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ClpA isaring-shaped hexameric chaperone that binds to both
ends of the protease ClpP and catalyzes the ATP-dependent
unfolding and translocation of substrate proteins through its
central pore into the ClIpP cylinder. Here we study the relevance
of ATP hydrolysis in the two ATPase domains of ClpA. We
designed ClpA Walker B variants lacking ATPase activity in the
first (D1) or the second ATPase domain (D2) without impairing
ATP binding. We found that the two ATPase domains of CIpA
operate independently even in the presence of the protease ClpP
or the adaptor protein ClpS. Notably, ATP hydrolysis in the first
ATPase module is sufficient to process a small, single domain
protein of low stability. Substrate proteins of moderate local
stability were efficiently processed when D1 was inactivated.
However, ATP hydrolysis in both domains was required for effi-
ciently processing substrates of high local stability. Further-
more, we provide evidence for the ClpS-dependent directional
translocation of N-end rule substrates from the N to C terminus
and propose a mechanistic model for substrate handover from
the adaptor protein to the chaperone.

The chaperone ClpA is a member of the AAA™ protein fam-
ily (ATPase-associated with various cellular activities) and cat-
alyzes the energy-dependent degradation of proteins through
interaction with the protease ClpP in Escherichia coli (1-3).
Like many other AAA proteins (4), ClpA oligomerizes into a
ring structure, shaping a central pore through which substrate
proteins are routed into the proteolytic core ClpP. This process
involves unfolding and translocation of the substrate protein
and requires the consumption of ATP. AAA proteins can be
grouped into class I (two ATPase domains) and class II (one
ATPase domain) ATPases. The fact that some ATPases have
only one AAA module whereas others seem to require two
ATPase domains stimulated researchers to investigate the roles
and interdependence of the two ATP-binding modules in class
I AAA proteins like Hsp104 and ClpB (5-8). ClpA also features
two ATPase domains, termed D1 and D2. They are highly
homologous, but differences in the amino acid sequence
around the conserved regions in D1 and D2 suggested that they
might have a somewhat different function (9). As was shown for
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several other class I members, ClpA assembles into its oligomeric
state only upon binding of nucleotide (10). Indeed, substituting the
invariant lysine in the Walker A motif demonstrated that nucleo-
tide binding to D1 triggers ClpA hexamerization, whereas ATP
turnover is mainly catalyzed by D2 (11, 12). However, mutations in
the Walker A motif also abolish or drastically decrease the affinity
for ATP, making it impossible to distinguish between effects due to
ATP binding and those due to ATP hydrolysis.

To study the role of ATP hydrolysis in both ATPase domains
uncoupled from nucleotide binding events, we designed ClpA
Wealker B variants that lack the ability to hydrolyze ATP in
either D1 (CIpAE286A), D2 (CIpAE565A), or both domains
(CIpAE286A/E565A) but still bind ATP in both domains. This
allowed us to probe the function of ATP turnover in D1 inde-
pendent from ATP hydrolysis in D2, and vice versa, to reveal
whether ATP hydrolysis is allosterically coupled or whether ATP
consumption in D1 and D2 occurs nonconcomitantly. CIpA rec-
ognizes several classes of substrates. One example are the ssrA-
tagged proteins that carry an 11-amino acid tag that is added to
stalled nascent chains. This tag is recognized at the CIpA pore.

The substrate specificity of ClpA is modulated by an adaptor
protein, ClpS, that inhibits degradation of ssrA-tagged sub-
strates (13, 14) and simultaneously promotes processing of
N-end rule substrates (15—18). These substrates are recognized
due to their N-terminal amino acids followed by a flexible
stretch of amino acids, for example the FR in the model sub-
strate FRIi-GFP. We studied the influence of various substrate
proteins, ClpS-dependent or ClpS-independent, bearing an N-
or C-terminal degradation tag, on the ATPase and degradation
activity of ClpA harboring only one active ATPase domain. Fur-
thermore, we addressed the directionality of ClpS-mediated
N-end rule substrate processing. Taken together, this study
provides new mechanistic insights on how the two ATPase
domains of CIpA work together to unfold and translocate sub-
strate proteins into ClpP.

EXPERIMENTAL PROCEDURES

Cloning and Protein Purification—The mutated genes for
CIpAE286A, CIpAE565A and CIpAE286A/E565A, were gener-
ated by using the QuikChange protocol (Stratagene). The ssrA
tag (AANDENYALAA) was C-terminally linked to GFP? (GFP-
ssrA) (19) and A-repressor92C (A-repressor92C-ssrA) (20). A
truncated self-complemented FimA variant (FimAta) was
designed for recombinant production of stable monomeric

3 The abbreviations used are: GFP, green fluorescent protein; PDB, Protein
Data Bank; ATPvyS, adenosine 5'-O-(thiotriphosphate); eYFP, enhanced yel-
low fluorescent protein; DTT, dithiothreitol.
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FimA. The N-terminal donor strand (AATTVNGGTVHFK-
GEVVNA) of FimA was deleted to prevent self-polymerization
of FimA and C-terminally elongated by a short linker (Gly,)
followed by the donor strand (AATTVNGGTVHFKGE-
VVNA). The plasmid containing fimAta was kindly provided
by Prof. Rudolf Glockshuber. FimAta was fused N-terminally
to a His,-TEV tag (His,-ENLYFQ, where TEV is tobacco etch
virus protease cleavage site) and C-terminally extended by a
linker followed by the ssrA tag (GITHGMDELYKAANDEN-
YALAA), which yields His,-TEV-FimAta-li-ssrA. The His, -
EK-FRIi tag (His;,-DDDDKFRSKGEELVTGVSSGHIEGRH,
where EK is enterokinase cleavage site) was linked to the N
terminus of GFP (15) and T4 lysozyme. The His,-TEV-FRIi tag
was added N-terminally to the eYFP-linker-GFPuv construct
(Hisg-SGSENLYFQFRSKGEELVTGVSSGHIEGRH-eYFP-SP-
NGASESGSAPKTSSAPGS-GFPuv). All constructs were
verified by DNA sequencing. ClpA, ClpP, ClpS, and all ClpA
variants as well as all tagged model substrates (GFP-ssrA, Hisq-
TEV-FimAta-li-ssrA, A-repressor92C-ssrA, His,,-EK-FRIi-GFP
and His,-EK-FRIi-T4 lysozyme) were overproduced in E. coli
strain Rosetta (DE3) (Invitrogen) from plasmids harboring the
respective gene under control of the T7 promoter.

