
whereas the ClpP or HslV compartmental
proteases are built from multiple copies of a
distinct protein, which form double-ring struc-
tures with 14 and 12 subunits, respectively.
In the PAN/20S protease family, the AAA+
PAN ring is again composed of six identical
multidomain subunits, but the 20S protease has
two kinds of subunits arranged in an α7β7β7α7

structure. The eukaryotic 26S proteasome,
which contains more than 30 distinct types
of subunits, is the most complicated AAA+
protease. Nevertheless, the basic architectural
features found in the simpler enzymes, includ-
ing a AAA+ ring and α7β7β7α7 compartmental
protease, are still observed.

In the sections that follow, we provide a
more detailed view of the domain organization
and structures of different families of AAA+
proteases and then describe the processes of
substrate recognition, translocation, unfolding,
and degradation in greater depth. Afterward, we
discuss how the AAA+ rings of these and related
enzymes can function as disassembly chaper-
ones and list major unanswered questions and
future challenges in this field.

www.annualreviews.org • AAA+ Family Proteases 589
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Fourth, given the 7-fold symmetry of ClpP, an
interpretation of the observed projection of the ClpP
molecule in complex as en face is not easily reconciled
with the exclusive attachment of ClpA molecules to
ClpP at two positions 180 degrees apart.
The morphology of ClpP in the complex helps

explain why side views, readily observed for ClpA,
were not easily recognized in ClpP preparations.
ClpP, with an average diameter of 011 nm and a
height of 010 nm, is an approximately spherical
molecule, with a hollow, stain-penetrable core. Such
a molecule presents an annular appearance when
viewed in projection from any angle, including the
en face and side views. Nevertheless, the consistency
with which 7-fold symmetry was observed in
unbiased sampling of populations of ClpPmolecules
indicates that ClpP tends to adsorb to carbon films in
the en face projection.
The arrangement of subunits of ClpP is similar to

that of the inner (beta-type) subunits of the
eukaryotic and archaeal proteasomes (Zwickl et al.,
1990) and is reminiscent of the bipolar 7-fold-
symmetric structures of GroEL and other Hsc60
chaperonins (Hohn et al., 1979; Langer et al., 1992). In
the complex the ClpP and ClpA rings are aligned
axially to form a barrel-like structure strikingly
similar to that observed for the 20 S proteasome
complexedwith either the 19 SATP-bindingparticles
(Peters et al., 1993; Schauer et al., 1993) or the
non-ATP-binding P28 activator (Gray et al., 1994).
The side view of ClpA in the ClpAP complex is
asymmetric and similar to that of ClpA alone. The
heptameric rings of ClpP should thus be isologously
bonded to each other, and their distal surfaces
interactwithClpA through the domains of ClpA that
form the ring distal to the amorphous mass. We infer
that the interacting domains may represent the
carboxy termini of ClpA (Figure 3).
The heavy staining in the central region of ClpP in

side-projection as seen in the complex (Figure 2b) is
striking. This feature is also seen in en faceprojections
of ClpP (Figure 1d). It is, however, generally absent
from the corresponding regions of ClpP(SA), as seen
complexed with ClpA (Figure 2c and d), or in
isolation in the en face view (Figure 1e). It seems
reasonable to attribute the additional stain-excluding
mass in ClpP(SA) to the propeptide, i.e. the stained
region visible in both the en face and side views of
ClpP represents a solvent-accessible internal cavity
that is either filled or occluded by the propeptide in
ClpP(SA). Because propeptides are often competi-
tive inhibitors of their respective proteases and may
occupy a groove adjacent to the proteolytic active site
in protease zymogens (Baker et al., 1992), these data
also suggest that the active sites of ClpP may be
disposed about the central axis in relatively close
proximity to each other.
When ClpP is present in excess over ClpA, a

complex of one tetradecamer of ClpP with one
hexamer ofClpA is seen (Figure 2e). This 1:1 complex
appears as a discrete species in gel filtration and
sedimentation analyses (Maurizi, 1991; Maurizi &
Ginsburg, 1995), and assays of ATP-dependent

Figure 3. Schematic representations of the 2:1 ClpAP
protease complex and the 26 S proteasome showing the
close similarity in overall architecture and location of the
respective oligomers. ClpA and ClpP in the complex were
identified by reference to their appearance in micrographs
of the individual proteins (see the text). Domain I
(amino-terminal) and domain II (carboxy-terminal) of
ClpA are tentatively assigned based on the expected larger
size of domain I (Gottesman et al., 1990) and indirect
evidence that domain II interacts with ClpP (Singh &
Maurizi, 1994). The proteasome rendition is based on
negatively stained electron micrographs as described by
Peters et al. (1993). The alpha and beta rings were assigned
by analogy to the archaeal proteasome (Zwickl et al., 1990;
Schauer et al., 1993).

degradation in the presence of excess ClpP indicate
that the 1:1 complex is enzymatically active (Maurizi
et al., 1994). The ClpP ring not in contact with ClpA
has a markedly more concave or bowed appearance
than the other ring. This difference suggests that
ClpP may undergo a conformational change upon
interaction with ClpA. However, we cannot yet rule
out the possibility that this effect may arise, at least
in part, from the two ClpP rings not being in
equivalent staining environments (i.e. the stain is
generally shallower around the ring that is not in
contactwith ClpA, and the ring that is in contactwith
ClpA may be supported against drying-induced
flattening by that interaction). In the context of the
putative conformational change in ClpP, we note that
an induced asymmetry has also been observed in the
chaperonin, GroEL upon binding of the cofactor
GroES at one end (Chen et al., 1994), but no such
effect was reported for single-end binding of the 19 S
complex to the 20 S proteasome (Peters et al., 1993).

ClpAPA: ClpP capped with ClpA at Both 
Ends

5
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Figure 2. Electron micrographs of ClpAP complexes. Specimen preparation, microscopy, and image averaging were
performed as described in the legend to Figure 1. a, A typical field of the ClpAP complexes formed with ClpA in excess
of ClpP. ClpAP was prepared by mixing 100 mg/ml ClpA and 20 mg/ml ClpP in the presence of 2 mMATPgS and 20 mM
MgCl2 in the buffer described in Figure 1. Amolar excess of ClpAhexamers over ClpP tetramers favors a complex inwhich
two ClpA hexamers are bound to one ClpP tetradecamer. Bar represents 50 nm. b, Computer averaged image of the 2:1
ClpAP complex obtained by averaging 68 molecules after rotational and translational alignment. Complexes that were
slightly curved were computationally straightened (Kocsis et al., 1991) before image averaging. The complexes are seen
almost exclusively in side view and show a central double striation contributed by ClpP flanked on either side by the
structural motif of double striations plus a smaller additional mass that corresponds to a side view of ClpA. c, A typical
field of 2:1 complexes of ClpA and ClpP(SA). ClpP(SA) was complexed with ClpA as described above. In this experiment,
the terminal masses were not so well contrasted, presumably as a consequence of the particular staining conditions
pertaining in this experiment, and possibly also of radiation damage. Nevertheless, this feature has been reproducibly
visualized in a great many non-averaged micrographs, as well as in averaged images (Figure 1i; a second independent
average, not shown; and Figure 2b and e), and we conclude that it represents a genuine component of ClpA. d, Computer
averaged image of 57 complexes of ClpAwith ClpP(SA). The central two striations contributed by the ClpP(SA)molecules
are evident, as is the additional stain-excluding mass between the rings contributed by the propeptide. Bar represents
10 nm. e, Computer averaged image of the 1:1 ClpAP complex. ClpA and ClpP were mixed as described above but ClpA
and ClpP were each present at 50 mg/ml. Under these conditions, a 1:1 complex of ClpA hexamers to ClpP tetradecamers
is favored.

striations. These data imply that the ClpA monomer
consists of two major domains of approximately
equal size, together with a third, smaller domain.
Thus, each striation represents the side-projection of
a ring of six copies of one of the major domains, and
the striations are resolved by the penetration of stain
into a circumferential groove around this ring of six
bilobed subunits. The terminal mass is assigned to
the smaller third domains. The inferred organization
of ClpA into domains is consistent with sequence
analysis that indicates that ClpA and other Clp
family members in prokaryotes and eukaryotes
arose by fusion of two large, evolutionarily distinct
domains both of which bind ATP (Gottesman et al.,
1990).
Complexes of ClpAPwere obtained by mixing the

two proteins in the presence of ATPgS and Mg
(Maurizi, 1991; Singh & Maurizi, 1994). Electron
micrographs of complexes formed with an excess of
ClpA over ClpP show particles with six parallel
striations and a small amorphous mass at either end

(Figure 2a). Presumably, they represent side views.
After averaging (Figure 2b), the complex is seen to
have twomirror-symmetric central striations flanked
onboth sides by slightly longer double striationswith
an amorphous mass on the distal side. The latter
features are indistinguishable from side views of
ClpA alone (cf. Figure 1h). The length of the two
middle striations,011 nm, matches the diameter of
ClpP, and we infer that they represent a side view of
ClpP for the following reasons. First, the two
striations appear to be mirror-symmetric, which
would not be the case if a partially split heptameric
ring were viewed en face. Second, complexes of ClpA
with ClpP(SA) show only parallel striations (cf.
Figure 2c and d), without the dense central staining
seenwhen theClpP(SA) is viewed en face (Figure 1e).
Third, if ClpA and ClpP rings were bound
orthogonally, complexes oriented to present a side
view of ClpP would produce projections with one or
more ClpP striations perpendicular to the ClpA
striations; however, such views are never seen.

ClpAP: ClpP capped with ClpA at only 
One End  
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the model XL-A were analyzed with programs written by
A. P. Minton for analysis of sedimentation equilibrium in
solutions of a single macrosolute in the context of models
for equilibrium self-association. Weighted fits to take into
account the noise characteristics of the instrument, global
fits of up to three data sets, and equilibria models for
nonassociating as well as associating macromolecules were
used.2

Other Analytical Methods. Gel filtration was conducted
at 5 °C using Pharmacia Superose 6 or Superdex 200
columns (1 × 30 cm). The buffer was buffer B containing
0.2 M KCl and 2 mM DTT, with or without 25 mM MgCl2

and 2 mM ATP, 2 mM ADP, or 1 mM ATPγS. The flow
rate was 0.2-0.3 mL/min. Protein was monitored by
absorbance at 280 nm. Electron microscopy of ClpP neg-
atively stained with uranyl acetate was performed as de-
scribed elsewhere (24).

RESULTS

Analytical Ultracentrifugation of ClpA. Figure 1 shows
photographs of schlieren patterns taken at 24-32 min after
reaching speed for ClpA ( 1 mM ATPγS and MgCl2. The
broadness of the sedimenting boundary of ClpA in the
absence of nucleotide is due to the existence of a monomer-
dimer equilibrium as shown below. ClpA in the presence

of the nucleotide was homogeneous with respect to sedi-
mentation rate. The large increase in the sedimentation
coefficient (from ∼9 to 17 S; Table 1) and the shift in elution
position of ClpA seen by gel filtration indicate that binding
of ATP or nonhydrolyzable analogues promotes association
of ClpA subunits.

Sedimentation equilibrium studies of ClpA in the absence
of nucleotide at pH 7.5 are shown in Figure 2A. The data
obtained with ClpA in the absence of nucleotide with these
and other data files best fit a model for a monomer-dimer
equilibrium of ClpA with an association constant of (1.0 (
0.2) × 105 M-1 and monomer Mr 84 000. The upper panel
in Figure 2A shows the residuals from the "2 error analysis,
where "2 ) ∑[(yi - ycalci)/si]2 for the weighted fitting.2 The
residuals in Figure 2 show a random distribution of ∼(0.01
absorbance, which is the same as the root-mean-square error.
The data could not be fitted to models involving no di-
merization or assumptions of monomer equilibria with oligo-
meric states greater than that of the dimer with reasonable
error estimates. These observations are in agreement with
the sedimentation velocity results illustrated in Figure 1 in
which only a single, slowly sedimenting, broad boundary is
observed for ClpA in the absence of nucleotide.

Sedimentation equilibrium data for ClpA in the presence
of a saturating concentration of the nonhydrolyzable analogue
ATPγS and 25 mM MgCl2 at pH 7.5 are shown in Figure
2B. Data files collected at 298 nm (at which wavelength
the nucleotide analogue does not absorb light) after 70 h at
4000 rpm and 47 h at 3700 rpm were subjected to a global,
weighted, nonlinear least-squares analysis. The data were
fit to a model of a single species having the molecular weight
of a hexamer of ClpA (505 000 Mr; solid line of Figure 2B).
The residuals from the "2 error analysis are shown in the
upper panel. The data did not fit a model for a dimer-

FIGURE 1: Sedimentation velocity ultracentrifugation of ClpA, ClpP,
and ClpAP complexes. Velocity sedimentation was performed in
a Beckman Model E analytical ultracentrifuge with schlieren optics,
as described under Experimental Procedures. The buffer in all cases
was buffer B plus 0.3 M KCl and 1 mM DTT and the temperature
was 20 °C. Where indicated, 25 mM MgCl2 and 1 mM ATPγS
were added to the buffer. The proteins (2-4 mg/mL ClpA and/or
2-6 mg/mL ClpP) had been gel-filtered through a Sepharose 6
column equilibrated with buffer B plus 0.3 M KCl and 1 mM DTT.
Representative photographs of schlieren patterns (including coun-
terbalance air reference holes) are shown with the time after
reaching the indicated speed. The direction of sedimentation is to
the right; buffer and protein menisci are to the left; and the
sedimenting boundary is shown by the concentration gradient with
respect to radial position (dn/dr) relative to that of the reference
buffer. The samples and times at which the schlieren patterns were
recorded are shown above the panels.

Table 1: Summary of Analytical Ultracentrifugation Results on
Single Componentsa

protein sample
s20,w

b

((0.1) (S)

D20,w
((0.2 × 107)

(cm2/s)
Mr

c

((5%) Mr
d ((5%)

ClpA 8.7 (5.4; 9.5)e (2Aa A2)f

ClpA + ATPγS 17.2 505 000
ClpP 12.2 3.65g 300 000 (unstable)

12.2h 3.6h 300 000
ClpP/5 °C; sulfatei 7.9j

ClpP/20 °C; sulfatek 12.2
ProClpP(SA) 13.2 3.7g 312 000 324 300

a Using buffer B ( 10% (v/v) glycerol, pH 7.5, for equilibration of
samples. b Measured from inflection points and second moment analysis
of absorbance boundaries or peaks in schlieren patterns as functions
of radial position and time, unless otherwise indicated. c From s/D and
the Svedberg equation. d From sedimentation equilibrium. e From time
derivative analysis of model XL-A files for g(s*): two-Gaussian fit
(44). f KA′ ) (1.0 ( 0.2) × 105 (Mmonomer)-1 for monomer/dimer
equilibrium. g From low-speed (10 000 rpm) and high-speed (40 000
rpm) boundary spreading analysis in the absence of glycerol (37).
h Using the time-derivative analysis of Stafford (45) and two ClpP
gradients obtained after 56 and 60 min at 40 000 rpm, 20.0 °C, in buffer
without glycerol. i After gel filtration through Sepharose 6 column at
4 °C in the presence of 0.1 M sodium sulfate in 0.02 M sodium
phosphate buffer at pH 7.0, the ClpP was kept on ice and centrifuged
at 5 °C and 52 000 rpm. A single Gaussian gave a good fit of the g(s*)
junction, centered at 5.0 S, in the time-derivative analysis of Stafford
(45). j Predicted s20,w for one-half ClpP is 12.2/(2)2/3 ≈ 7.7 S. k The
rotor and sample used for analysis of ClpP in the presence of sulfate
at 5 °C were warmed to 20 °C, and centrifugation was repeated.

