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HIGHLIGHTS

GRAPHICAL ABSTRACT

* The competition between ATP and ATPyS
for CIpA binding is examined here.

* We show that ATPyS interacts with
ClpA differently when CIpP is present.

* The results suggest that ATP-yS binds to
D1 with an affinity of ~6 pM, but binds
substantially weaker to D2.
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CIpAP is an ATP-dependent protease that assembles through the association of hexameric rings of CIpA with the
cylindrically-shaped protease ClpP. ClpA contains two nucleotide binding domains, termed Domain 1 (D1) or 2
(D2). We have proposed that D1 or D2 limits the rate of CIpA catalyzed polypeptide translocation when ClpP is
either absent or present, respectively. Here we show that the rate of CIpA catalyzed polypeptide translocation de-

pends on [ATPYS] in the absence of ClpP, but not in the presence of CIpP. We observe that ATPyS non-
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cooperatively binds to CIpA during polypeptide translocation with an apparent affinity of ~6 M, but that intro-
duction of ClpP shifts this affinity such that translocation is not affected. Interpreting these data with our proposed
model for translocation catalyzed by CIpA vs. CIpAP suggests that ATPyS competes for binding at D1 but not at D2.

© 2013 Elsevier B.V. All rights reserved.

Abbreviations: ATPyS, Adenosine 5'-[gamma-thio]-triphosphate; NLLS, nonlinear-
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1. Introduction

AAA + proteases are a ubiquitous class of ATP-driven enzymes that
are required in all organisms for the removal of both misfolded and
properly folded proteins as a means of cell cycle regulation [1,2]. One
example is the Escherichia coli ATP-dependent protease CIpAP, which
targets SsrA-polypeptides that have been tagged via the SstTA-SmpB
system for degradation [3-5]. CIpAP shares structural homology with
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other ATP-dependent proteases where a hexameric ring of CIpA, a
AAA + protein (ATPases associated with various cellular activities),
associates with one or both ends of the cylindrically-shaped protease
ClpP, where CIpP contains serine protease active sites sequestered in
its inner core away from bulk solvent [5-11]. Once associated with
ClpP, ClpA is responsible for enzyme catalyzed protein unfolding and
polypeptide translocation through repeated cycles of ATP binding and
hydrolysis.

ClpAis a Class 1 HSP100/Clp protein unfoldase, where Class 1 indi-
cates that each monomer contains two nucleotide binding domains
[1]. In addition to other conserved domains, each nucleotide binding
domain contains the canonical Walker A and Walker B motifs [2]. The
two nucleotide binding domains are termed Domain 1 or 2, D1 or D2,
respectively, and are each thought to serve a particular function. D1 is
hypothesized to be primarily responsible for CIpA oligomerization,
while D2 is thought to play a larger role in polypeptide translocation
[12,13]. However, variants of CIpA that are deficient in ATP hydrolysis
at either D1 or D2 both support polypeptide translocation, which likely
indicates that both ATP hydrolysis sites are involved in translocation
of polypeptide substrate. One model for polypeptide translocation
proposes that loops formed between each Walker A and Walker B
motif protrude into the axial channel of hexameric ClpA and make
contact with polypeptide substrates. ATP hydrolysis then modulates
up and down movement of the loops thereby translocating the
polypeptide chain through the axial channel [14-16].

Syringe 1

150 uM ATPYyS

I uM ClpA monomer
100 nM Flu-SsrA peptide

Waste

It has been well established that CIpA requires nucleotide binding to
assemble into hexameric rings competent for association with ClpP
[6,17]. As a consequence, 1-2 mM ATPYS is often used in experiments
where there is a need to preassemble CIpA into hexameric rings
[6,13,18-22]. In some cases, this preassembled complex is then mixed
with hydrolysable ATP and it is assumed that the ATP will exchange
with ATPvS, which is likely to be a good assumption. However, since
the experiment is being carried out in the presence of both ATP and
ATP+S, the observed reaction is occurring under conditions where
ATP and ATPyS may compete for binding to CIpA. For example, in our
previous examination of CIpA catalyzed polypeptide translocation, we
prebound ClpA to a polypeptide substrate in the presence of 150 pM
ATPvS [23]. The sample was then rapidly mixed with 10 mM ATP and
protein trap, resulting in a final concentration of 75 uM ATP+YS and
5 mM ATP (see Fig. 1 for schematic). In that study, even though the
competition between ATP and ATPyS was not well understood, we
chose to preincubate ClpA with an initial [ATPyS] of 150 pM to
minimize the effect of competition between ATP~YS and hydrolysable
ATP upon rapid mixing of the two reactants, if such competition was
present. Despite the large excess of ATP over ATPYS, competition
between the two nucleotides for binding to CIpA may still occur.