ClpP, ClpA, and all ClpA variants were purified as
described previously (21). ClpS was purified as established
by Dougan et al. (13). GFP-ssrA was purified by heat dena-
turation (30 min at 65 °C and GFP-ssrA remains soluble)
followed by ion exchange chromatography (Q-Sepharose
Fast Flow, Source30Q). A-repressor92C-ssrA was purified by
ion exchange chromatography (DEAE-Sephacel) before being
applied to a heparin-Sepharose column followed by size exclu-
sion chromatography (Superdex 75). His,-TEV-FimAta-li-ssrA
was purified as described previously (22) using chelating Ni**
chromatography instead of anion exchange chromatography as
the last step of purification. Correct folding of purified His,-
TEV-FimAta-li-ssrA was confirmed by circular dichroism
spectroscopy. Both N-end rule substrates (His, ,-EK-FRIi-GFP
and His,,-EK-FRIi-T4 lysozyme) were purified by chelating
Ni** chromatography. FRIi substrate was released from puri-
fied His,,-EK-FRIi substrate by enterokinase digestion using
the enterokinase cleavage capture kit (Novagen) according to
the manufacturer’s instructions. The His;, tag was subse-
quently removed by chelating Ni*>" chromatography. The His,-
TEV-EFRIi-eYFP-li-GFPuv construct was purified by heat dena-
turation (30 min at 60 °C). The soluble fraction was dialyzed
against 50 mm HEPES, pH 7.5, 0.3 M KCl, 15% glycerol (v/v), 2
mM EDTA, and a purity of ~90% was confirmed by SDS-PAGE.
FRIi-eYFP-li-GFPuv was released by incubating with recombi-
nant tobacco etch virus protease prior to the biochemical assay.

All proteins were stored in 50 mm HEPES, pH 7.5, 0.3 Mm KCl,
15% glycerol (v/v), and 2 mm EDTA. All purified protein con-
structs were verified by mass spectroscopy (Functional Genom-
ics Center, Zurich, Switzerland). Chromatographic materials
were purchased from GE Healthcare. Protein concentrations
were determined spectroscopically by measuring the absorp-
tion at 280 nm. The concentrations of GFP-ssrA, FRIi-GFP,
and FRli-eYFP-li-GFPuv were determined by measuring the
absorption at 447 nm in 0.1 M NaOH. All CIpA concentrations
refer to hexamer and ClpP concentrations to 14-mer.
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Analytical Gel Filtration—20 ul of 1.5 um CIpAP complex
(1.5 uwm ClpP, 3 um ClpA) preassembled for 1 hin 1 mm ATPvS
was applied onto a Superose 6PC (2.4 ml) gel filtration column
(Amersham Biosciences). The column was equilibrated in
buffer R (50 mm HEPES, pH 7.5, 0.3 m KCI, 15% glycerol (v/v),
20 mm MgCl,) and completed with 1 mm ATP+yS. Absorbance
was monitored at 227 nm. Accordingly, 20 ul of 1.5 um ClpP
was applied to the gel filtration column equilibrated in buffer R.
All experiments were performed at 23 °C.

Continuous Spectrophotometric ATPase Assay—The ATPase
activity was determined using a continuous spectrophotomet-
ric assay coupled to the release of inorganic phosphate using
7-methylinosine and purine nucleoside phosphorylase (23).
The depletion of 7-methylinosine was followed by monitor-
ing the absorption at 291 nm. For all steady-state measure-
ments the concentration of ClpA was 0.1 um. Accordingly,
0.05 uM ClpP and 0.6 um ClpS were used as indicated. Only
for the CIpAE565A variant was 0.5 uM used to record the
ATP saturation curve due to the low ATPase activity. The
reaction was started by adding 5 mm ATP, 1 mm 7-methyli-
nosine, and 1.5 units/ml purine nucleoside phosphorylase. All
measurements were carried out in buffer R completed with 0.5
mM DTT at 23°C in a Cary UV-visible spectrophotometer
(Varian). The ATPase activity of the CIpAP complex (0.1 um
ClpA and 0.05 um ClpP) was also measured in the presence of 3
M GFP-ssrA, 3 um FRIi-GFP (with 0.6 um ClpS), 30 um FRIi-
GFP, 6 um FRIi-T4 lysozyme (with 0.6 um ClpS), and 6 um
His,-TEV-FimAta-li-ssrA. All given ATPase rate constants k
(min ') refer to ClpA hexamer.

Labeling and Degradation of \-Repressor92C-ssrA—The
C-terminal cysteine of A-repressor92C-ssrA was selectively
labeled with the thiol-reactive fluorophore fluorescein 5-male-
imide (Invitrogen) as described previously by Reid et al. (20).
Degradation of ARep92C-ssrA-F was carried out at 23 °C in a
fluorescence spectrophotometer (Photon Technology Interna-
tional). 0.5 um ClpA, 0.25 um ClpP, and 6 um A-repressor92C-
ssrA-F were mixed with 5 mm ATP in buffer R completed with
80 mM phosphocreatine (Sigma), 10 units/ml creatine phos-
phokinase (Sigma), and 0.5 mm DTT. The excitation wave-
length was set to 495 nm, and emission was recorded at 515 nm.
The fluorescence intensity of the fluorescein moiety increases
upon protein degradation (24). The relative fluorescence
change (F,.; = F(t)/F; ;o) Was plotted over time.

Degradation of GFP-ssrA and FRIi-GFP—GFP degradation
was followed by monitoring the fluorescence intensity at 507
nm (excitation at 397 nm). All steady-state measurements were
carried out in a fluorescence spectrometer (Photon Technology
International) in buffer R completed with 50 mm phosphocre-
atine (Sigma), 10 units/ml creatine phosphokinase (Sigma), and
0.5 mm DTT at 23 °C. Degradation of GFP was initiated by
mixing 0.5 um ClpA, 0.25 um ClpP, and 6 um GFP (FRIi-GFP or
GFP-ssrA) with 5 mm ATP. FRIi-GFP degradation was meas-
ured in the presence of 3 um ClpS. Single-turnover experiments
were conducted in a stopped-flow apparatus (SX-20, Applied
Photophysics) in buffer R completed with 50 mm phosphocre-
atine (Sigma), 10 units/ml creatine phosphokinase (Sigma), and
0.5 mm DTT at 23 °C. 2 um ClpA and 1 um ClpP were preas-
sembled in 1 mm ATP+S and rapidly mixed with 0.4 um GEP-
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ssrA and 5 mm ATP. Accordingly 2 um ClpA, 1 um ClpP, and 12
M ClpS were preassembled in 1 mm ATPvS and rapidly mixed
with 0.4 uM FRIi-GFP and 5 mm ATP. The relative fluorescence
change (F,.; = F()/F, ;i) Was plotted over time.