7780 Biochemistry, Vol. 37, No. 21, 1998 Maurizi et al.

Evidence for the Existence 
of ClpAP

A mixture of ClpAP and 
ClpAPA was formed, even the 
ClpP was in 5-fold molar 
excess over ClpA!
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the formation of a proteolytically active complex. Activity
was proportional to the concentration of the limiting com-
ponent, when the other component was present in excess.
Bound ClpA or ClpP was calculated from the activity
measured and the known specific activities, assuming that
each bound oligomer had full activity, and the concentrations
of the free components were then obtained by subtracting
the amount bound from the total added at each point. From
the midpoint of the saturation curves, estimated dissociation
constants (Kd) of 25 ( 10 nM for ClpA subunit (4.2 nM
hexamer) and 50 ( 15 nM for ClpP subunit (3.6 nM
tetradecamer) in the complex were estimated.

DISCUSSION

ATP-dependent proteases are high molecular weight
proteins found in the cytoplasm of bacterial cells or the
cytosol and soluble compartments of organelles in eukaryotic
cells. One exception is the membrane-bound E. coli FtsH
protease (7) and its homologues found in mitochondrial
membranes, which have membrane-spanning regions as well
as a large soluble domain with ATPase and peptidase activity.
All the proteases, including FtsH, are multimeric proteins,
composed of multidomain polypeptides or complexes of
separately encoded polypeptides with distinct ATPase, pep-
tidase, and possibly other functions. The proteases whose
structures have been determined by electron microscopy, the
proteasome, ClpAP, ClpXP, and ClpYQ (HslUV), have very
similar architectures. The proteases subunits form rings that
stack together to make the proteolytic core, and an ATPase/
chaperone or regulatory component binds on the outside face
of each ring. In the case of ClpA, ClpX, and ClpY (HslU),
the ATPase also forms a ring, giving the overall complex a
barrel-like appearance. For the 26S proteasome, the ATPases
might occupy similar positions as in Clp proteases, but
additional factors are associated with the ATPases, giving
the complex its unique saddlelike projection. The similarities
in architecture among these divergent proteases suggests that
the structure itself is integral to the proper biological and
biochemical activities that they perform.

This paper has shown that ClpA and ClpP form a very
tight complex in the presence of ATP, that the complex has

a defined stoichiometry of the oligomeric forms of ClpA and
ClpP, and that the requirements for complex formation
correlate with those for expression of enzymatic activity.
Each homooligomer, as well as the 1:1 and 2:1 ClpAP
complexes, behaves as discrete molecular species in solution,
suggesting that interactions are very strong and the molecular
species described are stable. Thus, the active form of ClpAP
protease appears to be the complex of the oligomeric forms
of ClpA and ClpP. In a separate study, we have obtained
evidence that exchange of components from the various
oligomers is very slow on the time scale of ATP hydrolysis
and protein degradation and that these oligomers remain
assembled during multiple catalytic cycles (S. K. Singh and
M. R. Maurizi, unpublished results). The assembly and
disassembly pathways found in vitro and the activities of
the individual species are shown in Scheme 1.

The proteolytic active sites of Clp protease reside on ClpP,
an oligomer of identical subunits arranged in two superim-
posed rings. ClpP alone has no proteolytic activity against
high molecular weight substrates but can rapidly degrade
proteins in the presence of ClpA and ATP (12, 18, 20, 21,
32). ClpA has been shown to have an ATP-dependent
chaperonelike activity (18), and this activity may be required
to partially unfold protein substrates to make them more
susceptible to proteolysis by ClpP. Crystallographic analysis
of ClpP has shown that ClpP resembles the 20S proteasome
to the extent that the active sites are located in an aqueous
cavity formed by the junction of the two proteolytic rings.
Entry to the proteolytic core appears to be restricted to rather
small axial channels (<15 Å in diameter). Protein substrates
would need to be in an extended conformation to pass
through the channels and reach the active sites. The structure
of ClpAP suggests that access to the openings of the axial
channels in ClpP is further limited by the binding of the ClpA
to each face of ClpP, requiring that protein substrates interact
with ClpA before being transferred to ClpP. Another
function of ATP hydrolysis by ClpA would be to promote
translocation of the unfolded substrate.

ATPase activity is not required for formation of ClpA
hexamers. Therefore, binding of either ATP or specific
nonhydrolyzable analogues of ATP must promote confor-
mational changes in ClpA required for self-association.
These conformational changes and others that occur upon
hexamer formation in turn produce a form of ClpA that can
interact strongly with ClpP. In contrast, ATP hydrolysis was
required for assembly of the 26S proteasome (40). It is not
clear whether assembly of the 26S proteasome has an energy
requirement that is absent for assembly of ClpAP or whether
this difference reflects unique conformational responses to
binding of nucleotide analogues. ClpA, for example, requires
20-fold higher concentrations of AMPPNP than ATPγS for
hexamer formation (data not shown).

FIGURE 7: Concentration dependence for ClpA and ClpP for casein
degradation. Casein degradation by ClpAP was assayed at 37 °C
in standard assay mixtures with 4 mM ATP. Two sets of assays
were performed with one component held constant and the other
varied. Free concentrations of ClpA and ClpP were calculated
assuming a 1:1 stoichiometry of the oligomers in the active complex
(see text) and a direct proportionality between activity and complex
formation.

Scheme 1
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The association steps are sensitive to salt concentration,
leading to a decrease in the amount of hexamer particularly
at high salt concentrations. This suggests that the interfaces
between the subunits involve salt-sensitive interactions. The
formation of hexamer is significantly slowed at lower
temperatures (10 °C), and it appears that particularly the

second, slower stage of the assembly reaction, the decay of
tetramers to form hexamers, is affected.

Association of ClpA Rings with the ClpP Proteolytic
Cylinder. To build the active chaperone-protease complex,
the nucleotide binding-induced ClpA hexamers have to
associate with the ClpP double ring. As demonstrated by
comparison of the hexamerization time courses with the time
traces for ClpA-ClpP association, ClpA hexamerization is
kinetically limiting. This indicates that hexamerization is a
prerequisite for association with ClpP. ClpA rings that have
assembled into hexamers in the presence of ATPγS and
MgCl2 associate with the ClpP double ring with kinetics that
are highly dependent on the ClpA hexamer concentration
(Figure 8). The individual fluorescence time courses display
at the early time points a mildly sigmoidal shape indicative
of cooperative behavior. The very elegant yet simple model
for cooperativity proposed in 1965 by Monod, Wyman, and
Changeux (MWC model) can be applied to account for the
behavior we observe for ClpA association to ClpP (21). The
ClpP cylinder is proposed to adopt two conformations that
coexist in solution, termed PR and PT, the interconversion
of which is described by the equilibrium constant L with
the forward and reverse rate constants kc and k-c, respec-
tively. The two conformations should display markedly
different affinities for the ClpA hexamer. Interestingly, the
high-resolution X-ray structure of ClpP shows alternative
conformations for a loop in the mature N-terminus located

FIGURE 10: Model of the ClpA assembly pathway and ClpAP complex formation. (a) The ClpA monomer-dimer equilibrium is present
in the absence of ATP and Mg2+. When ATP and Mg2+ bind, the monomer-dimer equilibrium is defined by altered forward and reverse
rate constants, k1 and k-1, respectively. A tetramer forms as a transient intermediate (k2 and k-2), which then binds another dimer to form
the hexamer (k3 and k-3). (b) Binding of ClpA6 to ClpP14 occurs after the hexamerization process. The ClpP cylinder adopts two conformations
that coexist in solution (PR and PT). The interconversion of both is described by the equilibrium constant L. In this model, only PR can
associate with ClpA (ka) while PT cannot. The indicated kinetic parameters were obtained by numerical fitting of the experimental data to
the presented models.

FIGURE 11: Berkeley Madonna simulation of ClpA hexamerization.
The assembly process of ClpA was simulated using the rate
constants obtained from the numerical fit. The increasing ClpA
concentrations are indicated by a gray to black gradient. The ClpA
tetramer is transiently formed and binds a ClpA dimer, giving the
ClpA hexamer. The overall hexamerization process is completed
after approximately 1 min at the highest ClpA concentration (2
µM ClpA6). The y-axis shows the fraction of the total amount of
ClpA monomers that is present in tetramers (4[T]/[M]total) or
hexamers (6[H]/[M]total).

ClpAP Assembly Pathway Biochemistry, Vol. 46, No. 21, 2007 6191
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partly restored by interaction with ClpP (12), we could not
use this mutant in the presence of ClpP. We were able to
use the double mutant ClpA-K220Q/K501Q, which has
virtually no activity itself but interferes with wild-type ClpA
activity even in the presence of ClpP. Figure 6A shows that
adding excess ClpA-K220Q/K501Q simultaneously with
active ClpA resulted in partial inhibition of ATPase activity
and complete inhibition of ClpP-dependent casein degrada-
tion. It is important to note that ClpA-K220Q/K501Q does
not appear to interact with ClpP as judged by electron
microscopy and gel filtration (data not shown). Thus,
interference with activity requires interaction between sub-
units of the double mutant and wild-type ClpA. To measure
the kinetics of inhibition, reactions were initiated with
preformed ClpAP complexes, and ClpA-K220Q/K501Q was
added after several minutes. Figure 6B shows that inhibition
of casein degradation after addition of excess ClpA-K220Q/
K501Q was time-dependent. The rate of inhibition was slow,
implying that ClpA subunit dissociation from ClpAP com-
plexes is also slow. The rate was much slower than seen for
ClpA dissociation from hexamers, indicating that ClpP
stabilizes the hexamer state of ClpA. Dissociation was slower
at 4 mM ATP (t1/2 ∼ 56 min) than at 1 mM ATP (t1/2 ∼ 29
min), paralleling the effect of ATP on ClpA dissociation.
The half-time for inhibition at 4 mM ATP can be converted
to a koff of 0.012 min-1 for ClpA subunit dissociation from
the complex compared to a koff of 0.092 for ClpP (calculated
from Table 2). Thus, we can conclude that dissociation of
ClpAP complexes proceeds by separation of ClpP from intact
ClpA hexamers followed by dissociation of ClpA hexamers.

Assembly and Disassembly of ClpA and ClpAP Measured
by Light Scattering. Formation of ClpA hexamers and
association between ClpA and ClpP was monitored by
changes in light scattering, which allowed us to estimate the
rates of assembly and disassembly. Addition of saturating
ATP or ATPγS to ClpA led to a 3-4-fold increase in light
scattering, in good agreement with the increase expected for

formation of hexamers from mixtures of monomers and
dimers (Figure 7A). Oligomerization occurred within the time
of mixing (∼10 s) at 37 and at 5 °C regardless of the order
of addition of ClpA and ATPγS (Figure 7B). Titrations with
nucleotides indicated that half-maximal light-scattering was
obtained with ∼100 µM ATP or ATPγS (data not shown).
These values are close to the S0.5 for these nucleotides in
enzymatic assays and suggest that association of ClpA can
be rate-limiting at low nucleotide concentrations. Mg2+ was
required for complete hexamer formation, and addition of
EDTA to chelate the Mg2+ led to a rapid dissociation of
preassembled ClpA (Figure 7B).

ClpA assembled in ATP slowly dissociated as the ATP
was hydrolyzed (Figure 7B), whereas in ATPγS hexamers
were stable for up to 1 h. Lowering the ATPγS concentration
to 25 µM after formation of ClpA hexamers led to partial
dissociation within 2-5 min (data not shown). At this
concentration, nucleotide may still be bound to the domain

FIGURE 6: Exchange of ClpA subunits from the ClpAP complex.
(A) Presence of the double mutant, ClpA-K220Q/K501Q, during
assembly of wild-type ClpA inhibits activity. Wild-type ClpA was
mixed with increasing amounts of ClpA-K220Q/K501Q in buffer
B containing 1 mM DTT, and 0.05% Triton X-100, and aliquots
(0.2 µg of wild-type ClpA in each) were added to ATPase assay
solutions (O). For casein degradation assays (4), the mixtures of
wild-type and mutant ClpA were added to assay solutions containing
5 µg of ClpP. (B) ClpA-K220Q/K501Q does not displace active
ClpA from the ClpAP complex. Casein degradation assays with 1
mM (9) or 4 mM (b) ATP were initiated with 0.2 µg of wild-type
ClpA and 1 µg of ClpP. After 2 min, excess ClpA-K220Q/K501Q
was added to one set of assays (9, b) and buffer was added to
control assays (O). Aliquots were removed and the amount of casein
degraded was measured. Data were normalized as described in
Figure 4.

FIGURE 7: Light scattering changes upon assembly and disassembly
of ClpA and ClpAP. Light scattering was measured at room
temperature (except where noted) in 50 mM Tris, pH 7.5, 0.2 M
KCl, 1 mM DTT, 10% (v/v) glycerol, and 25 mM MgCl2. ATPγS
(2 mM) or ATP (4 mM) was added as indicated. (A) Assembly of
ClpA hexamers and ClpAP complexes. Light scattering signals were
normalized to correct for variations in signal intensities obtained
at different times. The values shown represent averages of 2-4
measurements made on separate samples; error bars reflect varia-
tions (usually 5-10%) between experiments. (a) ClpA (100 µg/
mL) was added to buffer followed by ATPγS. (b) ATPγS was
added before ClpA. (c) ClpA (90 µg/mL) was added to buffer with
ATPγS followed by ClpP (27 µg/mL) to generate 2:1 ClpAP
complexes. (d) ClpP (220 µg/mL) was added to buffer with ATPγS,
followed by addition of ClpA (90 µg/mL) to generate 1:1 ClpAP
complexes. (B) Time traces of assembly and disassembly of ClpA
hexamers and ClpAP complexes. Buffer was equilibrated in a
cuvette, proteins were added, and light scattering measurements
were initiated within 15 s after each addition. (a) ClpA (100 µg/
mL) was added to buffer containing 4 mM ATP equilibrated at 37
°C. (b) ClpA (100 µg/mL) was added to buffer with ATPγS, and
after 20 min, EDTA was added in 2 mM excess over Mg. (c) ClpA
(90 µg/mL) was added to buffer with ATPγS; after 5 min, ClpP
(55 µg/mL) was added; after another 5 min, EDTA was added in
excess over Mg. (d) ClpP (27 µg/mL) was added to buffer with
ATPγS, and after 3 min, ClpA (90 µg/mL) was added, followed
by excess EDTA after another 5 min.