With the objective of eliminating the competing nucleotide, we have
also explored a number of other strategies to assemble CIpA to
hexamers, prebind CIpA to polypeptide, and initiate polypeptide trans-
location. For example, we prebound CIpA to polypeptide in the presence

Szringe 2
10 mM ATP

200 uM SsrA peptide

Aex =494 nm

Aem =515 nm

Fig. 1. Schematic representation of single turnover stopped-flow translocation experiments. Syringe 1 contains the indicated reagents, ClpA, ATPS, and fluorescein-labeled polypeptide.
The structure schematizes the contents of syringe 1 with ClpA hexamers bound by a single polypeptide. Syringe 2 contains 10 mM ATP and 200 puM SsrA peptide to serve as a trap for
unbound CIpA or any ClpA that dissociates from polypeptide during the course of the reaction. The two reactants are rapidly mixed in the green colored chamber and fluorescein is excited
at Nex = 494 nm. Fluorescein emission is observed above 515 nm with a 515 nm long pass filter. Upon mixing, the concentrations are two-fold lower than in the preincubation syringe.
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of ATP and absence of Mg and attempted to initiate translocation by
rapidly mixing with Mg?*. However, no translocation was observed
(unpublished result). Furthermore, we explored the possibility of
assembling CIpA using a number of other nucleotides and nucleotide
analogs. These included AMP-PNP, AMP-PCP, ADP, and ADP.BeF. In
that study, we showed that only AMP-PNP would assemble a prebound
complex that would initiate translocation [22]. However, substantially
higher concentrations of AMP-PNP compared to ATP+S are required,
which was consistent with previous reports on assembling CIpA with
AMP-PNP [17]. Consequently, ATPYS has emerged as the most effective
nucleotide analog for preassembling CIpA.

Despite ATPyS being the most effective nucleotide analog to
assemble and prebind the complex, several concerns remain. First,
ATP~S is slowly hydrolyzed by ClpA. This leads to the question; how
fast is ATPYS hydrolyzed and, upon hydrolysis, does ATPYS provide
sufficient energy to drive polypeptide translocation in the preincubation
syringe? If this occurs, the population of enzyme may not all be bound at
the SsrA tag at the carboxy terminus in the pre-incubation syringe
(see syringe 1, Fig. 1). Rather, the enzyme may be distributed randomly
on the polypeptide substrate upon rapid mixing with ATP. Second, does
competition between ATPyS and ATP binding impact the reported
kinetic parameters?

Here we report an examination of the effect of the ATP analog,
ATPvS, on CIpA catalyzed polypeptide translocation in both the
presence and absence of ClpP. We have employed our previously
developed single turnover stopped-flow method to examine the kinetic
parameters of CIpA catalyzed polypeptide translocation as a function of
increasing ATP+yS concentrations [23,24]. Our results show that in the
presence of 1 mM ATPvS, the rate of polypeptide translocation is
affected by competition between ATPYS and hydrolysable ATP binding
to ClpA. However, this effect is not present upon addition of ClpP.
These observations, when incorporated with our proposed mechanism
for CIpA and CIpAP catalyzed polypeptide translocation [25], suggest
that ATPyS competes for ATP binding at the D1 ATP binding site and
therefore impacts polypeptide translocation catalyzed by CIpA in the
absence of ClpP. No competition between ATP and ATPyS was observed
when ClpP was present. Therefore, ATPyS does not appear to effectively
compete for binding at the D2 ATP binding site.

2. Materials and methods
2.1. Materials

All solutions were prepared in double-distilled water produced from
a Purelab Ultra Genetic system (Siemens Water Technology, Alpharetta,
Georgia) using reagent grade chemicals purchased commercially. All
peptide substrates were synthesized by CPC Scientific (Sunnyvale, CA),
and were judged to be >90% pure by HPLC and mass spectral analysis.
Fluorescein was covalently attached to the free cysteine residue at the
amino terminus of the polypeptide as previously described. E. coli
ClpA and ClpP were purified as previously described [25,39].