Degradation of FRIli-eYFP-1li- GFPuv—In a stopped-flow fluo-
rescence experiment, a solution containing 2 um ClpA, 1 um
ClpP, and 12 um ClpS (preassembled in 1 mm ATPyS) was
rapidly mixed with 1.5 um FRIi-eYFP-li-GFPuv and 5 mm ATP
in buffer R completed with 50 mm phosphocreatine (Sigma), 20
units/ml creatine phosphokinase (Sigma), and 0.5 mm DTT.
The excitation wavelength was set to 514 nm, and fluorescence
emission was measured at 527 nm to observe eYFP degradation.
Degradation of GFPuv was measured by monitoring the fluo-
rescence at 507 nm with excitation at 397 nm. All experiments
were carried out at 23 °C in an SX-20 stopped-flow device
(Applied Photophysics). The relative fluorescence change
(F.op = F(2)/F, ;i) Was plotted over time.

Degradation of FRIi-T4 Lysozyme—6 um FRIi-T4 lysozyme
was mixed with 0.5 um ClpA, 0.25 uMm ClpP, and 3 pum ClpS in
the presence of 50 mMm phosphocreatine (Sigma), 10 units/ml
creatine phosphokinase (Sigma), and 5 mm ATP in buffer R
completed with 0.5 mm DTT at 23 °C. Aliquots were taken at
the indicated time points, and further degradation was pre-
vented by mixing with SDS sample buffer. Proteins were sepa-
rated by SDS-PAGE followed by Coomassie staining. The
remaining amount of FRIi-T4 lysozyme was quantified using
the spot analysis program AlphaEaseFC version 4.0 (Alpha
Innotech Corp.).

RESULTS

ATPase Activity of the First and the Second AAA Module Can
Be Selectively Disabled—ClpA is composed of an N-terminal
domain followed by two ATPase modules termed D1 and D2.
Each ATPase module consists of an «3-Rossmann fold domain,
which contains the catalytic glutamate in the conserved Walker
B motif (Fig. 1, @ and b), and a small a-helical domain. The
carboxyl moiety of the catalytic glutamate is thought to facili-
tate ATP hydrolysis by accepting a proton from a water mole-
cule in the active site. We replaced the catalytic glutamate by
alanine, thereby selectively abolishing ATP hydrolysis in D1
(E286A), D2 (E565A), or in both domains (E286A/E565A).
Analogous Walker B protein variants were recently reported
for ClpX, ClpB, and Hsp104 (8, 25, 26).

ATP binding to the first ATPase domain of ClpA triggers the
assembly into a hexameric ring structure, which is the prereq-
uisite for activity and for binding to the protease ClpP (10, 21).
Therefore, we investigated the assembly state of all ClpA vari-
ants and their ability to associate with the protease ClpP. ClpA
was incubated with ClpP in the presence of ATPyS for 1 h to
allow complete CIpAP complex formation prior to analytical
size exclusion chromatography. All ClpA Walker B variants
(E286A, E565A, and E286A/E565A) eluted at the position of
wild type ClpA bound to ClpP, demonstrating binding of ClpA
to both ends of the proteolytic core (Fig. 1c). This was con-
firmed by negative stain electron microscopy, visualizing
ClpAP complexes for all ClpA Walker B variants (data not
shown). Notably, the assembly process is slowed down consid-
erably in ATPyS when Glu-286 was replaced (CIpAE286A and
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CIpAE286A/E565A), whereas the hexamerization time course
of CIpAE565A is similar to ClpAwt. However, in the presence of
ATP all ClpA variants assembled into the hexameric state with
rates comparable with wild type ClpA (data not shown).

Once assembled, CIpA recruits ssrA-tagged substrate pro-
teins through direct interaction of ClpA pore residues with
the ssrA tag (27). We used fluorescein-labeled A-repressor
(A-repressor92C-ssrA-F) to test whether ssrA-tagged sub-
strates can be recognized by the ClpA Walker B variants used in
this study (Fig. 24). When A-repressor92C-ssrA-F was mixed
with hexameric ClpA (preassembled in ATP+S), we observed
an increase in fluorescence anisotropy indicating that neither
Glu-286 nor Glu-565 is crucial for binding ssrA-tagged
substrates (data not shown). A recent study showed that
CIpAE286A/E565A co-elutes with substrate (fluorescein
isothiocyanate-casein) during gel filtration, substantiating
the substrate binding competence of ClpA Walker B variants
(28).

Activity of the Second but Not of the First ATPase Domain of
ClpA Is Modulated by ClpP and ClpS—To gain a better under-
standing of how the two ATPase domains work together to
unfold and translocate substrate proteins, we measured the
ATPase activity of ClpA using an enzyme-coupled assay (23).
As expected, CIpAE286A/E565A completely lost the ability to
hydrolyze ATP (Fig. le, red). We measured the ATPase activity
of ClpAwt, CIpAE286A, and CIpAE565A at increasing ATP
concentrations to determine the Ky values for the ATPase reac-
tion. All ClpA variants display saturation at 5 mm ATP. Thus, all
further measurements were performed at that ATP concentra-
tion. Interestingly, D1 (Ki, =~ 70 um) displays an ~10-fold lower
half-saturation point than D2 (K, =~ 900 um) (Fig. 1d). In the
wild type complex, the titration curve is dominated by D2 due
to the low contribution of D1 to ATPase activity. The fact that
ClpAwt displays a Ky, of ~400 uMm suggests that the mutation in
D1 mildly affects the ATP binding to D2.

The residual ATPase activity of CIpAE286A (k_, = 410 = 33
min~ ') and CIpAE565A (49 = 9 min™ ) adds up (96 = 7%) to
wild type activity (479 = 38 min~'), demonstrating that ATP
hydrolysis in D1 and D2 is independent of one another (Fig. le
and Table 1). D2 hydrolyzed ATP approximately nine times
faster than D1. Thus D1 only contributes 10% to the overall
ATPase activity, as shown previously by Singh and Maurizi (11).
Binding of ClpP to ClpA almost doubles (+84%) the ATPase
activity of the chaperone (Fig. le, gray) as shown recently by
Hinnerwisch et al. (29). CIpAE286A is stimulated to the same
extent (+85%), whereas ATP hydrolysis of CIpAE565E is not
accelerated when bound to ClpP (Fig. le, compare blue with
green). Adding up the individual ATPase activities (E286A and
E565E) yields 90 = 7% of wild type CIpAP activity, which
excludes a strong coupling of the two AAA modules within the
ClpAP complex (Table 1). The adaptor protein ClpS that binds
to the N-terminal domain of ClpA has an opposite, inhibitory
effect (14). We observed a drop in ATPase activity by 53% for
ClpAwt and 60% for CIpAE286A when ClpS was added to the
ClpAP complex. CIpAE565A was not affected by ClpS.