14912 Biochemistry, Vol. 38, No. 45, 1999 Singh et al.
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(Figure 3). The titration curves with ATPγS both display
mildly sigmoidal behavior with different apparent affinities
at the two concentrations. The concentration of nucleotide
necessary to obtain half of the maximal signal change (K1/2)
is 60 µM when 6 µM ClpA (monomer) is used and more
than twice as high (150 µM) when only 0.6 µM ClpA is
used. The titration curves obtained with ATP display very
similar behavior, but with higher K1/2 values. At the higher
ClpA concentration, the K1/2 is 100 µM, and at the lower
ClpA concentration, the K1/2 is 460 µM.

As binding of nucleotide induces oligomerization of ClpA,
it is reasonable to assume that the change in the fluorescence
signal coming from Trp229 is due to hexamerization of
ClpA. To test if, indeed, the tryptophan signal correlates with
the amount of hexamer present, light scattering measurements
were carried out. Formation of the ClpA hexamer leads to
an increase in scattered light intensity that goes up linearly
with the amount of complex formed for the chosen concen-
tration range (data not shown). To compare the light
scattering increase with the increase in fluorescence intensity,
we measured the light scattering intensity of 6 µM ClpA
(monomer) at increasing concentrations of ATPγS. After
normalization of the data, the intensity changes in the
scattered light (Figure 3a, red circles) overlay very well with

the titration curve obtained by measuring the tryptophan
fluorescence changes (Figure 3a, gray squares). Thus, the
tryptophan signal reports directly on the amount of ClpA
hexamer present at each concentration of nucleotide.

To test whether the fluorescence signal increase correlates
not only with the assembly state but also with the activity
displayed by the chaperone, we recorded the dependence of
the ATPase activity on the ATP concentration for the lower
ClpA concentration (0.6 µM monomer). The maximal
activity (Vmax ) 590 ATP/ClpA6 per min) was reached at
∼3 mM ATP where according to fluorescence titration data
ClpA is fully assembled. The normalized fluorescence
intensity changes overlay very well with the normalized
ATPase activity (Figure 3b, red rhombs).

To confirm that ClpA exhibits ATPase activity exclusively
in the hexameric state, we compared the ATPase activity
with the increase in fluorescence intensity upon hexamer
formation (Figure 4). At a concentration of 0.12 µM ClpA
monomer, the ATP-induced hexamerization and the ac-
companying ATPase activity were measured. Both types of
measurements were carried out in a stopped-flow device to
allow observation of the early time points of the reactions.
For the ATPase activity time course, the first derivative was
calculated to determine the time point at which the derivative
became constant (this is equivalent to reaching the steady
state). We found that ClpA achieves the steady state in
ATPase hydrolysis at the same time as the tryptophan
fluorescence reaches its maximal value (in Figure 4, compare
the fluorescence time course with the derivative of the
ATPase activity time course).

ClpA Hexamerization Proceeds through a Tetrameric
Intermediate. To learn more about the assembly pathway,
we investigated the kinetics of ClpA hexamerization fol-
lowing the tryptophan fluorescence signal at 340 nm (λex )
295 nm) in a fluorescence stopped-flow device. To rule out
additional components to the time courses due to ATP
hydrolysis, the nonhydrolyzable ATP analogue ATPγS was
used in these experiments. First, varying amounts of ClpA
were rapidly mixed with saturating amounts of ATPγS and
MgCl2 to start the assembly reaction. The overall assembly
process depends on the ClpA concentration and takes ∼5
min to complete at the lowest concentration (0.1 µM ClpA6),
while at the highest concentration (2 µM ClpA6), the reaction
is over in ∼1 min (Figure 5a). The time courses exhibit a
fast phase with a very small amplitude followed by a slower
phase likely representing the actual appearance of the
hexamer. The first fast phase could correspond to formation
of an assembly intermediate on the assembly pathway. While
the ATPase activity is stringently dependent on the presence
of Mg2+ ions, ATP can bind to ClpA even in the absence of
Mg2+ ions, as a fluorescently labeled ATP analogue (TNP-
ATP) that reports on nucleotide binding shows a signal
change under these conditions (data not shown). We tested
the fluorescence intensity change in the presence of ATPγS
but without Mg2+ ions by rapidly mixing ClpA with ATPγS
in the stopped-flow device. This revealed a fast signal change
with a very small amplitude (only ∼3.5% vs the 39%
observed when Mg2+ ions are also present) similar to the
first fast phase observed in the presence of Mg2+ ions. This
could mean that under these conditions the assembly is
arrested at the intermediate state on the pathway. To test
this possibility and to obtain a more direct measure of the

FIGURE 2: Location of Trp229 in a hexameric model of ClpA. Top
view of a ClpA hexamer model with monomers colored alternat-
ingly light and dark blue. Trp229 (magenta) is located at the end
of a helix (ribbon) close to the Walker A motif where ADP (green)
is bound. Trp229 lies on the periphery of the chaperone ring away
from the subunit-subunit interface, which can be seen in the close-
up view. The hexameric model of ClpA was built using the NSF
and HslU hexamers as templates (15).
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monomer. The increase in scattered light intensity was
measured at 0.6, 1.2, 2.4, and 3.6 µM ClpA monomer. The
change in tryptophan fluorescence intensity due to binding
of ClpA(Wfree)6 to ClpP(E14W)14 was measured after rapid
mixing of 0.1 µM ClpP(E14W)14 with ClpA(Wfree) hexamer
preassembled in buffer R with 1 mM ATPγS and 20 mM
MgCl2. Different ClpA(Wfree)6 concentrations were used
(0.25, 0.5, 0.75, 1, 1.5, and 2 µM).

Analytical Gel Filtration. ClpA (20 µL, 18 µM monomer)
was applied on a Superose6PC (2.4 mL) gel filtration column
(Amersham Biosciences). The column was equilibrated in
buffer R with 1 mM ATPγS and 20 mM MgCl2 where
indicated. Absorbance was monitored at 227 nm. All
experiments were performed at 23 °C.

Electron Microscopy. To confirm the integrity of the
ClpAP complex composed of ClpA(Wfree) and ClpP-
(E14W), we recorded negative stain electron microscopy
images using conditions previously established by Kessel et
al. (9). Specimens for electron microscopy were prepared
by applying 20 µL aliquots of 30 nM ClpAPA complex in
50 mM Tris-HCl (pH 7.5), 0.2 M KCl, 20 mM MgCl2, 10%
(v/v) glycerol, and 1 mM ATPγS on freshly hydrophilized
carbon-coated 400 mesh copper grids (Pelco) for 10 s, after
which excess buffer was blotted off with filter paper. The
specimens were washed two times with 20 µL of water.
Twenty microliters of a 1% (w/v) uranyl acetate aqueous
solution was applied to the grids; excess stain was blotted
off, and the grids were allowed to dry. Specimens were
viewed in a Zeiss Leo 912 transmission electron microscope
operating at 120 kV at a magnification of 31500×.

Numerical Modeling and Fitting of Kinetic Data. All
numerical procedures are described in the Supporting
Information.

RESULTS

The Intrinsic Fluorescence Change of ClpA upon ATP-
Induced Complex Formation Is Due to a Trp Residue in the
First AAA Module. In the absence of nucleotide, ClpA exists
in an unassembled state consisting of a mixture of ClpA
monomers and dimers (10). Upon addition of ATP or the
nonhydrolyzable analogue ATPγS, ClpA (subunit, 84 000
Da) assembles into hexameric rings with a molecular mass
of 504 000 Da (10). The ClpA monomer contains three native
tryptophan residues, one located in the first AAA module
and the other two located in the second AAA module. We
measured the intrinsic tryptophan fluorescence intensity of
ClpA in the unassembled, nucleotide-free state and in the
nucleotide-bound hexameric state. Upon addition of saturat-
ing amounts of ATPγS in the presence of MgCl2, the intrinsic
fluorescence intensity of wild-type ClpA increases by 39%
(Figure 1a). To identify the tryptophan residue responsible
for the signal change, we recorded fluorescence spectra of
ClpAwt and two ClpA variants, one lacking the tryptophan
in the D1 domain (W229K) and one lacking the two
tryptophans in the D2 domain (W649Q/W689Y), in the
absence and presence of ATPγS. Both variants were first
tested for proper assembly into the hexameric form using
analytical gel filtration in the presence of nucleotide. They
both eluted at the same position as assembled ClpAwt (data
not shown). The fluorescence intensity of ClpA(W649Q/
W689Y) doubles upon addition of ATPγS and Mg2+ (Figure

1b), while no change can be detected for ClpA(W229K)
(Figure 1c), as expected if Trp229 in the D1 domain (Figure
2) generates the entire signal change without contributions
from either Trp649 or Trp689 in the D2 domain. When ATP
was used in place of the nonhydrolyzable analogue, we
obtained almost identical changes in the fluorescence intensi-
ties of wild-type ClpA and the two variants (data not shown).
Since the signal change is seen with both ATP and its
nonhydrolyzable analogue, the intensity changes cannot be
due to a process driven by ATP hydrolysis but are caused
by an event coupled to ATP binding.

The Fluorescence Signal Correlates with ATPase ActiVity
and the Amount of Hexamer. The dependence of the intrinsic
fluorescence of ClpA on nucleotide binding was used to
obtain a binding curve for binding of ATP and ATPγS to
ClpA. At the same time, the binding of nucleotide induces
oligomerization of ClpA, and therefore, the binding titrations
are likely to depend on the ClpA concentration. We thus
measured the increase in the fluorescence intensity upon
addition of increasing amounts of ATPγS (or ATP) at two
different ClpA concentrations, yielding two binding curves

FIGURE 1: Trp229 reports on assembly of ClpA. Tryptophan
fluorescence emission spectra of unassembled (solid line) and
hexamerized (dashed line) ClpA were recorded. ClpA (a) and ClpA-
(W649Q/W689Y) (b) show an increase in fluorescence upon
hexamerization, whereas for ClpA(W229K) (c), no such increase
can be detected. The hexamerization was induced by addition of
ATPγS and Mg2+.

ClpAP Assembly Pathway Biochemistry, Vol. 46, No. 21, 2007 6185
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assembly state, we followed the assembly kinetics by
stopped-flow light scattering measurements in the presence
of ATPγS and MgCl2 (Figure 5b). As in the fluorescence
stopped-flow measurements, we started with the monomer-
dimer equilibrium present with nucleotide-free ClpA. Upon
rapidly mixing the sample with ATPγS and Mg2+ ions, we
observed an increase in the light scattering intensity that
clearly shows two stages: a first fast stage yielding a light
scattering signal with a magnitude roughly two-thirds of that
of the final signal and a slower second stage forming the
hexameric ring structure. We also carried out two variations
of the scattered light intensity stopped-flow experiment. In
one case, we measured time courses upon mixing ClpA with
ATPγS alone, generating the assembly intermediate, and in
the other case, we followed the formation of hexamers from
this intermediate state by rapidly mixing an equilibrated
solution of ClpA and ATPγS with Mg2+ ions (Figure 6a).
When mixing the sample with ATPγS in the absence of
Mg2+ ions, we saw a rapid increase in the light scattering
signal to a level corresponding to roughly two-thirds of the
signal obtained with ATPγS and Mg2+ ions. This strongly
suggests a tetrameric intermediate that accumulates under
these conditions, since at a constant total weight per volume

concentration of ClpA the change in the light scattering signal
must be due entirely to a change in the assembly state. A
population of tetramers should exhibit approximately two-
thirds of the signal of a population of hexamers. Upon
addition of Mg2+ ions, a slower increase in scattered light
intensity corresponding to hexamer formation is observed.
Figure 6b shows analytical gel filtration runs with ClpA
performed at room temperature in the presence or absence
of nucleotide and Mg2+ ions. Gel filtration runs of ClpA
without nucleotide show an elution peak corresponding to
the monomer/dimer mixture of unassembled ClpA (M/D).
If the run is carried out in the presence of ATPγS and MgCl2,
the whole population elutes in a somewhat broader peak at
an earlier elution volume corresponding to the hexameric
ClpA assembly (H). Gel filtration runs in ATPγS but without
Mg2+ ions show a single peak eluting at a position between
where the monomer/dimer or hexamer elution peaks would
be expected. This species likely corresponds to the tetrameric
assembly intermediate (T) expected from the light scattering
measurements. This peak is somewhat asymmetric, showing
a tail extending out to the position where the monomer/dimer
mixture would elute. This gives a hint that the tetramer is
kinetically not very stable, and some complexes dissociate
during the gel filtration run. A ClpA variant that assembles
into hexamers much more slowly than the wild type exhibits
at early time points in the assembly reaction a peak in gel
filtration analysis eluting exactly at the position we observe
for the wild type in ATPγS without MgCl2. This peak then
decays at later time points while the hexamer peak appears
(data not shown). For the wild-type ClpA assembly, this
intermediate is too transient to be detected via gel filtration
analysis.

The oligomerization of ClpA is dependent on temperature
and salt concentration. Fluorescence and scattered light
intensity time courses were recorded after stopped-flow
mixing of a ClpA solution with ATPγS and Mg2+ ions at
three different temperatures (10, 23, and 35 °C) and three
different salt concentrations (0.15, 0.3, and 0.6 M KCl) (see
the Supporting Information).

An Engineered Trp Residue on the ClpP Double-Ring
Surface Reports on Association with ClpA Hexamers. As-
sembled ClpA chaperone rings bind to both ends of the ClpP
double ring to form the proteolytically active ClpAP

FIGURE 3: The fluorescence signal correlates with hexamerization state and ATPase activity. The change in fluorescence intensity upon
hexamerization of 6 (squares) or 0.6 µM (triangles) ClpA monomer was measured. ClpA assembly was induced by addition of increasing
concentrations of ATPγS (a) or ATP (b). To reach half of the final signal change, 150 µM ATPγS and 460 µM ATP are required for 0.6
µM ClpA monomer, whereas only 60 µM ATPγS and 100 µM ATP are sufficient for 6 µM ClpA. In addition, the assembly state of ClpA
was monitored by light scattering (LS, red circles) at the higher ClpA concentration (a). The ATPase activity (red rhombs) was measured
at the lower ClpA concentration (b), yielding a turnover number of 590 ATP/ClpA6 per minute.