2.2. Methods

2.2.1. ATPase activity assay

ATP~yS hydrolysis was examined by pre-incubating 10 M CIpA
monomer in Buffer H (25 mM HEPES, pH 7.5 at 25 °C, 10 mM MgCl,,
2 mM 2-mercaptoethanol, 300 mM NaCl, and 10% v/v glycerol) at
25 °C for 45 min prior to adding [>°S]-ATPyS. After 45 min, ATPYS
that had been supplemented with [>*S]-ATPyS was added. For determi-
nation of the initial velocity, samples were removed and quenched with
a 1:1 dilution of 1 M HCI. The pH of each sample was adjusted through
addition of a solution containing 2.5 M NaOH, 0.5 M Tris, and 0.5 M
EDTA such that the final pH was neutral. Reaction progress was
monitored through separation of [>°>S]-ATPvS from 3°S-thio-phosphate
using PEI-Cellulose F Thin Layer Chromatography plates (EMD

Chemicals, Inc., Darmstadt, Germany) with 0.6 M KH,PO,4 (pH 3.4 at
25 °C) as the mobile phase. TLC plates were exposed to a phosphor
imager screen (Molecular Dynamics, Sunnyvale, CA) for a period of
90 min. Radioactive counts were then quantified using a Typhoon
Trio+ (GE Healthcare, Piscataway, NJ) in phosphor storage mode
using the 390 BP 100 phosphor filter. The resulting data was then
processed using ImageQuant TL (GE Healthcare, Piscataway, NJ). The
resulting initial velocities were plotted versus [ATPyS] and subjected
to NLLS analysis using the Michaelis—-Menten equation with no linear
transformation, given by Eq. (1):

kcat [ClpAtotal] .

K,
1+ Ripys)

)

2.2.2. Stopped-flow fluorescence assay

Fluorescence stopped-flow experiments were performed as
previously described and shown in Fig. 1. All reactions were prepared
in buffer H (25 mM HEPES, pH 7.5 at 25 °C, 10 mM MgCl,, 2 mM
2-mercaptoethanol, 300 mM Nacl, and 10% v/v glycerol). All experi-
ments were performed in an SX.20 stopped-flow fluorometer (Applied
Photophysics, Letherhead, UK). Prior to each reaction, 1 uM CIpA was
preincubated with ATPvS for 25 min, concentration indicated in text.
Fluorescently modified polypeptide substrate was then added such
that the final concentration was 100 nM, and the mixture was loaded
into syringe 1 of the stopped-flow fluorometer. Syringe 2 contained a
solution of 10 mM ATP and 200 puM SsrA peptide prepared in buffer H.
Prior to mixing, both solutions were incubated for an additional
10 min at 25 °Cin the stopped-flow instrument. Increasing the incuba-
tion time of either solution in the stopped-flow instrument had no
effect on the observed fluorescence time courses. Upon mixing, the
final concentrations were 0.5 pM ClpA monomer, 50 nM peptide
substrate, 100 uM SsrA peptide, 5 mM ATP, and the final concentration
of ATPyS is indicated in the text. Fluorescein was excited at
Nex = 494 nm and fluorescence emission was observed above
515 nm with a 515 nm long pass filter. All kinetic traces shown
represent the average of at least 8 individual determinations.

Stopped-flow fluorescence experiments to examine CIpAP were per-
formed in the presence of 1.2 uM ClpP. CIpAP was preassembled by in-
cubating CIpA in the presence of ATPyS for 25 min, followed by
incubation with ClpP for an additional 25 min. Fluorescently modified
polypeptide substrate was then added such that the initial concentra-
tion was 20 nM, and the mixture was loaded into syringe 1 of the
stopped-flow fluorometer.

2.2.3. NLLS analysis

The system of coupled differential equations that result from
Scheme 1 was solved using the method of Laplace transforms to obtain
an expression for product formation as a function of the Laplace
variable, S(s), given by Eq. (2),
! Kgk = (e + 5X)
S (ke + kg + ) (kyp +5) (kg + kp +5)!

(ky + kg KR (kyp + %)
(ke + kg +5)" (knp + 5) (kg + kp +3)"

5 = (& gk (ko + 5%) =
§ \ o (ke + kg +5) (kyp + 5)

where capital S represents the substrate and lower case s is the Laplace
variable, h is the number of steps with rate constant k¢, n is the number
of steps with rate constant kr, kypis the rate of transition from a nonpro-
ductive complex to the productive complex, and x is the fraction of CIpA
bound in the productive form given by Eq. (3).

. (CIpA -S),
[CIpA - S, + [CIpA - S]yp*

3)
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Scheme 1. Sequential n-step model for polypeptide translocation. (E - S); and (E - S)np represent enzyme bound to polypeptide substrate in the productive and nonproductive forms,
respectively, and S is the unbound polypeptide substrate. kr is the translocation rate constant, kg is the dissociation rate constant, L is the polypeptide length, m is the average distance
translocated between two rate limiting steps with rate constant kr, ‘i’ in I, represents i number of translocation steps, and the step that occurs with rate constant k. represents a

step slower than the step with rate constant kr.