Our data clearly demonstrate that ClpP stimulates the ATP
turnover in D2, the module that makes direct contact with the
protease. Remarkably, ClpS also exerts its inhibitory effect on
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FIGURE 1. Substitution of the catalytic glutamate abolishes ATP hydrolysis. The a3-Rossmann fold of CIpA D1 (a) and D2 (b) consists of a central parallel
B-sheet (blue) surrounded by a-helices (gray) (PDB 1KSF). The glutamate (shown as sticks) in the Walker B motif (red) activates the water molecule by abstracting
one proton allowing a nucleophilic attack on the y-phosphate of ATP. The nucleotide (ADP) is mainly bound by the Walker A motif (green). c, size exclusion
chromatography confirms the correct assembly of the ClpA Walker B variants. A solution of 3 um ClpA (ClpAwt in gray; CIpAE286A in blue; CIpAE565A in green;
CIpAE286A/E565A in red) and 1.5 um ClpP (black) was incubated for 1 h in the presence of 1 mm ATPYS to allow complete complex formation prior to gel
filtration. All CIpA Walker B variants elute at a position similar to ClpAwt bound to ClpP indicating that they form the fully assembled APA complex. d, ATP
saturation curves for wild type (WT) ClpA (0.1 um, gray) and for the two ClpA Walker B variants (0.1 um CIpAE286A, blue; 0.5 um CIpAE565A, green). The rate
constant (k in min~") for the ATPase reaction refers to CIpA hexamer. e, ATPase activity of CIpA Walker B variants is affected by the protease ClpP and the
adaptor ClpS. Catalyticamounts of CIpA (0.1 um ClpA) were mixed with 5 mm ATP in the presence of 0.05 um ClpP and 0.6 um ClpS as indicated. The release of
inorganic phosphate was measured in an enzyme-coupled photometric assay. The schematic representation of the CIpAP complex illustrates the opposing

effects of ClpP and ClpS on the ATPase activity of CIpA.

the second ATPase domain, although the adaptor binds to the
ClpA N domain.

ATPase Activity of the First AAA Module Can Be Sufficient to
Catalyze Substrate Unfolding and Translocation—Because D1
not only binds but also hydrolyzes ATP, albeit at a slower rate
than D2, we addressed the function of ATP consumption not
only in D2 but also in D1. First, we used the N-terminal domain
of the cl repressor protein from bacteriophage A (A-repressor-
(1-92)) as a model substrate to probe the degradation activity of
ClpAP complexes built from all three ClpA Walker B variants.
A-Repressor-(1-92) (Fig. 2a) is a small a-helical protein of low
global stability but of sufficient size to require ClpA-assisted,
energy-dependent unfolding prior to degradation in ClpP
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(30). To detect protein degradation spectroscopically, we
used a cysteine variant covalently modified with fluorescein,
A-repressor92C-ssrA-F (Fig. 2a) (20). The Walker B double
variant, CIpAE286A/E565A, could not promote degradation
of A-repressor92C-ssrA-F (Fig. 3a, red), whereas the
ClpAE286A-ClpP complex is only mildly affected (Fig. 3a,
blue). For this substrate, the second ATPase module alone
can support an activity close to the wild type level. Interest-
ingly, CIpAE565A is also capable of substrate translocation
into ClpP (Fig. 3a, green) showing that D1 supports chaper-
one activity.

To challenge CIpA with a more stable protein, we used GFP
C-terminally extended with the ssrA tag (19, 31) or N-termi-

“BSENB\
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FIGURE 2. Structure and topology of the model substrates containing the C-terminal ssrA tag (blue) or the N-terminal FRli tag (red). g, A-repressor-ssrA
(N-terminal domain of the cl repressor protein from bacteriophage A, PDB 1LMB) was labeled with fluorescein (green star) at Cys-92 (red). The fluorescence
intensity of fluorescein increases upon substrate degradation. b, T4 lysozyme (PDB 4LZM) was linked to the N-terminal degradation tag (FRIi). Four antiparallel
B-strands (orange) form a B-sheet stabilized by 12 hydrogen bonds. c and e, B-barrel protein GFP (PDB 1GFL) was either linked to the C-terminal ssrA tag (c) or
to the N-terminal FRli tag (e). Unraveling GFP from its C terminus requires breakage of 23 hydrogen bonds (c), whereas 30 hydrogen bonds have to be resolved
when mechanical unfolding is initiated from the N terminus (e). d, bacterial pilus subunit FimA (PDB 2JTY) was N-terminally truncated and C-terminally
extended with the donor strand (strand G), which completes the immunoglobulin-like fold and yields FimAta. The B-strand G is embedded in a 3-sheet that is
stabilized by 31 hydrogen bonds. A linker (11 amino acids) followed by the ssrA tag was fused to the C terminus of FimAta. f, fusion protein eYFP-li-GFPuv (PDB
1YFP and 1B9C) was linked N-terminally to the FRIi tag. The FRIi-eYFP-GFPuv model substrate allows us to monitor the degradation of the eYFP barrel (A, =
514 nm; A, = 527 nm) or the GFPuv barrel (A, = 397 nm; A, = 507 nm) independently. FRET, fluorescence resonance energy transfer.
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TABLE 1
ATPase activities of CIpA Walker B variants relative to wild type CIpA

ATPase activity relative to wild type CIpA in %

ClpA variant CIpAP + CIpAPS + CIpAP + CIpAP + CIpAPS +
ClpA ClpAP ClpAPS GFP-sstA FRIi-GFP FRIi-GFP* FimAta-ssrA” FRIi-T4L
E286A 86+ 7 86+ 7 74+ 6 79+ 6 2B +5 205 50+ 6 83+ 7
E565A 10 =2 4+1 112 5+1 102 7%9 6+2 15+3
E286A and E565A 96+ 7 90+ 7 85+ 6 84+ 6 33+5 27 %5 56+ 6 98+ 7

“30 uMm FRIi-GFP was used accounting for the low affinity in the absence of ClpS.

? His, tag was linked to the N terminus of FimAta-li-ssrA for purification and anti-His, immunoblot.