FIGURE 4: The maximal rate of hydrolysis is reached after ClpA
assembly has been completed. Hexamerization of ClpA, followed
by Trp fluorescence (black trace), and ATP hydrolysis (inset, black
trace) were assessed after rapid mixing of 0.12 µM ClpA monomer
with 3 mM ATP. ATP hydrolysis data were fitted to eq 3 (inset,
red trace; see Experimental Procedures). The first derivative of the
analytical fit (red dashed trace) gives the rate of ATP hydrolysis
and shows that a constant ATPase activity is coinciding with the
completion of ClpA hexamerization.
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assembly state, we followed the assembly kinetics by
stopped-flow light scattering measurements in the presence
of ATPγS and MgCl2 (Figure 5b). As in the fluorescence
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solution of ClpA and ATPγS with Mg2+ ions (Figure 6a).
When mixing the sample with ATPγS in the absence of
Mg2+ ions, we saw a rapid increase in the light scattering
signal to a level corresponding to roughly two-thirds of the
signal obtained with ATPγS and Mg2+ ions. This strongly
suggests a tetrameric intermediate that accumulates under
these conditions, since at a constant total weight per volume

concentration of ClpA the change in the light scattering signal
must be due entirely to a change in the assembly state. A
population of tetramers should exhibit approximately two-
thirds of the signal of a population of hexamers. Upon
addition of Mg2+ ions, a slower increase in scattered light
intensity corresponding to hexamer formation is observed.
Figure 6b shows analytical gel filtration runs with ClpA
performed at room temperature in the presence or absence
of nucleotide and Mg2+ ions. Gel filtration runs of ClpA
without nucleotide show an elution peak corresponding to
the monomer/dimer mixture of unassembled ClpA (M/D).
If the run is carried out in the presence of ATPγS and MgCl2,
the whole population elutes in a somewhat broader peak at
an earlier elution volume corresponding to the hexameric
ClpA assembly (H). Gel filtration runs in ATPγS but without
Mg2+ ions show a single peak eluting at a position between
where the monomer/dimer or hexamer elution peaks would
be expected. This species likely corresponds to the tetrameric
assembly intermediate (T) expected from the light scattering
measurements. This peak is somewhat asymmetric, showing
a tail extending out to the position where the monomer/dimer
mixture would elute. This gives a hint that the tetramer is
kinetically not very stable, and some complexes dissociate
during the gel filtration run. A ClpA variant that assembles
into hexamers much more slowly than the wild type exhibits
at early time points in the assembly reaction a peak in gel
filtration analysis eluting exactly at the position we observe
for the wild type in ATPγS without MgCl2. This peak then
decays at later time points while the hexamer peak appears
(data not shown). For the wild-type ClpA assembly, this
intermediate is too transient to be detected via gel filtration
analysis.

The oligomerization of ClpA is dependent on temperature
and salt concentration. Fluorescence and scattered light
intensity time courses were recorded after stopped-flow
mixing of a ClpA solution with ATPγS and Mg2+ ions at
three different temperatures (10, 23, and 35 °C) and three
different salt concentrations (0.15, 0.3, and 0.6 M KCl) (see
the Supporting Information).

An Engineered Trp Residue on the ClpP Double-Ring
Surface Reports on Association with ClpA Hexamers. As-
sembled ClpA chaperone rings bind to both ends of the ClpP
double ring to form the proteolytically active ClpAP

FIGURE 3: The fluorescence signal correlates with hexamerization state and ATPase activity. The change in fluorescence intensity upon
hexamerization of 6 (squares) or 0.6 µM (triangles) ClpA monomer was measured. ClpA assembly was induced by addition of increasing
concentrations of ATPγS (a) or ATP (b). To reach half of the final signal change, 150 µM ATPγS and 460 µM ATP are required for 0.6
µM ClpA monomer, whereas only 60 µM ATPγS and 100 µM ATP are sufficient for 6 µM ClpA. In addition, the assembly state of ClpA
was monitored by light scattering (LS, red circles) at the higher ClpA concentration (a). The ATPase activity (red rhombs) was measured
at the lower ClpA concentration (b), yielding a turnover number of 590 ATP/ClpA6 per minute.

FIGURE 4: The maximal rate of hydrolysis is reached after ClpA
assembly has been completed. Hexamerization of ClpA, followed
by Trp fluorescence (black trace), and ATP hydrolysis (inset, black
trace) were assessed after rapid mixing of 0.12 µM ClpA monomer
with 3 mM ATP. ATP hydrolysis data were fitted to eq 3 (inset,
red trace; see Experimental Procedures). The first derivative of the
analytical fit (red dashed trace) gives the rate of ATP hydrolysis
and shows that a constant ATPase activity is coinciding with the
completion of ClpA hexamerization.
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chaperone-protease complex. The recently published X-ray
structure of ClpP from Streptococcus pneumoniae revealed
the existence of an N-terminal loop important for ClpAP or
ClpXP complex formation protruding from the apical surface
of ClpP (19). The authors also showed that a tryptophan
residue placed in position 14 of this loop region exhibits
fluorescence intensity changes upon complex formation with
ClpX (19). To probe the association of ClpA hexamers with
the ClpP core cylinder, we introduced a tryptophan into this
position at the ClpP ring surface (E14W). To prevent
fluorescence intensity changes arising from the three intrinsic
tryptophan residues of ClpA that could interfere with the
signal change upon association due to the engineered
tryptophan residue, we produced a tryptophan-free ClpA
variant. Size exclusion chromatography (data not shown) and
electron microscopy (Figure 7b,c) verified that this variant
assembles into hexamers and can form ClpAP complexes
with ClpP(E14W) like ClpAwt with ClpPwt. Binding of the

tryptophan-free ClpA variant to ClpP(E14W) was assayed
by monitoring the fluorescence of Trp14 on the ClpP ring
surface. An increase in the fluorescence intensity due to the
engineered tryptophan of 25% was observed (Figure 7a).

Association of ClpA Hexamers with the ClpP Double Ring.
The ClpA hexamer assembled in ATPγS is stable over
several hours (data not shown). Preassembled ClpA hexamer
can, therefore, be used to analyze the association of ClpA
rings with ClpP double rings. We performed fluorescence
stopped-flow measurements in which ATPγS-preassembled
ClpA was rapidly mixed with ClpP. To probe the concentra-
tion dependence of the association kinetics, the concentration
of ClpA hexamer was varied from 0.25 to 2 µM at a constant
concentration of ClpP double ring of 0.1 µM. In this
concentration range, binding of the ClpA hexamer to the

FIGURE 5: The ClpA hexamerization rate depends on the ClpA concentration. The tryptophan fluorescence change (a) and the increase in
scattered light intensity (b) were monitored after rapid mixing of ClpA with ATPγS and Mg2+. The time course of ClpA assembly was
probed at ClpA monomer concentrations ranging from 0.6 to 12 µM (0.6, 1.2, 2.4, 3.6, 6, and 12 µM) for the fluorescence measurements
and from 0.6 to 3.6 µM (0.6, 1.2, 2.4, and 3.6 µM) for the light scattering measurements. The increasing ClpA concentrations are indicated
by a gray to black gradient. The time courses were fitted numerically (red traces) to a hexamerization pathway proposed in the discussion
using the Berkeley Madonna software.

FIGURE 6: The tetrameric assembly intermediate accumulates in
the presence of ATPγS without Mg2+. (a) The increase in scattered
light intensity was monitored after rapid mixing of ClpA monomer
(M/D, 3.6 µM) with ATPγS in the absence of Mg2+, yielding
a ClpA assembly intermediate (T). Subsequently, a solution
containing the assembly intermediate (ClpA incubated with ATPγS
without Mg2+ for 180 s) was rapidly mixed with Mg2+, resulting
in a further increase in scattered light intensity due to the
hexamerization of ClpA (H). The assembly intermediate holds two-
thirds of the final scattered light intensity of the hexamer, suggesting
a tetrameric intermediate. (b) The oligomeric state of ClpA was
analyzed using a Superose6PC gel filtration column. ClpA runs as
a mixture of monomer and dimer (solid line, M/D) in the absence
of nucleotide. The tetrameric state (dashed line, T) of ClpA is
formed in the presence of ATPγS. When Mg2+ and ATPγS are
both present, ClpA forms the fully assembled hexamer (interrupted
line, H).

FIGURE 7: ClpA-ClpP interaction can be followed by fluorescence
intensity changes. (a) The tryptophan fluorescence intensity change
upon binding of ClpA(Wfree) to ClpP(E14W) was measured. The
spectra of ClpP(E14W) together with ClpA(Wfree) were obtained
in the absence (solid line) or presence (dashed line) of ATPγS and
Mg2+. ClpA refers to the unassembled monomer/dimer mixture,
ClpP14 to the ClpP core cylinder, and ClpA6P14A6 to the fully
assembled ClpAP complex with two ClpA hexamers bound to each
end of the ClpP 14-membered double ring. Negative stain electron
microscopy images of the wild-type ClpAP complex (b) and the
ClpP(E14W)-ClpA(Wfree) complex (c) at 31500× magnification
demonstrate that ClpA-ClpP interaction is not perturbed due to
the amino acid replacements in ClpA and ClpP.
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chaperone-protease complex. The recently published X-ray
structure of ClpP from Streptococcus pneumoniae revealed
the existence of an N-terminal loop important for ClpAP or
ClpXP complex formation protruding from the apical surface
of ClpP (19). The authors also showed that a tryptophan
residue placed in position 14 of this loop region exhibits
fluorescence intensity changes upon complex formation with
ClpX (19). To probe the association of ClpA hexamers with
the ClpP core cylinder, we introduced a tryptophan into this
position at the ClpP ring surface (E14W). To prevent
fluorescence intensity changes arising from the three intrinsic
tryptophan residues of ClpA that could interfere with the
signal change upon association due to the engineered
tryptophan residue, we produced a tryptophan-free ClpA
variant. Size exclusion chromatography (data not shown) and
electron microscopy (Figure 7b,c) verified that this variant
assembles into hexamers and can form ClpAP complexes
with ClpP(E14W) like ClpAwt with ClpPwt. Binding of the

tryptophan-free ClpA variant to ClpP(E14W) was assayed
by monitoring the fluorescence of Trp14 on the ClpP ring
surface. An increase in the fluorescence intensity due to the
engineered tryptophan of 25% was observed (Figure 7a).

Association of ClpA Hexamers with the ClpP Double Ring.
The ClpA hexamer assembled in ATPγS is stable over
several hours (data not shown). Preassembled ClpA hexamer
can, therefore, be used to analyze the association of ClpA
rings with ClpP double rings. We performed fluorescence
stopped-flow measurements in which ATPγS-preassembled
ClpA was rapidly mixed with ClpP. To probe the concentra-
tion dependence of the association kinetics, the concentration
of ClpA hexamer was varied from 0.25 to 2 µM at a constant
concentration of ClpP double ring of 0.1 µM. In this
concentration range, binding of the ClpA hexamer to the

FIGURE 5: The ClpA hexamerization rate depends on the ClpA concentration. The tryptophan fluorescence change (a) and the increase in
scattered light intensity (b) were monitored after rapid mixing of ClpA with ATPγS and Mg2+. The time course of ClpA assembly was
probed at ClpA monomer concentrations ranging from 0.6 to 12 µM (0.6, 1.2, 2.4, 3.6, 6, and 12 µM) for the fluorescence measurements
and from 0.6 to 3.6 µM (0.6, 1.2, 2.4, and 3.6 µM) for the light scattering measurements. The increasing ClpA concentrations are indicated
by a gray to black gradient. The time courses were fitted numerically (red traces) to a hexamerization pathway proposed in the discussion
using the Berkeley Madonna software.

FIGURE 6: The tetrameric assembly intermediate accumulates in
the presence of ATPγS without Mg2+. (a) The increase in scattered
light intensity was monitored after rapid mixing of ClpA monomer
(M/D, 3.6 µM) with ATPγS in the absence of Mg2+, yielding
a ClpA assembly intermediate (T). Subsequently, a solution
containing the assembly intermediate (ClpA incubated with ATPγS
without Mg2+ for 180 s) was rapidly mixed with Mg2+, resulting
in a further increase in scattered light intensity due to the
hexamerization of ClpA (H). The assembly intermediate holds two-
thirds of the final scattered light intensity of the hexamer, suggesting
a tetrameric intermediate. (b) The oligomeric state of ClpA was
analyzed using a Superose6PC gel filtration column. ClpA runs as
a mixture of monomer and dimer (solid line, M/D) in the absence
of nucleotide. The tetrameric state (dashed line, T) of ClpA is
formed in the presence of ATPγS. When Mg2+ and ATPγS are
both present, ClpA forms the fully assembled hexamer (interrupted
line, H).

FIGURE 7: ClpA-ClpP interaction can be followed by fluorescence
intensity changes. (a) The tryptophan fluorescence intensity change
upon binding of ClpA(Wfree) to ClpP(E14W) was measured. The
spectra of ClpP(E14W) together with ClpA(Wfree) were obtained
in the absence (solid line) or presence (dashed line) of ATPγS and
Mg2+. ClpA refers to the unassembled monomer/dimer mixture,
ClpP14 to the ClpP core cylinder, and ClpA6P14A6 to the fully
assembled ClpAP complex with two ClpA hexamers bound to each
end of the ClpP 14-membered double ring. Negative stain electron
microscopy images of the wild-type ClpAP complex (b) and the
ClpP(E14W)-ClpA(Wfree) complex (c) at 31500× magnification
demonstrate that ClpA-ClpP interaction is not perturbed due to
the amino acid replacements in ClpA and ClpP.
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chaperone-protease complex. The recently published X-ray
structure of ClpP from Streptococcus pneumoniae revealed
the existence of an N-terminal loop important for ClpAP or
ClpXP complex formation protruding from the apical surface
of ClpP (19). The authors also showed that a tryptophan
residue placed in position 14 of this loop region exhibits
fluorescence intensity changes upon complex formation with
ClpX (19). To probe the association of ClpA hexamers with
the ClpP core cylinder, we introduced a tryptophan into this
position at the ClpP ring surface (E14W). To prevent
fluorescence intensity changes arising from the three intrinsic
tryptophan residues of ClpA that could interfere with the
signal change upon association due to the engineered
tryptophan residue, we produced a tryptophan-free ClpA
variant. Size exclusion chromatography (data not shown) and
electron microscopy (Figure 7b,c) verified that this variant
assembles into hexamers and can form ClpAP complexes
with ClpP(E14W) like ClpAwt with ClpPwt. Binding of the

tryptophan-free ClpA variant to ClpP(E14W) was assayed
by monitoring the fluorescence of Trp14 on the ClpP ring
surface. An increase in the fluorescence intensity due to the
engineered tryptophan of 25% was observed (Figure 7a).

Association of ClpA Hexamers with the ClpP Double Ring.
The ClpA hexamer assembled in ATPγS is stable over
several hours (data not shown). Preassembled ClpA hexamer
can, therefore, be used to analyze the association of ClpA
rings with ClpP double rings. We performed fluorescence
stopped-flow measurements in which ATPγS-preassembled
ClpA was rapidly mixed with ClpP. To probe the concentra-
tion dependence of the association kinetics, the concentration
of ClpA hexamer was varied from 0.25 to 2 µM at a constant
concentration of ClpP double ring of 0.1 µM. In this
concentration range, binding of the ClpA hexamer to the

FIGURE 5: The ClpA hexamerization rate depends on the ClpA concentration. The tryptophan fluorescence change (a) and the increase in
scattered light intensity (b) were monitored after rapid mixing of ClpA with ATPγS and Mg2+. The time course of ClpA assembly was
probed at ClpA monomer concentrations ranging from 0.6 to 12 µM (0.6, 1.2, 2.4, 3.6, 6, and 12 µM) for the fluorescence measurements
and from 0.6 to 3.6 µM (0.6, 1.2, 2.4, and 3.6 µM) for the light scattering measurements. The increasing ClpA concentrations are indicated
by a gray to black gradient. The time courses were fitted numerically (red traces) to a hexamerization pathway proposed in the discussion
using the Berkeley Madonna software.