Eq. (2) was then numerically solved using Eq. (4) to describe prod-
uct formation as a function of time, S(t),

S(t) = A L7'S(s) (4)

where Ay is the total amplitude of the time-course, and L™ is the
inverse Laplace transform operator. This was accomplished using the
NLLS fitting routine, Conlin, and the inverse Laplace transform function
using the IMSL C Numerical libraries (Visual Numerics, Houston, TX), as
previously described [24,32]. Uncertainties reported on the parameters
in Tables 2 and 3 and Fig. 4 are based on the average of a minimum of
two experimental determinations.

The ATPYS concentration dependencies of the macroscopic rate of
translocation and microscopic translocation rate constant displayed in
Fig. 4a-b were subjected to NLLS analysis using an infinitely cooperative
model given by Eq. (5),

MKy may - (Karp - [ATP))”
1+ (Kyp - [ATP])Y + (K,m,ys : [ATPyS])w

MK gpp =

where mkrqpp is the apparent macroscopic translocation rate. The
maximum macroscopic translocation rate is represented as mkr max-
The association equilibrium constants for ATP- or ATP-yS-association
with CIpA are represented as Kapp or Ka7pys, respectively. The apparent
Hill coefficients for nucleotide binding are represented by either v or
o for ATP or ATP+S binding, respectively.

For translocation time courses collected in the presence of 75 uM
ATP~S in the absence of ClpP, the “grid-searches” shown in Fig. 5b-c
were performed by constraining either the kinetic step-size, m, or the
elementary rate constant, kr, to fixed values ranging from 1 to 40 or
0.35 to 10, in intervals of 0.04 or 0.01, respectively, followed by minimi-
zation of the SSR. For translocation time courses collected in the pres-
ence of 2.5 mM ATPvS in the absence of CIpP, the “grid-searches”
shown in Fig. 5b—c were performed by constraining either the kinetic
step-size, m, or the elementary rate constant, kr, to fixed values ranging
from 1 to 65 or 0.05 to 10, in intervals of 0.06 or 0.01, respectively,
followed by minimization of the SSR. For translocation time courses col-
lected in the presence of ClpA, ClpP, and 75 uM ATP+S, the “grid-
searches” shown in Fig. 6b-c were performed by constraining either
the kinetic step-size, m, or the elementary rate constant, kr, to fixed
values ranging from 2 to 21 or 0.6 to 10, in intervals of 0.04 or 0.01, re-
spectively, followed by minimization of the SSR. For translocation time
courses collected in the presence of ClpA, ClpP, and 1 mM ATP~S, the
“grid-searches” shown in Fig. 6b-c were performed by constraining ei-
ther the kinetic step-size, m, or the elementary rate constant, kr, to
fixed values ranging from 1.25 to 40 or 0.6 to 10, in intervals of 0.04 or
0.01, respectively, followed by minimization of the SSR.

3. Results
3.1. Kinetics of ATPYS hydrolysis catalyzed by ClpA

We first set out to determine the steady-state kinetic parameters, K,
and kg, for CIpA catalyzed ATPvS hydrolysis. Experiments were per-
formed by mixing 10 uM ClpA monomer with ATPyS supplemented
with 3°S-ATPyS (see Materials and methods). The total ATPYS concen-
tration was varied between 100 uM and 1 mM. The initial velocity as a
function of the total [ATPyS] is shown in Fig. 2a. The relationship
between initial velocity and nucleotide concentration was subjected to
NLLS analysis using Eq. (1) to obtain estimates of the Michaelis constant,
K = (134 4 46) uM, and the turnover number, k., = (0.05 &+ 0.004)
min~ . Fig. 2a shows that ClpA hydrolyses ATPYS, albeit slowly.

The observation that ClpA hydrolyses ATPvS leads to the question;
does hydrolysis of ATPyS provide sufficient energy to fuel polypeptide
translocation? If ATP-yS does provide sufficient energy for CIpA to trans-
locate, then this would predict that not all of the CIpA in syringe 1 of
Fig. 1 would be statically bound at the carboxy terminus of SsrA-
tagged polypeptides. Rather, some molecules may have moved forward
by some number of steps. If true, we would predict that the observed
time courses would change depending on the amount of time the
contents of syringe 1 (see Fig. 1) were allowed to incubate before
rapid mixing with the contents of syringe 2. To test this, we collected
time courses at various different incubation times. This was done be-
cause a time course is collected over a 400 s time period and up to ten
time courses are collected. Thus, the contents of syringe 1 (Fig. 1) are
allowed to incubate for up to 4000 s or 70 min by the time the last
time course is collected. Fig. 2b shows two time courses collected
using the experimental design schematized in Fig. 1, where 1 uM ClpA
monomer has been allowed to incubate in the presence of 5 mM
ATPvS and 100 nM fluorescein-labeled polypeptide for either ~15
(solid blue circles) or ~70 min (solid red circles) before mixing with
ATP and SsrA peptide (pre-mixing concentrations).