)

GFP-ssrA and FRIi-GFP exhibit

A-repressor92C-ssrA-F b GFP-ssrA e -
similar global thermodynamic sta-
S S 1.0 bilities. However, it has been shown
= = s
S 18 s that local stabilities are more rele-
o ClpA variant Activity (%) G 0.8 ClpA variant Activity (%) vant for the ability of chaperone
g 16 wT 100 g wT 100 proteases to process substrates
. Egggﬁ gg 8 06 Egggﬁ 98.25 (33, 34). Hence, two active ATPase
B E286A/ES65A 0 2 E286A/ES65A 0 domains likely present an advantage
§ 1.4 § 04 when processing substrates display-
= = ing high local stability near the deg-
,g 1.2 g 02k radation tag.
% & Consequently, an N-end rule
x4 0 & ok substrate of low local stability
’ L L L 1 L . ! L should be efficiently degraded by
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FIGURE 3. ATPase activity of the first AAA module can be sufficient to catalyze substrate unfolding and
translocation. Substrate degradation was assayed by incubating 6 um A-repressor92C-ssrA-F (a), 6 um GFP-
ssrA (b), 6 um FRIi-GFP (c), or 6 um FRIi-T4 lysozyme (d) with 0.5 um ClpA, 0.25 um ClpP, and if required 3 um ClpS
(ClpAwt is shown in gray, CIpAE286A in blue, CIpAE565A in green, and ClpA E286A/E565A in red). The insets
show the relative degradation activities determined by linear fitting of the initial phase. *, note that the deg-
radation rate for FRIi-T4 lysozyme (d) cannot be determined reliably for CIpAE565A by SDS-PAGE and subse-

quent Coomassie staining. WT, wild type.

nally with the FRIi tag (15, 32) (Fig. 2, ¢ and e). Remarkably, D1
is still capable of unfolding the very stable B-barrel of GFP, as
CIpAE565A catalyzes slow degradation of GFP-ssrA in the
presence of ClpP (Fig. 3b, green). However, the low ATPase
activity of D1 is not sufficient for unfolding the N-end rule
substrate FRIi-GFP in the presence of ClpP and ClpS (Fig. 3¢,
green). Interestingly, processing of FRIi-GFP is strongly im-
paired when D1 is not active, although this module displays
only low ATPase activity (Fig. 3¢, blue). It can be assumed that
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FRIi-T4 lysozyme was not degraded
entirely because a fraction of the
sample (~20%) lost the first two
amino acids (FR) during protein
preparation (mass spectrometry
data not shown). Our results indi-
cate that although ATP hydrolysis
in D1 is not generally required for substrate unfolding and
translocation, it plays an important role when ClpA encounters
a substrate of high local stability.

SsrA-tagged proteins are directionally processed from the C
to N terminus (20). Thus, an ssrA-tagged substrate that is
highly stabilized at its C terminus should also require two active
ATPase domains to be efficiently unfolded and translocated.
Therefore, we C-terminally extended FimAta, a bacterial pilus
subunit variant, with a linker followed by the ssrA tag (Fig. 24,
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FIGURE 4. ATPase activity of the CIpA Walker B variants in the absence and presence of various sub-
strates. The ATPase activity of 0.1 um ClpA was measured in presence of 0.05 um ClpP. 3 um GFP-ssrA (a), 3 um
FRIi-GFP (plus 0.6 um ClpS) (b), 6 um FRIi-T4 lysozyme (plus 0.6 um CIpS) (c), or 6 um Hisg-TEV-FimAta-li-ssrA (d)
was added where indicated (+). The error bars represent the standard deviation of at least three independent

measurements. WT, wild type.

FimAta-li-ssrA). FimA is the main subunit in E. coli type 1 pili
that are formed by a mechanism known as “donor strand
exchange” (35-38). Each FimA subunit has an unstructured
N-terminal extension (= donor strand) that binds to and com-
pletes the fold of the adjacent FimA subunit. FimAta is an arti-
ficial FimA variant that is N-terminally truncated and C-termi-
nally elongated by a short linker followed by the donor strand,
leading to extensive stabilization of the C terminus through
“self-complementation” (22) (Fig. 2d). The typical free energy
of protein folding varies between —20 and —60 kJ/mol (39).
Strikingly, Fim@G, a structurally related pilus subunit, is stabi-
lizes by ~70 kJ/mol when complemented with the FimF donor
strand (40). Similar results were obtained for self-comple-
mented FimA.* Hence, FimAta is one of the most stable pro-
teins known. Thus, maybe not too surprisingly, degradation
was neither detectable in presence of the ClpA Walker B vari-
ants nor in the presence of ClpAwt. Instead, we found that ClpA
autodegradation occurred within the observed time range. To
exclude competition with autodegradation and to speed up the
reaction, we mixed equimolar amounts of CIpAA9C (41) (ClpA
variant without autodegradation signal) and FimAta-li-ssrA in
presence of ClpP. Under these conditions, FimAta-li-ssrA is
degraded slowly (£, =~ 25 min) in the presence of ATP (supple-
mental Fig. S1). When ATP is omitted, the substrate is not
degraded, demonstrating that the activity is dependent on ATP

4 C. Puorger, personal communication.
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ClpAwt when GFP-ssrA is being
processed. We found a comparable
decrease in ATPase activity for
CIpAE286A (~26%) when GFP-ssrA
is present, whereas CIpAE565A is not
affected, indicating that ATP turnover is decelerated mainly in the
second AAA module during GFP-ssrA processing (Fig. 4a). Add-
ing up the individual ATP hydrolysis rates (E286A and E565A)
yielded 90 *+ 7% (GFP-ssrA absent) and 84 = 6% (GFP-ssrA pres-
ent) of wild type ATPase activity, demonstrating that ATP hydrol-
ysis in D1 and D2 occurs independently from each other irrespec-
tive of GFP-ssrA (Table 1).

Next we determined the rate of ATP hydrolysis of the
CIpAPS complex in the absence and presence of the N-termi-
nally tagged model substrate FRIi-GFP. Both, ClpAwt and
CIpAE565A displayed similar ATPase activities (within error)
irrespective of the absence or presence of FRIi-GFP (Fig. 4b).
Strikingly, the ATPase activity of CIpAE286A was reduced by
72% during FRIi-GFP processing (Fig. 4b, blue). As shown in
Table 1, CIpAE286A holds only 23% of wild type ATPase activ-
ity. Thus, the sum of the individual relative rates (E286A and
E565A) yielded only 33% of wild type ATPase activity. Appar-
ently FRIi-GFP slows down ATP turnover in D2, when D1 is not
active, underlining the importance of ATP hydrolysis in D1
under these conditions. GFP-ssrA degradation by the protease
formed with CIpAE286A is still entirely inhibited by ClpS,
ensuring that ClpS binding to CIpAE286A is not affected (data
not shown).

To test whether the importance of ATP hydrolysis in D1 for
unfolding of FRIli-GFP is strictly ClpS-dependent, we measured
the ATPase activity of CIpAE286A in the presence of FRIi-GFP
but without the adaptor protein. In this experiment, we
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employed a 10 times higher concentration of FRIi-GFP (30 um),
accounting for the low affinity of the substrate to ClpA without
the adaptor ClpS. Indeed, we found a decreased ATPase activity
for CIpAE286A comparable with the deceleration observed in
presence of ClpS, indicating that this inhibition is not caused by
ClpS per se (Table 1). Furthermore, we could show that FRIi-T4
lysozyme does not affect the ATPase activity of the CIpAPS
complex (Fig. 4¢) and that the individual ATP hydrolysis rates
of the ClpA Walker B variants (E286A and E565A) add up to
wild type level (Table 1).