FIGURE 6: The tetrameric assembly intermediate accumulates in
the presence of ATPγS without Mg2+. (a) The increase in scattered
light intensity was monitored after rapid mixing of ClpA monomer
(M/D, 3.6 µM) with ATPγS in the absence of Mg2+, yielding
a ClpA assembly intermediate (T). Subsequently, a solution
containing the assembly intermediate (ClpA incubated with ATPγS
without Mg2+ for 180 s) was rapidly mixed with Mg2+, resulting
in a further increase in scattered light intensity due to the
hexamerization of ClpA (H). The assembly intermediate holds two-
thirds of the final scattered light intensity of the hexamer, suggesting
a tetrameric intermediate. (b) The oligomeric state of ClpA was
analyzed using a Superose6PC gel filtration column. ClpA runs as
a mixture of monomer and dimer (solid line, M/D) in the absence
of nucleotide. The tetrameric state (dashed line, T) of ClpA is
formed in the presence of ATPγS. When Mg2+ and ATPγS are
both present, ClpA forms the fully assembled hexamer (interrupted
line, H).

FIGURE 7: ClpA-ClpP interaction can be followed by fluorescence
intensity changes. (a) The tryptophan fluorescence intensity change
upon binding of ClpA(Wfree) to ClpP(E14W) was measured. The
spectra of ClpP(E14W) together with ClpA(Wfree) were obtained
in the absence (solid line) or presence (dashed line) of ATPγS and
Mg2+. ClpA refers to the unassembled monomer/dimer mixture,
ClpP14 to the ClpP core cylinder, and ClpA6P14A6 to the fully
assembled ClpAP complex with two ClpA hexamers bound to each
end of the ClpP 14-membered double ring. Negative stain electron
microscopy images of the wild-type ClpAP complex (b) and the
ClpP(E14W)-ClpA(Wfree) complex (c) at 31500× magnification
demonstrate that ClpA-ClpP interaction is not perturbed due to
the amino acid replacements in ClpA and ClpP.
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chaperone-protease complex. The recently published X-ray
structure of ClpP from Streptococcus pneumoniae revealed
the existence of an N-terminal loop important for ClpAP or
ClpXP complex formation protruding from the apical surface
of ClpP (19). The authors also showed that a tryptophan
residue placed in position 14 of this loop region exhibits
fluorescence intensity changes upon complex formation with
ClpX (19). To probe the association of ClpA hexamers with
the ClpP core cylinder, we introduced a tryptophan into this
position at the ClpP ring surface (E14W). To prevent
fluorescence intensity changes arising from the three intrinsic
tryptophan residues of ClpA that could interfere with the
signal change upon association due to the engineered
tryptophan residue, we produced a tryptophan-free ClpA
variant. Size exclusion chromatography (data not shown) and
electron microscopy (Figure 7b,c) verified that this variant
assembles into hexamers and can form ClpAP complexes
with ClpP(E14W) like ClpAwt with ClpPwt. Binding of the

tryptophan-free ClpA variant to ClpP(E14W) was assayed
by monitoring the fluorescence of Trp14 on the ClpP ring
surface. An increase in the fluorescence intensity due to the
engineered tryptophan of 25% was observed (Figure 7a).

Association of ClpA Hexamers with the ClpP Double Ring.
The ClpA hexamer assembled in ATPγS is stable over
several hours (data not shown). Preassembled ClpA hexamer
can, therefore, be used to analyze the association of ClpA
rings with ClpP double rings. We performed fluorescence
stopped-flow measurements in which ATPγS-preassembled
ClpA was rapidly mixed with ClpP. To probe the concentra-
tion dependence of the association kinetics, the concentration
of ClpA hexamer was varied from 0.25 to 2 µM at a constant
concentration of ClpP double ring of 0.1 µM. In this
concentration range, binding of the ClpA hexamer to the

FIGURE 5: The ClpA hexamerization rate depends on the ClpA concentration. The tryptophan fluorescence change (a) and the increase in
scattered light intensity (b) were monitored after rapid mixing of ClpA with ATPγS and Mg2+. The time course of ClpA assembly was
probed at ClpA monomer concentrations ranging from 0.6 to 12 µM (0.6, 1.2, 2.4, 3.6, 6, and 12 µM) for the fluorescence measurements
and from 0.6 to 3.6 µM (0.6, 1.2, 2.4, and 3.6 µM) for the light scattering measurements. The increasing ClpA concentrations are indicated
by a gray to black gradient. The time courses were fitted numerically (red traces) to a hexamerization pathway proposed in the discussion
using the Berkeley Madonna software.

FIGURE 6: The tetrameric assembly intermediate accumulates in
the presence of ATPγS without Mg2+. (a) The increase in scattered
light intensity was monitored after rapid mixing of ClpA monomer
(M/D, 3.6 µM) with ATPγS in the absence of Mg2+, yielding
a ClpA assembly intermediate (T). Subsequently, a solution
containing the assembly intermediate (ClpA incubated with ATPγS
without Mg2+ for 180 s) was rapidly mixed with Mg2+, resulting
in a further increase in scattered light intensity due to the
hexamerization of ClpA (H). The assembly intermediate holds two-
thirds of the final scattered light intensity of the hexamer, suggesting
a tetrameric intermediate. (b) The oligomeric state of ClpA was
analyzed using a Superose6PC gel filtration column. ClpA runs as
a mixture of monomer and dimer (solid line, M/D) in the absence
of nucleotide. The tetrameric state (dashed line, T) of ClpA is
formed in the presence of ATPγS. When Mg2+ and ATPγS are
both present, ClpA forms the fully assembled hexamer (interrupted
line, H).

FIGURE 7: ClpA-ClpP interaction can be followed by fluorescence
intensity changes. (a) The tryptophan fluorescence intensity change
upon binding of ClpA(Wfree) to ClpP(E14W) was measured. The
spectra of ClpP(E14W) together with ClpA(Wfree) were obtained
in the absence (solid line) or presence (dashed line) of ATPγS and
Mg2+. ClpA refers to the unassembled monomer/dimer mixture,
ClpP14 to the ClpP core cylinder, and ClpA6P14A6 to the fully
assembled ClpAP complex with two ClpA hexamers bound to each
end of the ClpP 14-membered double ring. Negative stain electron
microscopy images of the wild-type ClpAP complex (b) and the
ClpP(E14W)-ClpA(Wfree) complex (c) at 31500× magnification
demonstrate that ClpA-ClpP interaction is not perturbed due to
the amino acid replacements in ClpA and ClpP.
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chaperone-protease complex. The recently published X-ray
structure of ClpP from Streptococcus pneumoniae revealed
the existence of an N-terminal loop important for ClpAP or
ClpXP complex formation protruding from the apical surface
of ClpP (19). The authors also showed that a tryptophan
residue placed in position 14 of this loop region exhibits
fluorescence intensity changes upon complex formation with
ClpX (19). To probe the association of ClpA hexamers with
the ClpP core cylinder, we introduced a tryptophan into this
position at the ClpP ring surface (E14W). To prevent
fluorescence intensity changes arising from the three intrinsic
tryptophan residues of ClpA that could interfere with the
signal change upon association due to the engineered
tryptophan residue, we produced a tryptophan-free ClpA
variant. Size exclusion chromatography (data not shown) and
electron microscopy (Figure 7b,c) verified that this variant
assembles into hexamers and can form ClpAP complexes
with ClpP(E14W) like ClpAwt with ClpPwt. Binding of the

tryptophan-free ClpA variant to ClpP(E14W) was assayed
by monitoring the fluorescence of Trp14 on the ClpP ring
surface. An increase in the fluorescence intensity due to the
engineered tryptophan of 25% was observed (Figure 7a).

Association of ClpA Hexamers with the ClpP Double Ring.
The ClpA hexamer assembled in ATPγS is stable over
several hours (data not shown). Preassembled ClpA hexamer
can, therefore, be used to analyze the association of ClpA
rings with ClpP double rings. We performed fluorescence
stopped-flow measurements in which ATPγS-preassembled
ClpA was rapidly mixed with ClpP. To probe the concentra-
tion dependence of the association kinetics, the concentration
of ClpA hexamer was varied from 0.25 to 2 µM at a constant
concentration of ClpP double ring of 0.1 µM. In this
concentration range, binding of the ClpA hexamer to the

FIGURE 5: The ClpA hexamerization rate depends on the ClpA concentration. The tryptophan fluorescence change (a) and the increase in
scattered light intensity (b) were monitored after rapid mixing of ClpA with ATPγS and Mg2+. The time course of ClpA assembly was
probed at ClpA monomer concentrations ranging from 0.6 to 12 µM (0.6, 1.2, 2.4, 3.6, 6, and 12 µM) for the fluorescence measurements
and from 0.6 to 3.6 µM (0.6, 1.2, 2.4, and 3.6 µM) for the light scattering measurements. The increasing ClpA concentrations are indicated
by a gray to black gradient. The time courses were fitted numerically (red traces) to a hexamerization pathway proposed in the discussion
using the Berkeley Madonna software.

FIGURE 6: The tetrameric assembly intermediate accumulates in
the presence of ATPγS without Mg2+. (a) The increase in scattered
light intensity was monitored after rapid mixing of ClpA monomer
(M/D, 3.6 µM) with ATPγS in the absence of Mg2+, yielding
a ClpA assembly intermediate (T). Subsequently, a solution
containing the assembly intermediate (ClpA incubated with ATPγS
without Mg2+ for 180 s) was rapidly mixed with Mg2+, resulting
in a further increase in scattered light intensity due to the
hexamerization of ClpA (H). The assembly intermediate holds two-
thirds of the final scattered light intensity of the hexamer, suggesting
a tetrameric intermediate. (b) The oligomeric state of ClpA was
analyzed using a Superose6PC gel filtration column. ClpA runs as
a mixture of monomer and dimer (solid line, M/D) in the absence
of nucleotide. The tetrameric state (dashed line, T) of ClpA is
formed in the presence of ATPγS. When Mg2+ and ATPγS are
both present, ClpA forms the fully assembled hexamer (interrupted
line, H).

FIGURE 7: ClpA-ClpP interaction can be followed by fluorescence
intensity changes. (a) The tryptophan fluorescence intensity change
upon binding of ClpA(Wfree) to ClpP(E14W) was measured. The
spectra of ClpP(E14W) together with ClpA(Wfree) were obtained
in the absence (solid line) or presence (dashed line) of ATPγS and
Mg2+. ClpA refers to the unassembled monomer/dimer mixture,
ClpP14 to the ClpP core cylinder, and ClpA6P14A6 to the fully
assembled ClpAP complex with two ClpA hexamers bound to each
end of the ClpP 14-membered double ring. Negative stain electron
microscopy images of the wild-type ClpAP complex (b) and the
ClpP(E14W)-ClpA(Wfree) complex (c) at 31500× magnification
demonstrate that ClpA-ClpP interaction is not perturbed due to
the amino acid replacements in ClpA and ClpP.
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Tetrameric ClpA as an 
assembly intermediate?

The assembly intermediate is 
tetrameric ClpA !

• the normalized scattered light 
intensity of M/D was about 0.3;  

• the normalized scattered light 
intensity of the putative 
intermediate(I) was about 0.7;  

• the normalized scattered light 
intensity of H was about 1;  

• M/D:I:H=1:2:3, indicating an 
intermediate as a tetramer! 

chaperone-protease complex. The recently published X-ray
structure of ClpP from Streptococcus pneumoniae revealed
the existence of an N-terminal loop important for ClpAP or
ClpXP complex formation protruding from the apical surface
of ClpP (19). The authors also showed that a tryptophan
residue placed in position 14 of this loop region exhibits
fluorescence intensity changes upon complex formation with
ClpX (19). To probe the association of ClpA hexamers with
the ClpP core cylinder, we introduced a tryptophan into this
position at the ClpP ring surface (E14W). To prevent
fluorescence intensity changes arising from the three intrinsic
tryptophan residues of ClpA that could interfere with the
signal change upon association due to the engineered
tryptophan residue, we produced a tryptophan-free ClpA
variant. Size exclusion chromatography (data not shown) and
electron microscopy (Figure 7b,c) verified that this variant
assembles into hexamers and can form ClpAP complexes
with ClpP(E14W) like ClpAwt with ClpPwt. Binding of the

tryptophan-free ClpA variant to ClpP(E14W) was assayed
by monitoring the fluorescence of Trp14 on the ClpP ring
surface. An increase in the fluorescence intensity due to the
engineered tryptophan of 25% was observed (Figure 7a).

Association of ClpA Hexamers with the ClpP Double Ring.
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can, therefore, be used to analyze the association of ClpA
rings with ClpP double rings. We performed fluorescence
stopped-flow measurements in which ATPγS-preassembled
ClpA was rapidly mixed with ClpP. To probe the concentra-
tion dependence of the association kinetics, the concentration
of ClpA hexamer was varied from 0.25 to 2 µM at a constant
concentration of ClpP double ring of 0.1 µM. In this
concentration range, binding of the ClpA hexamer to the

FIGURE 5: The ClpA hexamerization rate depends on the ClpA concentration. The tryptophan fluorescence change (a) and the increase in
scattered light intensity (b) were monitored after rapid mixing of ClpA with ATPγS and Mg2+. The time course of ClpA assembly was
probed at ClpA monomer concentrations ranging from 0.6 to 12 µM (0.6, 1.2, 2.4, 3.6, 6, and 12 µM) for the fluorescence measurements
and from 0.6 to 3.6 µM (0.6, 1.2, 2.4, and 3.6 µM) for the light scattering measurements. The increasing ClpA concentrations are indicated
by a gray to black gradient. The time courses were fitted numerically (red traces) to a hexamerization pathway proposed in the discussion
using the Berkeley Madonna software.

FIGURE 6: The tetrameric assembly intermediate accumulates in
the presence of ATPγS without Mg2+. (a) The increase in scattered
light intensity was monitored after rapid mixing of ClpA monomer
(M/D, 3.6 µM) with ATPγS in the absence of Mg2+, yielding
a ClpA assembly intermediate (T). Subsequently, a solution
containing the assembly intermediate (ClpA incubated with ATPγS
without Mg2+ for 180 s) was rapidly mixed with Mg2+, resulting
in a further increase in scattered light intensity due to the
hexamerization of ClpA (H). The assembly intermediate holds two-
thirds of the final scattered light intensity of the hexamer, suggesting
a tetrameric intermediate. (b) The oligomeric state of ClpA was
analyzed using a Superose6PC gel filtration column. ClpA runs as
a mixture of monomer and dimer (solid line, M/D) in the absence
of nucleotide. The tetrameric state (dashed line, T) of ClpA is
formed in the presence of ATPγS. When Mg2+ and ATPγS are
both present, ClpA forms the fully assembled hexamer (interrupted
line, H).

FIGURE 7: ClpA-ClpP interaction can be followed by fluorescence
intensity changes. (a) The tryptophan fluorescence intensity change
upon binding of ClpA(Wfree) to ClpP(E14W) was measured. The
spectra of ClpP(E14W) together with ClpA(Wfree) were obtained
in the absence (solid line) or presence (dashed line) of ATPγS and
Mg2+. ClpA refers to the unassembled monomer/dimer mixture,
ClpP14 to the ClpP core cylinder, and ClpA6P14A6 to the fully
assembled ClpAP complex with two ClpA hexamers bound to each
end of the ClpP 14-membered double ring. Negative stain electron
microscopy images of the wild-type ClpAP complex (b) and the
ClpP(E14W)-ClpA(Wfree) complex (c) at 31500× magnification
demonstrate that ClpA-ClpP interaction is not perturbed due to
the amino acid replacements in ClpA and ClpP.
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the formation of a proteolytically active complex. Activity
was proportional to the concentration of the limiting com-
ponent, when the other component was present in excess.
Bound ClpA or ClpP was calculated from the activity
measured and the known specific activities, assuming that
each bound oligomer had full activity, and the concentrations
of the free components were then obtained by subtracting
the amount bound from the total added at each point. From
the midpoint of the saturation curves, estimated dissociation
constants (Kd) of 25 ( 10 nM for ClpA subunit (4.2 nM
hexamer) and 50 ( 15 nM for ClpP subunit (3.6 nM
tetradecamer) in the complex were estimated.