If ATPYS hydrolysis provided enough energy to fuel polypeptide
translocation, the extent of the lag would be expected to be decreased
or nonexistent after CIpA had been incubated in the presence of 5 mM
ATP~S and polypeptide for ~70 min. However, the time courses in
Fig. 2b demonstrate that the extent of lag and the overall shape of the
time courses are identical after 15 and 70 min of incubation in the
presence of ATPyS. Thus, CIpA catalyzed hydrolysis of ATPYS does not
impact the observed time courses for polypeptide translocation over
this length of time. Consequently, the polypeptide substrates that are
bound by ClIpA in syringe 1 must represent hexameric ClpA bound at
the SsrA sequence and not CIpA that has moved forward some distance.

3.2. Competition between ATP and ATPYS
Preassembling CIpA into hexameric rings using ATPYS is required to

perform the single-turnover polypeptide translocation experiments
reported here and previously [6,9,13,16,18,19,21-23]. Upon rapid
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Fig. 2. CIpA catalyzes ATPYS hydrolysis. a) Steady-state kinetic experiments were per-
formed by mixing 10 uM ClpA monomer with ATPYS supplemented with 33S-ATPvS.
The relationship between initial velocity and nucleotide concentration was subjected to
NLLS analysis using Eq. (1) to obtain estimates of the Michaelis constant,
Kn = (134 + 46) uM, and the turnover number, k., = (0.05 £ 0.004) min~'. b) Two
fluorescence time courses are shown that have been collected using the experimental de-
sign schematized in Fig. 1. CIpA has been allowed to incubate in the presence of 5 mM
ATPvS and 100 nM fluorescein-labeled polypeptide for either ~15 (solid blue circles) or
~70 min (solid red circles) before mixing with ATP and SsrA peptide (pre-mixing
concentrations).

mixing with hydrolysable ATP, it is likely that ATPyS and ATP compete
for binding to ClpA. Moreover, this competition may impact the
observed kinetic parameters. To elucidate the impact of the competition
between ATP and ATPvS on the kinetic parameters, polypeptide translo-
cation experiments were performed as a function of [ATPYS] by varying
the concentration of ATP+YS in the preincubation syringe (see Fig. 1,
syringe 1).

Single turnover polypeptide translocation experiments were
performed as described previously and in Materials and methods
[23-25]. Syringe 1 of the stopped-flow is loaded with a solution contain-
ing 1 uM ClpA monomer, 100 nM fluorescein modified polypeptide
substrate, and varying concentrations of ATPYS (see Fig. 1). Under the
conditions illustrated in Fig. 1, the final mixing concentrations of
ATP~yS and ATP are 75 uM and 5 mM,, respectively. Thus, the resultant

time courses represent polypeptide translocation under conditions
where ATPS and ATP could compete for binding to CIpA.

Syringe 2 is loaded with a solution containing 10 mM ATP and
200 uM SsrA. The inclusion of a non-fluorescently modified SsrA
polypeptide in syringe 2 serves as a protein trap that insures single-
turnover conditions. Upon mixing of the contents of the two syringes,
free CIpA or any ClpA that dissociates will rapidly bind the non-
fluorescent SsrA trap, thus insuring that the observed signal is only
sensitive to CIpA that was bound prior to mixing. Reaction progress is

1.0 T T T T T T T T T T

a)

Normalized Fluorescence

time (s)

Fig. 3. Fluorescence time-courses for CIpA catalyzed polypeptide translocation. As shown
in Fig. 1, 1 uM ClpA was pre-assembled in the presence of ATPYS and 100 nM fluorescein-
labeled polypeptide substrate prior to rapidly mixing with 10 mM ATP and 200 pM SsrA.
Time courses are shown for CIpA catalyzed polypeptide translocation of N-Cys-50, N-Cys-
40, and N-Cys-30 (see Table 1) substrates after incubation of ClpA with 75 pM (green cir-
cles), 600 uM (blue circles), and 2.5 mM (red circles) ATPYS. The time courses shown il-
lustrate that the extent of the lag phase is dependent upon [ATP~S]. The solid black lines
represent a global NLLS fit using Scheme 1 for time-courses collected with substrates I-
Il in Table 1. The resulting kinetic parameters are summarized in Table 2 for each
[ATPYS]. Each time-course was analyzed under a given set of conditions by constraining
the parameters kr, k¢, knp, and h to be global parameters, while A,, x, and n were allowed
to float for each polypeptide length.
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monitored by exciting fluorescein at 494 nm and observing the
emission at 515 nm and above using a 515 nm long pass filter.