Finally, we probed the ATPase activity of the CIpAP complex
in the presence of FimAta-li-ssrA. Strikingly, when D1 is deac-
tivated, FimAta-li-ssrA inhibits the second ATPase domain to a
large extent (—65%) similar to what we observe for FRIi-GFP
(Fig. 4d, blue, and Table 1). Taken together, our data suggest
that ATP hydrolysis in D1 is important for processing sub-
strates displaying a high local stability near the degradation tag.
Such substrates, upon interaction with the D2 loops, decrease
the frequency of translocating D2 loop movements, which, in
turn, reduces the rate of ATP hydrolysis.

N-end Rule Substrates Are Processed from N to C Terminus—
The local protein stability near the degradation tag in the two
model substrates GFP-ssrA and FRIi-GFP is different. Conse-
quently, the stability near the site of unfolding initiation is dif-
ferent, if we assume that unfolding is initiated at the tagged end.
It was demonstrated that C-terminally tagged (ssrA tag) pro-
teins are processed from the C to N terminus (20). However,
N-end rule substrates are recruited with the help of the adaptor
protein ClpS (14, 15, 18), and it is not clear whether they are
translocated with the same directionality as ssrA-tagged sub-
strates (C — N terminus) or the directionality of translocation
is defined by the position of the tag (N — C terminus).

To test the directionality of N-end rule substrate processing,
we designed a model substrate composed of eYFP C-terminally
linked to GFPuv yielding FRIi-eYFP-li-GFPuv (Fig. 2f). Degra-
dation of the two linked fluorescent proteins can be observed
independently because their spectral properties differ. Fluo-
rescence resonance energy transfer occurs from GFPuv to
eYFP. A single-turnover experiment is depicted in Fig. 5a.
An excess of CIpAPS complex (preassembled in ATPvyS) was
rapidly mixed with FRIi-eYFP-li-GFPuv in the presence of
ATP. A brief lag phase of about 5 s was observed, indicative
of a slower reaction step preceding the entry of the substrate
into the ClpA pore (Fig. 5a). After that, we detected an
instant drop in eYFP fluorescence, whereas the GFPuv fluo-
rescence transiently increased because of the loss in fluores-
cence resonance energy transfer upon eYFP degradation.
After a lag phase that is due to its delayed degradation, the
fluorescence of GFPuv also decreases. This provides clear
evidence that the N-terminal eYFP barrel is degraded first,
demonstrating that the ClpS-mediated translocation of
N-end rule substrates occurs directional from the N to C
terminus. Consistently, eYFP-GFPuv bearing a C-terminal
ssrA tag (eYFP-GFPuv-His,-ssrA) is degraded from the C to
N terminus by CIpAP (supplemental Fig. S2).

As the N-terminal tag is recognized by ClpS at a site remote
from the ClpA unfolding pore, N-terminal processing must
involve a handover step. Consequently, the initiation of trans-
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FIGURE 5. Directional processing of N-end rule substrates and handover
from ClpS to ClpA. g, 2 um ClpA, 1 um ClpP, and 12 um ClpS were preas-
sembledin 1 mm ATP+S and rapidly mixed with 1.5 um FRIi-eYFP-li-GFPuv and
5 mm ATP. Degradation of the eYFP moiety was observed at 527 nm (A =
514 nm), and degradation of the GFPuv barrel was monitored at 507 nm
(Aexe = 397 nm). b, 2 um CIpA and 1 um ClpP were preassembled in 1 mm
ATP+S and rapidly mixed with 0.4 um GFP-ssrA and 5 mm ATP (blue). Accord-
ingly, 2 umCIpA, T um ClpP,and 12 um ClpS were preassembled in T mm ATPyS
and rapidly mixed with 0.4 um FRIi-GFP and 5 mm ATP (red). Degradation of
the GFP barrel was followed by monitoring the intrinsic GFP fluorescence

(Aexe = 397 nm and A,,,, = 507 nm).

location into ClpP is expected to be delayed for the N-end rule
substrate in comparison with the ssrA substrate that binds
directly to the ClpA pore. We performed a single-turnover
experiment in which GFP-ssrA or FRIi-GFP was rapidly mixed
with CIpAP or CIpAPS, respectively (Fig. 5b). Indeed, degrada-
tion of the N-terminally tagged FRIi-GFP is delayed by about
5 s, whereas GFP-ssrA degradation is initiated instantly (Fig.
5b). We observed the same kinetics when FRIi-GFP was incu-
bated with ClpS prior to mixing with CIpAP, ruling out that
substrate binding to ClpS is limiting the degradation.

DISCUSSION

In this study we investigated the function of ATP turnover in
the two ATPase domains of ClpA. We show that ATP hydrol-
ysis in D1 and D2 can be selectively disabled by replacing the
catalytic glutamate located in the Walker B motif (Glu-286 or
Glu-565) (Fig. 1, a and b). The retained binding of nucleotide to
the catalytically inactive ATP-binding sites allows correct and
complete assembly of all ClpA Walker B variants as confirmed
by analytical gel filtration. Thus, any observed change in
ATPase activity can be ascribed to the replacement of the cat-
alytic glutamate rather than to an assembly defect. We further
found that the ability of ClpA to bind ssrA-tagged proteins is
also not impaired by replacement of the catalytic glutamate.

Comparing ATPase activities of the two single Walker B vari-
ants (ClpAE286A and CIpAE565A) shows that the minor part
(~10%) of the overall ATPase activity is provided by the first
AAA module as demonstrated previously by Singh and Maurizi
(11). The ATP saturation curves for the two ClpA Walker B
variants reveal that D1 has an ~10-fold lower half-saturation
point for ATP than D2. ClpAwt displays a Ky, of ~400 um sug-
gesting that the mutation in the D1 Walker B motif slightly
affects ATP binding to D2. However, the individual ATPase
activities of CIpAE286A and ClpA565A add up to ClpAwt level
(Fig. 1e and Table 1) suggesting that ATP hydrolysis in D1 is not
coupled to ATP hydrolysis in D2. The absence of allosteric
interdependence of the two ATPase domains is surprising,
because a strong coupling of the two ATPase domains was
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reported for Hsp104 (8), a related class I AAA protein. When
D1 was deactivated in Hsp104 (E285Q), the ATPase activity
increased approximately eight times, whereas abolishing ATP
binding to D1 (K218T) led to a 45-fold decrease. Similar results
were obtained for Hsp104 D2 variants proving inter-domain
cooperativity.