DISCUSSION

ATP-dependent proteases are high molecular weight
proteins found in the cytoplasm of bacterial cells or the
cytosol and soluble compartments of organelles in eukaryotic
cells. One exception is the membrane-bound E. coli FtsH
protease (7) and its homologues found in mitochondrial
membranes, which have membrane-spanning regions as well
as a large soluble domain with ATPase and peptidase activity.
All the proteases, including FtsH, are multimeric proteins,
composed of multidomain polypeptides or complexes of
separately encoded polypeptides with distinct ATPase, pep-
tidase, and possibly other functions. The proteases whose
structures have been determined by electron microscopy, the
proteasome, ClpAP, ClpXP, and ClpYQ (HslUV), have very
similar architectures. The proteases subunits form rings that
stack together to make the proteolytic core, and an ATPase/
chaperone or regulatory component binds on the outside face
of each ring. In the case of ClpA, ClpX, and ClpY (HslU),
the ATPase also forms a ring, giving the overall complex a
barrel-like appearance. For the 26S proteasome, the ATPases
might occupy similar positions as in Clp proteases, but
additional factors are associated with the ATPases, giving
the complex its unique saddlelike projection. The similarities
in architecture among these divergent proteases suggests that
the structure itself is integral to the proper biological and
biochemical activities that they perform.

This paper has shown that ClpA and ClpP form a very
tight complex in the presence of ATP, that the complex has

a defined stoichiometry of the oligomeric forms of ClpA and
ClpP, and that the requirements for complex formation
correlate with those for expression of enzymatic activity.
Each homooligomer, as well as the 1:1 and 2:1 ClpAP
complexes, behaves as discrete molecular species in solution,
suggesting that interactions are very strong and the molecular
species described are stable. Thus, the active form of ClpAP
protease appears to be the complex of the oligomeric forms
of ClpA and ClpP. In a separate study, we have obtained
evidence that exchange of components from the various
oligomers is very slow on the time scale of ATP hydrolysis
and protein degradation and that these oligomers remain
assembled during multiple catalytic cycles (S. K. Singh and
M. R. Maurizi, unpublished results). The assembly and
disassembly pathways found in vitro and the activities of
the individual species are shown in Scheme 1.

The proteolytic active sites of Clp protease reside on ClpP,
an oligomer of identical subunits arranged in two superim-
posed rings. ClpP alone has no proteolytic activity against
high molecular weight substrates but can rapidly degrade
proteins in the presence of ClpA and ATP (12, 18, 20, 21,
32). ClpA has been shown to have an ATP-dependent
chaperonelike activity (18), and this activity may be required
to partially unfold protein substrates to make them more
susceptible to proteolysis by ClpP. Crystallographic analysis
of ClpP has shown that ClpP resembles the 20S proteasome
to the extent that the active sites are located in an aqueous
cavity formed by the junction of the two proteolytic rings.
Entry to the proteolytic core appears to be restricted to rather
small axial channels (<15 Å in diameter). Protein substrates
would need to be in an extended conformation to pass
through the channels and reach the active sites. The structure
of ClpAP suggests that access to the openings of the axial
channels in ClpP is further limited by the binding of the ClpA
to each face of ClpP, requiring that protein substrates interact
with ClpA before being transferred to ClpP. Another
function of ATP hydrolysis by ClpA would be to promote
translocation of the unfolded substrate.

ATPase activity is not required for formation of ClpA
hexamers. Therefore, binding of either ATP or specific
nonhydrolyzable analogues of ATP must promote confor-
mational changes in ClpA required for self-association.
These conformational changes and others that occur upon
hexamer formation in turn produce a form of ClpA that can
interact strongly with ClpP. In contrast, ATP hydrolysis was
required for assembly of the 26S proteasome (40). It is not
clear whether assembly of the 26S proteasome has an energy
requirement that is absent for assembly of ClpAP or whether
this difference reflects unique conformational responses to
binding of nucleotide analogues. ClpA, for example, requires
20-fold higher concentrations of AMPPNP than ATPγS for
hexamer formation (data not shown).

FIGURE 7: Concentration dependence for ClpA and ClpP for casein
degradation. Casein degradation by ClpAP was assayed at 37 °C
in standard assay mixtures with 4 mM ATP. Two sets of assays
were performed with one component held constant and the other
varied. Free concentrations of ClpA and ClpP were calculated
assuming a 1:1 stoichiometry of the oligomers in the active complex
(see text) and a direct proportionality between activity and complex
formation.

Scheme 1
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The association steps are sensitive to salt concentration,
leading to a decrease in the amount of hexamer particularly
at high salt concentrations. This suggests that the interfaces
between the subunits involve salt-sensitive interactions. The
formation of hexamer is significantly slowed at lower
temperatures (10 °C), and it appears that particularly the

second, slower stage of the assembly reaction, the decay of
tetramers to form hexamers, is affected.

Association of ClpA Rings with the ClpP Proteolytic
Cylinder. To build the active chaperone-protease complex,
the nucleotide binding-induced ClpA hexamers have to
associate with the ClpP double ring. As demonstrated by
comparison of the hexamerization time courses with the time
traces for ClpA-ClpP association, ClpA hexamerization is
kinetically limiting. This indicates that hexamerization is a
prerequisite for association with ClpP. ClpA rings that have
assembled into hexamers in the presence of ATPγS and
MgCl2 associate with the ClpP double ring with kinetics that
are highly dependent on the ClpA hexamer concentration
(Figure 8). The individual fluorescence time courses display
at the early time points a mildly sigmoidal shape indicative
of cooperative behavior. The very elegant yet simple model
for cooperativity proposed in 1965 by Monod, Wyman, and
Changeux (MWC model) can be applied to account for the
behavior we observe for ClpA association to ClpP (21). The
ClpP cylinder is proposed to adopt two conformations that
coexist in solution, termed PR and PT, the interconversion
of which is described by the equilibrium constant L with
the forward and reverse rate constants kc and k-c, respec-
tively. The two conformations should display markedly
different affinities for the ClpA hexamer. Interestingly, the
high-resolution X-ray structure of ClpP shows alternative
conformations for a loop in the mature N-terminus located

FIGURE 10: Model of the ClpA assembly pathway and ClpAP complex formation. (a) The ClpA monomer-dimer equilibrium is present
in the absence of ATP and Mg2+. When ATP and Mg2+ bind, the monomer-dimer equilibrium is defined by altered forward and reverse
rate constants, k1 and k-1, respectively. A tetramer forms as a transient intermediate (k2 and k-2), which then binds another dimer to form
the hexamer (k3 and k-3). (b) Binding of ClpA6 to ClpP14 occurs after the hexamerization process. The ClpP cylinder adopts two conformations
that coexist in solution (PR and PT). The interconversion of both is described by the equilibrium constant L. In this model, only PR can
associate with ClpA (ka) while PT cannot. The indicated kinetic parameters were obtained by numerical fitting of the experimental data to
the presented models.

FIGURE 11: Berkeley Madonna simulation of ClpA hexamerization.
The assembly process of ClpA was simulated using the rate
constants obtained from the numerical fit. The increasing ClpA
concentrations are indicated by a gray to black gradient. The ClpA
tetramer is transiently formed and binds a ClpA dimer, giving the
ClpA hexamer. The overall hexamerization process is completed
after approximately 1 min at the highest ClpA concentration (2
µM ClpA6). The y-axis shows the fraction of the total amount of
ClpA monomers that is present in tetramers (4[T]/[M]total) or
hexamers (6[H]/[M]total).
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Conclusion_2
• An intermediate might 

probably exist with the 
assembly of hexameric 
ClpA;  

• In the presence of ATP, 
ClpA formed a putative 
tetramer without Mg2+; 
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The association steps are sensitive to salt concentration,
leading to a decrease in the amount of hexamer particularly
at high salt concentrations. This suggests that the interfaces
between the subunits involve salt-sensitive interactions. The
formation of hexamer is significantly slowed at lower
temperatures (10 °C), and it appears that particularly the

second, slower stage of the assembly reaction, the decay of
tetramers to form hexamers, is affected.

Association of ClpA Rings with the ClpP Proteolytic
Cylinder. To build the active chaperone-protease complex,
the nucleotide binding-induced ClpA hexamers have to
associate with the ClpP double ring. As demonstrated by
comparison of the hexamerization time courses with the time
traces for ClpA-ClpP association, ClpA hexamerization is
kinetically limiting. This indicates that hexamerization is a
prerequisite for association with ClpP. ClpA rings that have
assembled into hexamers in the presence of ATPγS and
MgCl2 associate with the ClpP double ring with kinetics that
are highly dependent on the ClpA hexamer concentration
(Figure 8). The individual fluorescence time courses display
at the early time points a mildly sigmoidal shape indicative
of cooperative behavior. The very elegant yet simple model
for cooperativity proposed in 1965 by Monod, Wyman, and
Changeux (MWC model) can be applied to account for the
behavior we observe for ClpA association to ClpP (21). The
ClpP cylinder is proposed to adopt two conformations that
coexist in solution, termed PR and PT, the interconversion
of which is described by the equilibrium constant L with
the forward and reverse rate constants kc and k-c, respec-
tively. The two conformations should display markedly
different affinities for the ClpA hexamer. Interestingly, the
high-resolution X-ray structure of ClpP shows alternative
conformations for a loop in the mature N-terminus located

FIGURE 10: Model of the ClpA assembly pathway and ClpAP complex formation. (a) The ClpA monomer-dimer equilibrium is present
in the absence of ATP and Mg2+. When ATP and Mg2+ bind, the monomer-dimer equilibrium is defined by altered forward and reverse
rate constants, k1 and k-1, respectively. A tetramer forms as a transient intermediate (k2 and k-2), which then binds another dimer to form
the hexamer (k3 and k-3). (b) Binding of ClpA6 to ClpP14 occurs after the hexamerization process. The ClpP cylinder adopts two conformations
that coexist in solution (PR and PT). The interconversion of both is described by the equilibrium constant L. In this model, only PR can
associate with ClpA (ka) while PT cannot. The indicated kinetic parameters were obtained by numerical fitting of the experimental data to
the presented models.

FIGURE 11: Berkeley Madonna simulation of ClpA hexamerization.
The assembly process of ClpA was simulated using the rate
constants obtained from the numerical fit. The increasing ClpA
concentrations are indicated by a gray to black gradient. The ClpA
tetramer is transiently formed and binds a ClpA dimer, giving the
ClpA hexamer. The overall hexamerization process is completed
after approximately 1 min at the highest ClpA concentration (2
µM ClpA6). The y-axis shows the fraction of the total amount of
ClpA monomers that is present in tetramers (4[T]/[M]total) or
hexamers (6[H]/[M]total).
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ClpAPA was observed 
in excess of ClpA, but 
both ClpAP and ClpAPA 
were observed even in 
excess of ClpP!
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• How to obtain the ClpAP rather than a mixture of 
ClpAP and ClpAPA?
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• To address the first question, a proposal was to 
build an asymmetric ClpP that only binds ClpA at 
only one end. 
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Figures 1 and 5B). Data obtained in several independent
experiments gave an average sedimentation coefficient of
12.2 S. A translational diffusion coefficient (D20,w) of (3.6
( 0.2) × 10-7 cm2/s was obtained from sedimentation data
and from low-speed boundary spreading analysis. The
molecular weight for ClpP calculated from these data by use
of the Svedberg equation was 300 000 (Table 1). Similar
analyses of proClpP(SA) (s20,w ) 13.2 S and D20,w ) 3.7 ×
10-7 cm2/s) gave a calculated molecular weight of 312 000
(Table 1).

Dissociation of ClpP into Single Rings. The aberrant
mobility of ClpP on silica columns and on Superose 6
columns may have been caused by two factors: interaction
of ClpP with those matrixes and partial separation of the
two ClpP rings. When run over gel-filtration columns in
the presence of high concentrations (g0.1 M) of sulfate at
e4 °C, ClpP migrated as expected for a protein half the size
of native tetradecamer, whereas under identical conditions
but at room temperature, ClpP migrated as expected for the
tetradecamer (Figure 4). Sedimentation velocity analysis of
ClpP at 4 °C in the presence of sulfate revealed a species
with s20,w ) 7.9 (Figure 5A and Table 1), very close to the
value of 7.7 predicted for a molecule half the size of native
ClpP. Electron micrographs of the apparent half-ClpP
molecules showed rings that were very similar to those of
native ClpP, although the images appeared to have lower
intensity (inset, Figure 4). Symmetry analysis and averaging
of the half-ClpP images indicated a clear 7-fold symmetry.
Thus, the combination of low temperature and high concen-
trations of anions causes the rings of ClpP to separate without
disrupting the intersubunit contacts within the rings.

Half-ClpP molecules were stable for 1-2 days at 0-4 °C
and migrated identically when reapplied to the gel-filtration
column under the same conditions. However, if the separated
rings are allowed to warm to 20 °C, the s20,w measured by
sedimentation velocity analysis was 12.2 S, corresponding
to the native tetradecamer (Figure 5B and Table 1). Thus,
separated ClpP rings remain competent to reassociate to form
the native tetradecamer. ClpP treated with sulfate at 4 °C
also retained the ability to express peptidase activity against

succinyl-Leu-Tyr-(aminomethyl)coumarin when assayed at
37 °C in the normal assay buffer or in the presence of sulfate
(data not shown), although we cannot rule out that the
separated rings, despite the high dilution (<10 µg/mL),
reassociated under assay conditions.

Although ClpP stored in buffer with KCl dissociated
rapidly after treatment with 0.1 M sulfate at 4 °C (Figure
4), dissociation was somewhat slower for ClpP that had been
exposed to sulfate at 20 °C and then cooled. Figure 5C
shows that, when ClpP in sulfate at 20 °C was cooled to 4
°C for less than 1 h, two separate species could be detected
by sedimentation velocity analysis. About 75% of the
mixture gave a calculated s20,w close to that expected for
heptameric ClpP and the remainder corresponded to the
tetradecamer. (Note that no temperature correction was
applied for the sedimentation coefficients listed on the axes
in Figure 5.)

Analysis of the Complexes between ClpA and ClpP. ClpA
and ClpP do not interact tightly in the absence of ATP and
Mg (20, 21, 30). Sedimentation velocity experiments using
schlieren optics was used to show the formation of complexes
between ClpA and ClpP in the presence of ATPγS and Mg
(Figure 1). In the absence of ATPγS, ClpA and ClpP sep-

FIGURE 4: Isolation of half-ClpP by gel filtration. ClpP (100 µL
of 3.5 mg/mL in buffer B plus 0.3 M KCl and 1 mM DTT) was
run over a Superdex 200 column (1 × 30 cm) at 4 °C in either 50
mM Tris-HCl, pH 7.5, with 0.2 M KCl (dotted line) or 20 mM
sodium phosphate, pH 7.2, with 0.1 M sodium sulfate (solid line).
(Inset) Portion of an electron micrograph of negatively stained half-
ClpP, with an inset showing an averaged image (∼11 nm diameter)
obtained from 200 particles.