Fig. 3 shows a representative set of time courses for translocation of
ClpA on a set of polypeptide substrates that differ only in length in the
presence of final mixing concentrations of 75 pM (green circles),
600 uM (blue circles) and 2.5 mM (red circles) ATPS in the presence
of a final concentration of 5 mM ATP. From qualitative inspection of
the time courses shown in Fig. 3, it is clear that the rate of translocation
is slowed with each increase in [ATPyS]. However, it is unclear if the
apparent decrease in translocation rate is an effect of a change in the
microscopic rate constants, kinetic step-size, or both.

3.3. Global NLLS analysis of translocation data

To quantify the effect of competition between ATP and ATP+S for
binding to ClpA, single-turnover stopped-flow fluorescence experi-
ments were performed as illustrated in Fig. 1. Experiments were carried
out with substrates I-IIl (see Table 1) at final ATPyS concentrations of
75, 126, 250, 355, and 600 uM, and 1, 1.8, and 2.5 mM. Each set of
time courses for three polypeptide lengths at a fixed ATPYS concentra-
tion was subjected to NLLS analysis to determine the parameters kr, m,
mkr, ke, and kyp. The data were well described by Scheme 1 at all
[ATPyS], and the resultant parameters are given in Table 2.

The macroscopic rate, mkr, and the elementary rate constant, kr,
decrease with increasing [ATPYS] (see Fig. 4a-b). We previously report-
ed a cooperative dependence of mkr and kr on [ATP] for CIpA catalyzed
polypeptide translocation [23]. Consistently, those data were well
described by an infinitely cooperative binding model with a Hill coeffi-
cient of ~2.5. In contrast, the dependencies of the kinetic parameters on
[ATPyS] do not appear to exhibit isotherms consistent with cooperative
binding of ATPYS (see Fig. 4 a-b). That is to say, from a qualitative
inspection of the curves, the decreases in rate and rate constant with
increasing [ATP+yS] do not appear particularly steep.

To determine if cooperativity is present, the dependences of mky
and kr on [ATPYyS] were subjected to NLLS analysis using an infinitely
cooperative competition binding model given by Eq. (5) (see Materials
and methods section). In Eq. (5), the parameters that define ATP binding
were constrained to the previously determined values, specifically,
Karp = 19 x 103 M~ (Kgarp = 526 uM) or 1.8 x 10° M~ ! (K
arp = 556 uM), the Hill coefficient for ATP binding, v = 2.5 or 2.2, for
mbkr or kr, respectively and [ATP] = 5 mM. The floating parameters are
the binding constant for ATPYS, Karp,s, the Hill coefficient for ATPYS
binding, », and the maximum translocation rate or rate constant, mkr,
max OT KT.max respectively. For the analysis of mkr and kr (see Fig. 4a-b)
the Hill coefficient for ATPyS was found to be @ = 0.88 + 0.03 and
o = 1.2 £ 0.2, respectively. Since the values are close to one it was
concluded that there is not significant cooperativity. Thus, the
analysis was performed with the Hill coefficient for ATPYS binding
constrained to one, i.e. ® = 1 in Eq. (5). For the analysis of
mkr (see Fig. 4a), estimates of the parameters were found to
be KATP‘yS = (160 + 7) X 103 l\/171 (Kd.ATP‘yS = (62 + 03) }.I,M), and
MKy max = (21.6 £ 02) aa s~ L.

The microscopic translocation rate constant, ky, is plotted as a
function of [ATPyS] in Fig. 4b. Similar to mkr, the relationship between

Table 1
Polypeptide translocation substrates.
Substrate Name Length (aa) Sequence
I N-Cys-50 50 Flu-CLILHNKQLGMTGEVSFQAANTK
SAANLKVKELRSKKKLAANDENYALAA
I N-Cys-40 40 Flu-CTGEVSFQAANTKSAANLKVKELRSK
KKLAANDENYALAA
11 N-Cys-30 30 Flu-CTKSAANLKVKELRSKKKLAANDE
NYALAA

Flu, Fluorescein dye covalently attached at the cysteine residue. In bold is the eleven amino
acid SsrA sequence.