The ATPase activity of ClpA, however, is modulated by its
binding partners. For example, binding of ClpP stimulates ATP
hydrolysis, whereas binding of ClpS on the other hand inhibits
the overall ATPase activity (14, 29). By analyzing how the two
variants are affected, i.e. whether CIpAE565A, CIpAE286A, or
both variants are modulated by binding of ClpP or ClpS, we
established that it is only the second AAA module that is stim-
ulated by ClpP and inhibited by ClpS (Fig. 1e). Hence, ClpP and
ClpS affect selectively the second ATPase domain of ClpA.
Both the stimulatory and inhibitory effects are comparable with
ClpAwt, and consequently, the individual ATPase activities of
ClpAE286A and ClpA565A add up to the wild type level (Table
1). This demonstrates that neither ClpP nor ClpS causes a strict
coupling of D1 and D2.

The stimulatory effect of ClpP on D2 is comprehensible,
because in the hexameric ClpA ring the D2 domain makes con-
tact with the ClpP cylinder. The inhibitory effect of ClpS cannot
be explained by a stable domain interface, because ClpS has
been shown to bind to the flexible N-terminal domain remote
from D2 (13). The crystal structure of ClpS in complex with the
ClpA N domain might offer an explanation (42, 43). Guo et al.
(42) suggest two models of ClpS binding resulting in two spe-
cies present, when concentrations of ClpS reach a certain
threshold. At low ClpS concentrations, the model where ClpS
fits into an empty space between D1 and D2 predominates, so
that ClpS makes contact with a helix connecting D1 and D2
(42). In this position ClpS is in close proximity to D2 allowing
ClpS to interact with the second AAA module.

It has been suggested previously that ATP hydrolysis occurs
mainly in D2 providing the energy for substrate unfolding (11,
12). Because CIpAE565A retains a low ATPase activity, we
tested whether D1 can actively unfold and translocate sub-
strate proteins into the ClpP cavity when D2 has been deac-
tivated. Using the fluorescently labeled model substrate
A-repressor92C-ssrA-F, we monitored the degradation activity
of the CIpAP complex (24). Because substrate unfolding and
translocation into ClpP are energy-consuming processes, the
double Walker B variant (CIpAE286A/E565A) was not capable
of catalyzing substrate degradation (Fig. 3a, red). Remarkably,
despite the low ATPase activity, CIpAE565A could still pro-
mote substrate degradation (Fig. 3a, green), providing direct
evidence for the functional integrity of the first AAA module
capable of unfolding and translocation of substrate proteins
(Fig. 3a).

The following mechanistic scenario is most likely. D1 con-
verts the chemical energy of ATP into movements of D1 loops,
thereby contributing to the overall chaperone activity of CIpA.
Despite the low ATPase activity of D1 in comparison with D2,
such movements could result in the generation and/or capture
of partially unraveled C or N termini, preventing their refolding
and dissociation from ClpA and facilitating their handover to
the D2 loops. However, without the active motion of the D2
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loops, the D1 activity supports only slow degradation, presum-
ably because the further translocation steps into ClpP are
unassisted.

To test whether the catalytic activity of D1 is substrate-de-
pendent, we analyzed whether D1 could also process more sta-
ble substrate proteins. GFP-ssrA and FRIi-GFP exhibit very
similar free energies of protein folding. Although the global
thermodynamic stability of a substrate protein was previously
shown to play only a minor role for its susceptibility to degra-
dation (44, 45), the local protein stability adjacent to the termi-
nal degradation tag is important (33, 34). Both the N and C
termini of GFP lead into strands that participate in the 3-barrel
and thus should be in a fairly stable local environment. Hence,
GEP either bearing the C-terminal ssrA tag or the N-terminal
FRIi tag was used to test D1-supported degradation. Remark-
ably, D1 was also capable of unfolding the very stable 3-barrel of
GFP (GFP-ssrA) when unraveling occurred from the C termi-
nus (Fig. 3b). In case of FRIi-GFP, however, the first ATPase
domain alone was now no longer sufficient to support even slow
substrate degradation (Fig. 3¢, green), indicating that the local
thermodynamic stability of the substrate exceeds the energy
provided by D1. Furthermore, the second AAA module alone
was no longer as efficient in supporting degradation as was wild
type ClpA (Fig. 3¢, blue).

Because the C and N termini of GFP lead into different
strands within the B-barrel structure, presumably their local
thermodynamic stability also differs (Fig. 2, c and e, and supple-
mental Fig. S3). In agreement with this, loading the CIpAPS
complex with FRli-GFP as a substrate greatly reduced the
ATPase activity of CIpAE286A. This effect was not dependent
on ClpS because an equivalent experiment without ClpS
yielded the same result (Table 1). The individual ATPase activ-
ities of CIpAE286A and CIpAE565A no longer add up to wild
type ATPase activity, indicating that D1 plays a significant role
during FRIi-GFP degradation (Table 1). For the C-terminally
tagged GFP-ssrA, only a mild reduction in ATPase activity was
observed, and the ATPase activities in the first and second
module remained additive. We conclude that GFP is more
resistant to unraveling from its N terminus.

Proteins with the highest mechanical resistance are often
all-B proteins, where the 3-sheet hydrogen bonding is mostly
responsible for opposing mechanical unfolding (46). Further-
more, there is a correlation between the observed change in
energy and the number of methylene and methyl groups
deleted from hydrophobic side chains in the hydrophobic core
of a protein (39, 47-49). Hence, the local stability against
mechanical unfolding is primarily determined by the amount of
hydrogen bonds and, presumably to a lesser extent, by hydro-
phobic interactions. The N-terminal B-strands that are
encountered first in the FRIi-GFP model substrate are stabi-
lized by a total number of 30 hydrogen bonds, and 27 methylene
and methyl groups contribute to the hydrophobic core (Fig. 2e
and supplemental Fig. S3). However, the C-terminal B-strands
form only 23 hydrogen bonds with neighboring 8-strands, and
only 17 methylene and methyl groups make hydrophobic con-
tacts, rendering GFP-ssrA less resistant against unraveling
from that terminus (Fig. 2¢ and supplemental Fig. S3). These
results suggest that ATP hydrolysis in D1 becomes important
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FIGURE 6. Suggested model of CIpAP/CIpAPS mechanism. g, local stability of the substrate molecule near the degradation tag determines whether D1 is
required for efficient substrate processing by CIpA. The low ATPase activity of D1 is sufficient to catalyze slow translocation of substrates with a low and
medium local stability (left) into ClpP. Substrates that display a somewhat higher local stability (middle) can only be processed by D2, which holds ~90% of ClpA
ATPase activity. However, both AAA modules are required for efficient processing of substrates displaying very high local protein stability near the degradation
tag (right). b, N-end rule substrate degradation by CIpAPS. The N-terminal residues of the N-end rule substrate are bound by ClpS (yellow) tethered to the ClpA
N domain (N). The flexible linker between N and D1 facilitates the approach of the substrate molecule toward the CIpA pore (left). The unstructured and highly
flexible linker between the FR moiety and the folded substrate protein forms a loop that is bound by CIpA pore loops (middle). Eventually, the FR moiety is

released from ClpS upon substrate unfolding occurring directional from the N to C terminus (right).