FIGURE 5: Sedimentation of ClpP in the presence of sulfate. ClpP
(≈3.5 mg/mL) was run over a Superose 200 column in 0.1 M
sodium sulfate in 20 mM sodium phosphate buffer, pH 7.2, at 4
°C. The ClpP, which migrated in the position expected for
molecules with half the native size, was subjected to sedimentation
velocity analysis in the XL-A centrifuge at 52 000 rpm. (A)
Sedimentation was at 5 °C and care was taken to keep the ClpP
(1.5 mg/mL)e5 °C at all times. (B) ClpP (1.3 mg/mL) was warmed
to 20 °C before ultracentrifugation at 20 °C. (C) The sample from
panel B was rerun within 1 h after the cell and rotor were cooled
to 5 °C. Results illustrated in each panel are from two late
concentration profiles (3 averages/scan) having harmonic sedimen-
tation times of 60 (panel B) and 38 min (panels A and C). The
solid lines show the apparent distribution functions g(s*) vs
sedimentation coefficient in Svedberg units (44). The dotted lines
show single Gaussian fits in panels A and B and a two-Gaussian
fit in panel C. Observed sedimentation coefficients of solutes are
given by s* values at the maxima.
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Essential Background
Sedimentation coefficient 
obtained from sedimentation 
velocity experiments!

Buffer: 20mM Na3PO4 pH7.2, 0.1M Na2SO4!

• A. Sedimentation at 5℃ will obtain 
particles with low sedimentation 
coefficient indicating a monolayer 
of heptameric ClpP;  

• B. Sedimentation at 20℃ will 
obtain particles with high 
sedimentation coefficient, 
indicating a double layer of 
heptameric ClpP;

ClpP half particle!
5℃

ClpP full particle!
20℃
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Figures 1 and 5B). Data obtained in several independent
experiments gave an average sedimentation coefficient of
12.2 S. A translational diffusion coefficient (D20,w) of (3.6
( 0.2) × 10-7 cm2/s was obtained from sedimentation data
and from low-speed boundary spreading analysis. The
molecular weight for ClpP calculated from these data by use
of the Svedberg equation was 300 000 (Table 1). Similar
analyses of proClpP(SA) (s20,w ) 13.2 S and D20,w ) 3.7 ×
10-7 cm2/s) gave a calculated molecular weight of 312 000
(Table 1).

Dissociation of ClpP into Single Rings. The aberrant
mobility of ClpP on silica columns and on Superose 6
columns may have been caused by two factors: interaction
of ClpP with those matrixes and partial separation of the
two ClpP rings. When run over gel-filtration columns in
the presence of high concentrations (g0.1 M) of sulfate at
e4 °C, ClpP migrated as expected for a protein half the size
of native tetradecamer, whereas under identical conditions
but at room temperature, ClpP migrated as expected for the
tetradecamer (Figure 4). Sedimentation velocity analysis of
ClpP at 4 °C in the presence of sulfate revealed a species
with s20,w ) 7.9 (Figure 5A and Table 1), very close to the
value of 7.7 predicted for a molecule half the size of native
ClpP. Electron micrographs of the apparent half-ClpP
molecules showed rings that were very similar to those of
native ClpP, although the images appeared to have lower
intensity (inset, Figure 4). Symmetry analysis and averaging
of the half-ClpP images indicated a clear 7-fold symmetry.
Thus, the combination of low temperature and high concen-
trations of anions causes the rings of ClpP to separate without
disrupting the intersubunit contacts within the rings.

Half-ClpP molecules were stable for 1-2 days at 0-4 °C
and migrated identically when reapplied to the gel-filtration
column under the same conditions. However, if the separated
rings are allowed to warm to 20 °C, the s20,w measured by
sedimentation velocity analysis was 12.2 S, corresponding
to the native tetradecamer (Figure 5B and Table 1). Thus,
separated ClpP rings remain competent to reassociate to form
the native tetradecamer. ClpP treated with sulfate at 4 °C
also retained the ability to express peptidase activity against

succinyl-Leu-Tyr-(aminomethyl)coumarin when assayed at
37 °C in the normal assay buffer or in the presence of sulfate
(data not shown), although we cannot rule out that the
separated rings, despite the high dilution (<10 µg/mL),
reassociated under assay conditions.

Although ClpP stored in buffer with KCl dissociated
rapidly after treatment with 0.1 M sulfate at 4 °C (Figure
4), dissociation was somewhat slower for ClpP that had been
exposed to sulfate at 20 °C and then cooled. Figure 5C
shows that, when ClpP in sulfate at 20 °C was cooled to 4
°C for less than 1 h, two separate species could be detected
by sedimentation velocity analysis. About 75% of the
mixture gave a calculated s20,w close to that expected for
heptameric ClpP and the remainder corresponded to the
tetradecamer. (Note that no temperature correction was
applied for the sedimentation coefficients listed on the axes
in Figure 5.)

Analysis of the Complexes between ClpA and ClpP. ClpA
and ClpP do not interact tightly in the absence of ATP and
Mg (20, 21, 30). Sedimentation velocity experiments using
schlieren optics was used to show the formation of complexes
between ClpA and ClpP in the presence of ATPγS and Mg
(Figure 1). In the absence of ATPγS, ClpA and ClpP sep-

FIGURE 4: Isolation of half-ClpP by gel filtration. ClpP (100 µL
of 3.5 mg/mL in buffer B plus 0.3 M KCl and 1 mM DTT) was
run over a Superdex 200 column (1 × 30 cm) at 4 °C in either 50
mM Tris-HCl, pH 7.5, with 0.2 M KCl (dotted line) or 20 mM
sodium phosphate, pH 7.2, with 0.1 M sodium sulfate (solid line).
(Inset) Portion of an electron micrograph of negatively stained half-
ClpP, with an inset showing an averaged image (∼11 nm diameter)
obtained from 200 particles.

FIGURE 5: Sedimentation of ClpP in the presence of sulfate. ClpP
(≈3.5 mg/mL) was run over a Superose 200 column in 0.1 M
sodium sulfate in 20 mM sodium phosphate buffer, pH 7.2, at 4
°C. The ClpP, which migrated in the position expected for
molecules with half the native size, was subjected to sedimentation
velocity analysis in the XL-A centrifuge at 52 000 rpm. (A)
Sedimentation was at 5 °C and care was taken to keep the ClpP
(1.5 mg/mL)e5 °C at all times. (B) ClpP (1.3 mg/mL) was warmed
to 20 °C before ultracentrifugation at 20 °C. (C) The sample from
panel B was rerun within 1 h after the cell and rotor were cooled
to 5 °C. Results illustrated in each panel are from two late
concentration profiles (3 averages/scan) having harmonic sedimen-
tation times of 60 (panel B) and 38 min (panels A and C). The
solid lines show the apparent distribution functions g(s*) vs
sedimentation coefficient in Svedberg units (44). The dotted lines
show single Gaussian fits in panels A and B and a two-Gaussian
fit in panel C. Observed sedimentation coefficients of solutes are
given by s* values at the maxima.
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Essential Background
Sedimentation coefficient 
obtained from sedimentation 
velocity experiments!

Buffer: 20mM Na3PO4 pH7.2, 0.1M Na2SO4!

• Indicating that ClpP double-
layered full particle can 
dissociate into mono-layered 
half particle under specific 
buffer and experiment 
conditions. 

ClpP half particle!
5℃

ClpP full particle!
20℃

29 Ann Ginsburg, Biochemistry 1998, 37, 7778-7786
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conformational state exists. However, several lines of evi-
dence provide important clues to possible modes of interac-
tion of ClpP with its cognate ATPases. For example, in the
recent structure of the 20S proteasome in complex with its
non-ATPase regulator, PA26, the exposed loop formed by
the N-termini of the outer !-subunits in the proteasome
interacts with PA26 and pulls the remainder of the largely
disordered N-termini out of the pore into a large chamber
formed in PA26 (Whitby et al., 2000). Removing the
N-terminal residues from the pore region in the proteasome
opens the access pores and the authors speculate that this
may promote the egress of products. The interacting loop
in the proteasome is analogous to the surface exposed resi-
dues 10–15 in the ‘up’ conformation in ClpP that has been

shown here and elsewhere contributes signiWcantly to the
stability of the ClpAP complex. However, unlike the 20S
proteasome–PA26 complex, the N-termini in ClpP are
unlikely to be pulled out of the access channel into the
ClpA ATPase, since EM studies of ClpAP complexes
formed with unprocessed ClpP indicate that the propep-
tides (196 residues in total) occupy the proteolytic chamber,
blocking the translocation of substrates (Ishikawa et al.,
2001). This observation is diYcult to reconcile with a model
in which residue 2 of the N-terminus is out of the pore and
interacting with the ATPase subunits. In addition, the
geometry of the ATPase subunits is distinctly diVerent to
the open chamber in PA26: the putative substrate channel
in the ATPase complexes is narrow therefore extension of
even a single N-termini of ClpP into this channel would
eVectively block it, preventing substrate passage (Sousa
et al., 2000; Wang et al., 2001). By extension, it is also
unlikely that regions in the ATPase structure project into
the substrate pore in ClpP to contact buried regions of the
N-termini, since this pore is an equivalent size.

If the Wrst 20 residues are not pulled out of the molecule
to make direct contacts with the ATPase complex, why are
the V6A, I7A, D18A, I19A, and Y20A ClpP variants
unable to form stable ClpAP complexes? The structure of
the V6A variant provides one potential answer to this

Fig. 5. The most deleterious mutations lie within the inner surface of the
pore of ring-1. Symmetrized model of ClpP where the monomer of chain
B was rotated onto the positions of chain A, D–G, respectively. Chain C is
shown as it exists in the crystal structure. Space Wlling representation of
ClpP with residues 1–20 colored according to the kinetic data in Table 2.
Red represents inactive variants, orange represents a 5000- to 10 000-fold
decrease in Kapp values, yellow represents a 400- to 1500-fold reduction in
ClpA binding, and green represents wild type-like activity. Residues 21–
193 are colored white. (A) A top-view of the ClpP heptamer. The top of
the pore is lined with residues (T10, R12, and R15) that have signiWcant
eVects on ClpA binding. (B) Side view of four of the ClpP monomers. The
central pore contains a ring of residues that abrogate ClpA binding, pro-
tected from solution by a layer of residues that have little or no eVect upon
ClpA binding.

Fig. 6. Phe17 has a diVerent rotomer conformation in the structure of the
V6A variant compared to that of the wild type. Ribbon diagram for the
ClpP monomer. Residues 25–193 are colored in gray and the amino termi-
nal 24 residues, where visible in the electron density, are colored according
to their structure. Representative conformations of the wild type protein,
corresponding to the up and down conformations, are colored green and
blue, respectively. The conformations of the loops in the structures of V6A
and V6A + D171A superimpose and are colored in red. In each case, the
location of F17 is shown in a ball-and-stick representation. This Wgure
was drawn using Bobscript (Esnouf, 1991) and Raster3D (Merritt and
Bacon, 1997).

Essential Background
ClpP V6A, a mutant inefficient 
in binding hexeric ClpA!

• Phe17 has a different rotomer 
conformation in the structure 
of the V6A variant compared 
to that of the wild type

Journal of Structural Biology 2006,153;113–128
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Buffers and Assembly of ClpP
• Ionic strength: in absence of glycerol salt concentrations 

higher than 0.3M KCl destabilized the ring-ring 
interaction of ClpP, while the full particle of ClpP stayed 
intact with less than 0.3M KCl in buffer.  

• Glycerol: with 15% glycerol even extremely high 
concentrations of salt(>2M KCl) did not disturb the ring-
ring interaction of ClpP.  

• When re-associated, the enzymatic activity was reverted 
with no significant alteration, indicating a reversible 
transformation. 

Weberban ,Structure 2009, 17; 508-51631



consequences of having symmetrically built complexes. The two
studies investigating the activity of ClpP with either one or two
ClpA or ClpX bound showed contradictory results (Maurizi
et al., 1998; Ortega et al., 2002). A study on ClpAP observed
no increase in casein degradation when a second chaperone
was bound to the complex (Maurizi et al., 1998). In contrast, an
analogous investigation with ClpXP indicated that the presence
of the second chaperone makes the complex twice as active
(Ortega et al., 2002).
Because there is cooperativity in the formation of 2:1 ClpAP

complexes (Kress et al., 2007), symmetric 2:1 ClpAP particles
will be preferentially formed even when mixing ClpA and ClpP
in a 1:1 ratio. This makes it difficult to obtain and analyze the
behavior of a homogeneous population of 1:1 or 2:1 ClpAP
complexes by mixing ClpA and ClpP in different ratios. There-

fore, to study the effects of two chaperone molecules bound to
ClpP, compared to just one ClpA or ClpX bound, we generated
an asymmetric ClpP particle capable of binding only one ClpA
or ClpX chaperone yielding only 1:1 ClpAP or ClpXP complexes.
Furthermore, the importance of symmetry of the ClpP particle
was investigated by generating ClpP double rings in which only
one ring was proteolysis competent. Our results demonstrate
that two 1:1 ClpAP and ClpXP complexes are necessary to
replace single 2:1 ClpAP or ClpXP assemblies. Furthermore,
the ClpP particle was found to adopt two states corresponding
to a proteolysis-active and an -inactive form, facilitated by
allosteric signals across the ring-ring interface, enabling the
whole ClpP particle to adopt the same conformational state in
both rings.

RESULTS

Formation of ClpP Cylinders Composed of TwoDifferent
Rings by Controlled Dissociation and Reassociation
ClpP consists of two back-to-back stacked heptameric rings,
enabling it to interact either with two ClpA or with two ClpX
chaperone rings. These ClpP double rings can be dissociated
into single rings by a change in ionic strength and temperature
without disrupting the intersubunit contacts within one ring
(Maurizi et al., 1998). The same study showed that the rings
can reassociate to form the stable 14-mer when conditions are
reverted. We carried out an extensive analysis of the conditions
important for dissociation and reassociation of ClpP rings. In
addition to ionic strength, we identified glycerol as a crucial
component influencing double-ring stability. In the presence
of 15% glycerol, even extremely high concentrations of salt
(>2 M KCl) did not cause the rings to dissociate. In the absence
of glycerol, salt concentrations higher than 0.3 M KCl were
sufficient to significantly destabilize the ring-ring interactions.
At low ionic strength, that is, when ClpP double rings are stably
associated, the peptidase activity of ClpP is not affected by the
presence or absence of glycerol (data not shown).
Based on the influence of buffer conditions on the stability of

the ClpP ring-ring interaction, we developed a dissociation-
association methodology to generate ClpP cylinders composed
of two different rings (Figure 1A). By introducing a cleavable His
tag on one part of the ClpP population and after a round of ring
dissociation-association, we selectively isolated asymmetric
ClpP particles (ClpPasy) by His-tag affinity and anion-exchange
chromatography. The peptidase activity of ClpPasy was not
altered after rounds of dissociation and reassociation, and iso-
lated ClpPasy did not dissociate over an observation period of
several weeks if kept in the presence of 15%glycerol (see Exper-
imental Procedures).
This methodology was used to generate several ClpP particles

that are asymmetric across the ring-ring interface by combining
wild-type ClpP (ClpPwt), proteolytically inactive ClpP (ClpPinac)
(Maurizi, 1991), ClpP that is ClpA/X-binding incompetent but still
has full peptidase activity (ClpPV6A) (Bewley et al., 2006), as well
as the double variant that is neither proteolytically active nor
ClpA/X-binding competent (ClpPV6Ainac) (Figure 1B). For the
purpose of detecting association between ClpA and ClpP, we
also included a ClpP variant carrying a tryptophan residue

Figure 1. Preparation of Asymmetric ClpP Complexes
(A) His-tagged ClpP (gray ovals with black line denoting the His tag) and an

excess of ClpP particles without a tag (patterned ovals) first undergo a cycle

of ClpP double-ring dissociation and association. The formed asymmetric

ClpP complexes are then isolated by affinity- and anion-exchange chromatog-

raphy and the remaining His tags are cleaved off with TEV protease.