Table 2
ClpA polypeptide translocation parameters as a function of [ATPyS].
m(aastep ') kp(s™')  mkr(aas™') knp(s7") ke (s™h)

[ATPYS] (uM)
75 16 +1 13 +£01 208 + 04 0.039 + 0.002 0.15 + 0.01
126 17 £1 12 +£01 204401 0.034 £ 0.001  0.141 £ 0.004
250 17 +£2 11+£01 186+ 0.2 0.031 £ 0.001  0.125 + 0.003
355 17 +2 114+ 02 176 +04 0.029 + 0.001  0.118 £ 0.003
600 16 + 2 1.0 £ 01 157 £ 0.6 0.028 £ 0.001  0.102 £ 0.004
[ATPyS] (mM)
1.0 16+1 08 +0.1 13.1+03 0.03 + 0.01 0.089 + 0.003
1.8 20+3 054+ 0.1 107+ 03 0.0163 4 0.0004 0.052 4 0.001
25 2446 04401 91403 0.015 £ 0.001  0.043 £ 0.004

kris the translocation rate constant, kc is an additional kinetic step defined by Scheme 1, m
is the kinetic step size, kyp is a slow conformational change defined by Scheme 1, and mkr
is the macroscopic rate of translocation.

kr and [ATP+yS] was subjected to NLLS analysis using Eq. (5) with
® = 1.0. From this analysis the parameters Kagpys and krmqx were
found to be (104 4 13) x 10> M~ " (Kyarpys = (10 & 1) pM) and
(1.39 £ 0.05) s~ !, respectively. The analysis of both mkr and k; shows
that ATPyS binds to ClpA with nearly 100-fold greater affinity than
ATP, but does so non-cooperatively [23]. This either indicates that the
cooperativity is reduced in the presence of ATPYS or that ATPYS only
binds to one of the two nucleotide binding sites on the CIpA monomer.
The kinetic step-size is plotted as a function of [ATP+yS] in Fig. 4c and
shows no significant dependence upon ATPYS concentration between
75 uM and 1 mM. However, at the two highest ATPYS concentrations,
the parameter is between 20 and 24 aa step~ ! with large uncertainty.
The kinetic step-size averaged over all eight ATPyS concentrations is
m = (18 & 3) aa step™ !, which is within error of our previously
reported value of m = (14 + 1) aa step™ ' independent of [ATP] [23].
At the two highest [ATPyS], 1.8 and 2.5 mM, the kinetic step-size is
observed to increase. If these two data points are removed from the
determination of the average, then m = (16.3 & 0.5) aa step— !

3.4. Impact of parameter correlation on the determination of the kinetic
parameters

We and others have reported that the elementary rate constant, kr,
and the kinetic step-size, m, are negatively correlated [23,26-28]. Be-
cause of this, under certain conditions it can be difficult to simulta-
neously determine both parameters. However, the overall rate of
translocation, mkr, contains less parameter correlation and tends to be
a parameter that can be determined with higher precision [28,29].
This is a consequence of the fact that the overall rate, mkr, represents
the product of the kinetic step-size, m, and the elementary rate constant,
kr. In this study, both mkrand krfollow the same trend and are both well
described by the same model. Thus, we asked the question; is the devi-
ation in the kinetic step-size observed at high [ATPyS] a consequence of
parameter correlation (see Fig. 4c)?

To assess the parameter correlation between the rate constant
and the kinetic step-size, we performed Monte Carlo simulations
(see Materials and methods). Fig. 5a is a plot of the translocation rate
constant versus the kinetic step-size from two representative Monte
Carlo simulations from polypeptide translocation experiments collected
in the presence of 75 uM (solid blue spheres) and 2.5 mM (solid red
spheres) ATPyS and a fixed [ATP] = 5 mM. Consistent with our
previous report, in both cases, kr and m are negatively correlated
based on the observation of a negative slope (see Fig. 5a), where the
slope represents the correlation coefficient. However, the 75 uM data
exhibits a slope of —0.096 + 0.001 and the 2.5 mM data exhibits a
slope of —0.0148 4 0.0005. If the two parameters had the same degree
of correlation, one would expect the absolute value of the correlation
coefficient to be — 1. However, at both low and high [ATP~S], the corre-
lation coefficient is less than one, in this case, indicating that the kinetic
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Fig. 4. Molecular mechanism for CIpA catalyzed polypeptide translocation depends on [ATPYS]. a) Dependence of mky on [ATPYS] for ClpA catalyzed polypeptide translocation in the
absence of CIpP, where the solid line is the result of a NLLS fit to Eq. (5) with Kazpys = (160 & 7) x 10> M~ and mkymex = 21.6 & 0.2 aa s~ '. The number of ATP and ATPS binding
sites, = 2.5and ® = 1.0, respectively, the association equilibrium constant, Ky;» = 1.9 x 10*> M~!, and [ATP] = 5 mM were treated as constant parameters in this analysis. b) The de-
pendence of kron [ATPYS] was subjected to NLLS analysis using Eq. (5), where the solid line represents the best fit with Karpys = (104 £ 13) x 10> M~ and kypmax = (1.39 + 0.05) s~
For this analysis, the number of ATP and ATPYS binding sites, v = 2.2 and @ = 1.0, respectively, the association equilibrium constant, Kxrp = 1.8 x 10> M~ ' and [ATP] = 5 mM were
treated as constant parameters. c) Dependence of the kinetic step-size on [ATPYS], solid line represents the average of six measurements, <m> = (163 + 0.5) aa step . (d) The rate

of translocation for CIpA catalyzed polypeptide translocation in the presence of ClpP, mkr, does not exhibit any dependence on ATPYS concentration with a mean mky = (32 4+ 2)aas™ ',