when CIpA encounters a very stable protein structure next to the
terminal degradation tag. We propose a mechanistic model for
CIpAP according to which the local protein stability of the sub-
strate molecule determines whether D1, D2, or both AAA mod-
ules have to be hydrolytically active to promote efficient substrate
unfolding and translocation (Fig. 6a). For those substrates requir-
ing both ATPase domains to be active, the D1 ATPase activity is
mandatory for efficient capture and handover to D2 of the tag-
bearing end. This model is consistent with a previous study that
states that methotrexate-stabilized E. coli dihydrofolate reductase
with an N-terminal tag was not degraded by CIpAP, whereas a
circular permutated variant of the same molecule (new N termi-
nus at position 25) was degraded even in the presence of metho-
trexate (34). Interestingly, the first seven N-terminal residues of
dihydrofolate reductase form a highly stabilized B-strand, whereas
residue 25 is located at the N-terminal end of an a-helix rendering
the circular permutated protein variant less resistant against
mechanical unfolding (50).

To exclude the possibility that the difference in the mode of
recruitment (adaptor-mediated versus direct binding to the

31450 JOURNAL OF BIOLOGICAL CHEMISTRY

pore) could result in different requirements for contributions
from the two ATP-binding sites, we designed two additional
model substrates. One displays adaptor-mediated recruitment
but features a lower local stability at the N terminus than FRIi-
GFP (Fig. 2b, FRIi-T4-lysozyme), and the other is recruited by an
ssrA tag directly to the pore without mediation through an
adaptor and features a strongly stabilized C-terminal strand
(Fig. 2d, FimAta-li-ssrA). In accordance with our proposed
model (Fig. 6a), CIpAE286A processed FRIi-T4 lysozyme only
slightly slower than ClpAwt, and the ATP hydrolysis rate was
not reduced (Fig. 3d and Fig. 4¢). The C-terminally tagged var-
iant FimAta-li-ssrA, however, induced a strong decrease in
ATP turnover when the first AAA module was deactivated in
ClpA (Fig. 4d, blue), indicating that D1 assists the second
ATPase domain to unravel very stable protein structures.
FimAta-li-ssrA indeed appears to be a very demanding sub-
strate with respect to mechanical unfolding by the CIpAP com-
plex. Degradation could not be observed in the presence of
ClpAwt and ClpP due to ClpA autodegradation. However,
when CIpAA9C was used, a ClpA variant lacking the autodeg-
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radation signal FimAta-li-ssrA was slowly degraded in an ATP-
dependent manner (41) (supplemental Fig. S1).

We speculate that unfolding of a stable substrate by D2 alone
decelerates the up and down movements of the D2 loop that
was suggested to transfer the mechanical force to the substrate
molecule (27, 51). Analogous loops were assigned to the same
function in ClpB, HslU, and ClpX (52-55). Assuming a direct
conversion of chemical into mechanical energy, slowing down
D2 loop movements must result in alower ATP turnover in D2.
Hence, the decelerated ATP turnover in D2, when D1 is inac-
tive, results directly from high local protein stability of the sub-
strate. This is in good agreement with a previous study by Ken-
niston et al. (33) demonstrating that destabilizing the substrate
structure near the degradation tag increases the rate of ATP
hydrolysis in ClpX. However, unfolding supported by D1 alone
appears to be affected also by the ClpS mode of recruitment,
because neither FRIi-GFP nor FRIi-T4 lysozyme can be effi-
ciently processed by D1 in presence of ClpS.

Because degradation of A-repressor92C-ssrA-F, FRIi-T4
lysozyme, and GFP-ssrA was also impaired, if only slightly,
when D1 was deactivated, we conclude that the first ATPase
domain generally contributes to the overall chaperone activity
irrespective of ClpS binding to ClpA. It also appears that sub-
strate processing is always assisted by ATP hydrolysis in D1
irrespective of the local substrate stability or location of the tag
(Fig. 3, a, b, and d).

The considerations of local stability discussed above only
apply if the degradation tag, which is recognized directly by
ClpA or CIpS, is also the site of unfolding/translocation initia-
tion. It was demonstrated that ssrA-tagged substrate proteins
are translocated directionally such that the C terminus enters
the ClpP cavity first (20). Thus, if the position of the tag defines
the directionality of translocation, N-end rule substrates should
be processed from the N to C terminus. However, the recruit-
ment here is more complex due to the involvement of an adap-
tor protein, ClpS (15-18). To test the directionality in context
of the adaptor protein, we designed an N-end rule substrate
consisting of eYFP linked C-terminally to GFPuv (FRIi-eYFP-
GFPuv). Indeed, we found that the eYFP domain, which is pre-
ceded by the N-terminal FRIi tag, was degraded before the
GFPuv domain. This verifies the directional translocation of
N-end rule substrates from N to C terminus by the CIpAPS
complex. However, recruitment of N-end rule substrates via
ClpS implies a handover step from ClpS to ClpA to initiate
unfolding through the pore. We resolved the substrate han-
dover step kinetically by comparing the degradation time
courses of GFP-ssrA and FRIi-GFP under single-turnover con-
ditions. GFP-ssrA degradation by CIpAP commenced instantly,
whereas FRIi-GFP degradation by CIpAPS was delayed by ~5s.
A straightforward handover of the very N terminus from ClpS
to ClpA is unlikely, as it was previously shown that N-end rule
substrates additionally require an unstructured N-terminal
region to be degraded by the CIpAPS machinery (15, 16).
Indeed, a hydrophobic motif within this region was recently
suggested to serve as a ClpA-binding site (56). Therefore, it
appears likely that ClpS-mediated substrate recruitment
increases the local substrate concentration, which facilitates
binding of the substrate to the CIpA pore. We suggest a mech-
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anism that involves binding of the unstructured N-terminal
region to the ClpA pore leading to substrate threading and thus
eventually triggering the release of the substrate from ClpS.
Hence, the 5-s delay can be assigned to a combination of events
as follows: (i) the N domain-ClpS complex approaching the
ClpA pore, (ii) the binding of a loop structure to the ClpA pore,
and (iii) initiation of unfolding (Fig. 6). The handover of N-end
rule substrates is not strictly dependent on ATP hydrolysis in
D1 as both model substrates (FRIi-T4 lysozyme and FRIi-GFP)
can be processed by ClpA, even when D1 is not active.

In summary, the first AAA module, previously considered as
only important for ClpA hexamerization, plays an important
role in assisting the second AAA module to resolve very stable
protein structures. ATP hydrolysis in D1 could cause loop
movements that generate and/or capture the partially unrav-
eled C or N terminus of the substrate protein. Thereby, refold-
ing and dissociation from ClpA of the substrate is prevented
and the handover to the D2 loops is facilitated.
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