(B) Schematic representations of generated ClpP asymmetric particles in

complex with ClpA chaperone. Active ClpP rings (gray) or rings composed

of hydrolysis-inactive subunits (dark gray) are associated with ClpP rings

that, due to an N-terminal mutation (triangles), are incapable of interacting

with ClpA or ClpX chaperones.

Structure

ClpAP and ClpXP Architectural Symmetry
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Experiment Design
• 0.7M KCl in absence of 

glycerol to break the ring-ring 
interaction of both types of 
ClpP;  

• Buffer with 15% to promote 
formation of the full particle;  

• Ni IMAC to remove one type of 
symmetric ClpP;  

• Anion exchange to remove the 
other type of symmetric ClpP; 

symmetric symmetricasymmetric

V6A wild type

V6A
wild type
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14-10-17 ��12:58Recombinant Protein Detection and Analysis

Page 3 of 4http://www.kpl.com/catalog/categories.cfm?Catalog_ID=17&Category_ID=401

Direct detection of His-tagged proteins with nickel conjugates greatly speeds assay times. Western Blot protocols take only
2.5 hours, saving several hours over traditional antibody detection methods. Assay optimization is minimal when compared to
antibody methods that require optimization of multiple antibodies.

In addition to speed and ease-of-use, HisDetector products offer proven performance (Figure 2). Picogram level sensitivity in
Western blotting assays with very low background allows for specific detection of his-tagged proteins using either Nickel-HRP
or Nickel-AP conjugates.

Figure 2 and 3: His-tagged protein ladder (lanes a-e) and E. coli crude lysate containing His-tagged B-gal (lanes 1-3) were detected in Western Blot using
Nickel-HRP and Nickel-AP and corresponding chemiluminescent and colorimetric substrates.
 

Figure 2: Nickel-HRP        Figure 3: Nickel-AP

 

His-Tag and Ni chelating

• His-tag: typically 6 histidines 
in tandem to chelate the Ni ion 
which is immobilized on the 
medium like a column or 
beads, designed for protein 
purification. 

33
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consequences of having symmetrically built complexes. The two
studies investigating the activity of ClpP with either one or two
ClpA or ClpX bound showed contradictory results (Maurizi
et al., 1998; Ortega et al., 2002). A study on ClpAP observed
no increase in casein degradation when a second chaperone
was bound to the complex (Maurizi et al., 1998). In contrast, an
analogous investigation with ClpXP indicated that the presence
of the second chaperone makes the complex twice as active
(Ortega et al., 2002).
Because there is cooperativity in the formation of 2:1 ClpAP

complexes (Kress et al., 2007), symmetric 2:1 ClpAP particles
will be preferentially formed even when mixing ClpA and ClpP
in a 1:1 ratio. This makes it difficult to obtain and analyze the
behavior of a homogeneous population of 1:1 or 2:1 ClpAP
complexes by mixing ClpA and ClpP in different ratios. There-

fore, to study the effects of two chaperone molecules bound to
ClpP, compared to just one ClpA or ClpX bound, we generated
an asymmetric ClpP particle capable of binding only one ClpA
or ClpX chaperone yielding only 1:1 ClpAP or ClpXP complexes.
Furthermore, the importance of symmetry of the ClpP particle
was investigated by generating ClpP double rings in which only
one ring was proteolysis competent. Our results demonstrate
that two 1:1 ClpAP and ClpXP complexes are necessary to
replace single 2:1 ClpAP or ClpXP assemblies. Furthermore,
the ClpP particle was found to adopt two states corresponding
to a proteolysis-active and an -inactive form, facilitated by
allosteric signals across the ring-ring interface, enabling the
whole ClpP particle to adopt the same conformational state in
both rings.

RESULTS

Formation of ClpP Cylinders Composed of TwoDifferent
Rings by Controlled Dissociation and Reassociation
ClpP consists of two back-to-back stacked heptameric rings,
enabling it to interact either with two ClpA or with two ClpX
chaperone rings. These ClpP double rings can be dissociated
into single rings by a change in ionic strength and temperature
without disrupting the intersubunit contacts within one ring
(Maurizi et al., 1998). The same study showed that the rings
can reassociate to form the stable 14-mer when conditions are
reverted. We carried out an extensive analysis of the conditions
important for dissociation and reassociation of ClpP rings. In
addition to ionic strength, we identified glycerol as a crucial
component influencing double-ring stability. In the presence
of 15% glycerol, even extremely high concentrations of salt
(>2 M KCl) did not cause the rings to dissociate. In the absence
of glycerol, salt concentrations higher than 0.3 M KCl were
sufficient to significantly destabilize the ring-ring interactions.
At low ionic strength, that is, when ClpP double rings are stably
associated, the peptidase activity of ClpP is not affected by the
presence or absence of glycerol (data not shown).
Based on the influence of buffer conditions on the stability of

the ClpP ring-ring interaction, we developed a dissociation-
association methodology to generate ClpP cylinders composed
of two different rings (Figure 1A). By introducing a cleavable His
tag on one part of the ClpP population and after a round of ring
dissociation-association, we selectively isolated asymmetric
ClpP particles (ClpPasy) by His-tag affinity and anion-exchange
chromatography. The peptidase activity of ClpPasy was not
altered after rounds of dissociation and reassociation, and iso-
lated ClpPasy did not dissociate over an observation period of
several weeks if kept in the presence of 15%glycerol (see Exper-
imental Procedures).
This methodology was used to generate several ClpP particles

that are asymmetric across the ring-ring interface by combining
wild-type ClpP (ClpPwt), proteolytically inactive ClpP (ClpPinac)
(Maurizi, 1991), ClpP that is ClpA/X-binding incompetent but still
has full peptidase activity (ClpPV6A) (Bewley et al., 2006), as well
as the double variant that is neither proteolytically active nor
ClpA/X-binding competent (ClpPV6Ainac) (Figure 1B). For the
purpose of detecting association between ClpA and ClpP, we
also included a ClpP variant carrying a tryptophan residue

Figure 1. Preparation of Asymmetric ClpP Complexes
(A) His-tagged ClpP (gray ovals with black line denoting the His tag) and an

excess of ClpP particles without a tag (patterned ovals) first undergo a cycle

of ClpP double-ring dissociation and association. The formed asymmetric

ClpP complexes are then isolated by affinity- and anion-exchange chromatog-

raphy and the remaining His tags are cleaved off with TEV protease.

(B) Schematic representations of generated ClpP asymmetric particles in

complex with ClpA chaperone. Active ClpP rings (gray) or rings composed

of hydrolysis-inactive subunits (dark gray) are associated with ClpP rings

that, due to an N-terminal mutation (triangles), are incapable of interacting

with ClpA or ClpX chaperones.
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Experiment Design
• 0.7M KCl in absence of 

glycerol to break the ring-ring 
interaction of both types of 
ClpP;  

• Buffer with 15% to promote 
formation of the full particle;  

• Ni IMAC to remove one type of 
symmetric ClpP;  

• Anion exchange to remove the 
other type of symmetric ClpP; 

symmetric symmetricasymmetric

V6A wild type

V6A
wild type

34 Weberban ,Structure 2009, 17; 508-516



(ClpPE14W) that reports on binding to the chaperone (Gribun
et al., 2005; Kress et al., 2007).

Combining ClpP(V6A/wt) and ClpP(wt/wt) with ClpA
or ClpX Enables Direct Comparison of 2:1 and 1:1 ClpAP
or ClpXP Complexes
We used a combination of methods to confirm the formation of
asymmetric ClpP particles that can associate only with one
ClpA or ClpX. Assembly of symmetric and asymmetric ClpAP
complexes was followed by recording light-scattering time
traces (Figure 2A). For both symmetric as well as asymmetric
ClpP particles, a 2-fold excess of ClpA rings over ClpP particles
was used. The 1:1 ClpAP complex is about 40% smaller than the
symmetric 2:1 ClpAP complex (0.8 MDa versus 1.3 MDa).
Consistent with formation of a 1:1 complex rather than a 2:1
particle, the trace corresponding to ClpP(V6A/wt) (Figure 2A,
red trace) gave a signal significantly lower compared to the trace
obtained with ClpP(wt/wt) (blue trace). A similar signal difference
was observed when excess amounts of ClpX were used (data
not shown). There was no signal increase when ClpP(V6A/V6A)
was mixed with ClpA under the same conditions (black trace).

We also visualized ClpP(wt/wt) and ClpP(V6A/wt) in the
presence of excess amounts of ClpA using electron microscopy
(EM) (Figure 2B). ClpP(wt/wt) formed symmetric 2:1 complexes
with ClpA, whereas ClpP(V6A/wt) formed only 1:1 complexes.
All other generated asymmetric complexes also formed only
1:1 complexes when mixed with excess amounts of ClpA (data
not shown). In electron micrographs, 2:1 ClpAP complexes are
present predominantly as side views. In contrast, 1:1 complexes

Figure 2. Asymmetric ClpP(V6A/wt) Forms
1:1 ClpAP Complexes in the Presence
of ClpA
(A) The increase in scattered light intensity moni-

tored after rapid mixing of 0.1 mM ClpP(wt/wt)

(blue trace), ClpP(V6A/wt) (red trace), or

ClpP(V6A/V6A) (black trace) with 0.2 mM preas-

sembled ClpA molecules.

(B) Negative-stain electron microscopy images of

ClpP(V6A/wt) (upper panel) and ClpP(wt/wt) (lower

panel) in the presence of excess amounts of ClpA.

(C) The oligomeric state of ClpP(V6A/wt) mixed

with ClpA in a 1:1 ratio (red line) or of wild-type

ClpP mixed with ClpA in a 1:1 (dashed blue line)

or 2:1 ratio (solid blue line) analyzed by analytical

gel filtration.

(D) The time course assembly of 2:1 or 1:1 ClpAP

complexes monitored by rapid mixing of 0.1 mM

ClpP(E14W/E14W) (blue trace) or 0.2 mM

ClpP(V6A/E14W) (red trace) with 0.2 mM ClpA

(Wfree), a tryptophan-free ClpA variant.

are present in side views as well as top
views, making it difficult to assess
whether all ClpP and ClpA associated to
form 1:1 ClpAP.
To determine the homogeneity of the

assembled complexes, we performed
analytical gel-filtration chromatography
(Figure 2C). ClpA andClpP(wt/wt) applied
in a 2:1 ratio on a Superose 6 PC gel-

filtration column formed predominantly 2:1 ClpAP particles
(blue line). ClpA mixed with equimolar amounts of ClpP(V6A/wt)
resulted in predominantly 1:1 ClpAP complexes (red line),
whereas ClpP(wt/wt) under the same conditions resulted in
a mixture of 2:1 and 1:1 ClpAP complexes together with
unbound ClpP particles (dashed blue line).
A tryptophan-free variant of ClpA and a ClpP variant with an

engineered tryptophan were used to follow the association of
ClpA with ClpP by fluorescence (Kress et al., 2007). We tested
association of ClpP that can bind two ClpA rings and of ClpP
that can only bind one ClpA ring in a stopped-flow fluorescence
device (Figure 2D). To keep the number of binding sites constant,
two times higher amounts of asymmetric ClpP(V6A/E14W) were
used than of ClpP(wt/wt). There is an overlay of association time
traces obtained with the symmetric Clp(E14W/E14W) particle
uponmixing with ClpA (Figure 2D, blue trace) and those obtained
with the asymmetric ClpP(V6A/E14W) particle that can bind ClpA
from only one side (red trace). The mild cooperativity observed
for wild-type ClpAP complex formation (Kress et al., 2007) influ-
ences the ratio of 2:1 versus 1:1 ClpAP complexes formed, but
not the overall association kinetics observed here. Identical
kinetics of 2:1 and 1:1 ClpAP association enabled us to directly
compare substrate processing by these two complexes.

One 2:1 ClpAP/XP Is Equivalent to Two 1:1 ClpAP/XP
Complexes in Substrate Degradation under
Steady-State Conditions
To test for possible benefits of having symmetrically built
complexes with two ClpA or ClpX rings bound to one ClpP

Structure

ClpAP and ClpXP Architectural Symmetry
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Conclusion_3

• Buffer conditions could be designed to manipulate 
the self-assembly of your target protein complex or 
protein machinery. 

36



Part 2: Discussion
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Assembly of ClpA
Commonly used Buffer: Tris/HEPES pH7.5, <0.3M KCl, 10-15% Glycerol; !

• ClpA in absence of ATPƔS and Mg2+: Equilibrium of monomer and 
dimer;  

• ClpA with ATPƔS in absence of Mg2+: Intermediate as an 
equilibrium of tetramer;  

• ClpA in presence of ATPƔS and Mg2+: Hexamer;  

Buffer Preference: pH7.5, low ionic strength and additives like 
glycerol, ATPƔS and Mg2+
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Buffers
Buffer=Buffering agent+Ionic Compounds+Additives!

• Buffering agent: Tris, HEPES, PBS, to maintain a stable pH;  

• Ionic Compounds: NaCl, KCl, to keep an appropriate ionic 
strength;  

• Additives: Co-factors, to stabilize the proteins and Glycerol, to 
keep hydrophobicity for the buffer; 
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Buffers and Proteins
Protein-Protein Interaction and Protein Aggregation!

• pH: charge distribution on the surface of proteins;  

• Ionic Strength: charge-charge interaction and ion 
preference(e.g. Na or K);  

• Co-factors: protein conformation and protein stability;  

• Additives: hydrophobicity and other properties of 
buffer
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Proteins in Buffers

• Proteins might possibly adopt different 
conformations or an equilibrium/distribution of 
conformations in a specific buffer conditions; 
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Buffers in Use
• Purification: stabilize your target proteins while 

disrupt the protein-protein interaction between 
impurities;  

• Assay: maintain the best conformation for 
interaction or enzymatic activities;  

• Crystallization: Keep proteins “distributed” in a 
uniformly homogenous conformation; 
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Take-Home Message

• Buffers always matters and sometimes the solution 
is your solution!
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Thank You!
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