1

where the solid line represents the average of five measurements. (e-f) The elementary rate constant and kinetic step-size for CIpA catalyzed polypeptide translocation in the presence of

CIpP do not exhibit a significant dependence on [ATPYS].

step-size is less well constrained than the elementary rate constant. Fur-
thermore, the observation of different correlation coefficients predicts a
different degree of parameter correlation for data collected at low vs.
high ATPvS concentrations. That is to say, for each incremental change
in the elementary rate constant, a relatively large change in the kinetic
steps-size will occur for the shallow slope exhibited at 2.5 mM ATP+S.
To assess how well the kinetic step-size is constrained, we examined
the sum of the squared residuals (SSR) as a function of fixed values of
the kinetic step-size for the two sets of data (see Fig. 5b). The minimum
of these plots represent the best estimates of the kinetic step-size under
conditions of 75 uM ATPyS (solid blue line) or 2.5 mM ATPvS (dashed
red line). For plotting purposes, we have subtracted the value of the
SSR at the minimum of each curve from each data point so the bottom

of the parabola is close to zero (see Fig. 5b). Although both curves exhib-
it the expected concave up parabolic shape, the 2.5 mM ATPYS data ex-
hibits a parabola with a broader minimum than the 75 uM ATP+S data.
This observation is consistent with the slopes in the kr vs. m plot shown
in Fig. 5a. That is to say, a broad minimum in the parabola indicates that
a wide range of kinetic step-sizes yield very similar SSR values.

In order to determine how well the elementary rate constant is
constrained, we examined SSR as a function of fixed values of kr using
the same methodology as applied to the assessment of the kinetic
step-size. Similar to Fig. 5b, Fig. 5c shows a plot of SSR versus kr for
both the 75 pM ATPyS (solid green line) and 2.5 mM ATPyS (solid red
line) data sets. Both curves exhibit the expected concave up parabolic
shape corresponding to the best estimate of the elementary rate
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Fig. 5. Parameter correlation between the kinetic step-size and elementary rate constant
depends on [ATPYS] for CIpA catalyzed polypeptide translocation in the absence of CIpP.
(a) Plot of the translocation rate constant versus the kinetic step-size from two represen-
tative Monte Carlo simulations from polypeptide translocation experiments collected in
the presence of 75 uM (blue spheres) and 2.5 mM (red spheres) ATPYS. Lines represent
linear least-squares fit of 75 pM (solid blue line) and 2.5 mM (dashed red line) ATPyS
data, where the 75 uM data exhibit a slope of —0.096 + 0.001 and the 2.5 mM data ex-
hibit a slope of —0.0148 4 0.0005. (b, c¢) Plots of the sums of the squared residuals as
functions of fixed values of the kinetic step-size (b) or fixed values for the elementary
rate constant (c) for conditions of 75 uM (solid blue line) and 2.5 mM (dashed red line)
ATPvS. From the minima shown in panel b, the best estimate of the kinetic step-size is
m = 16.20r27.8 aa step™ ', for 75 uM or 2.5 mM ATP~S, respectively. For the elementary
translocation rate constant, the best estimate from the minima shown in panel cis 1.2 s~ !
or 0.4 s ! for 75 uM or 2.5 mM ATP+S, respectively.

constant. From the minimum of each parabola, Fig. 5¢ shows that the
minima in the SSR vs. k; plot is 1.2 s~ and 0.4 s~ ! for 75 uM and
2.5 mM ATPS, respectively. However, the parabola corresponding to
the 75 uM ATP+yS dataset is observed to have a broader minimum
than observed for the 2.5 mM ATPyS dataset, which is opposite to
what was observed in the SSR vs. step-size plot in Fig. 5b. Thus, the
elementary rate constant is better constrained at 2.5 mM ATPYS in
comparison to 75 UM ATPvS, whereas the kinetic step-size is better
constrained at 75 pM ATPYS and less well constrained at 2.5 mM
ATP+S. These observations are consistent with the initial predictions
made from the plot of kr versus m shown in Fig. 5a.

These results indicate that at elevated [ATPYS], there is a change in
the parameter correlation relative to low [ATPYS]. The consequence of
this change is a reduced ability to uniquely determine the kinetic step-
size at high [ATP~yS]. Although the elementary rate constant is better
constrained at high ATP+yS concentrations, it is adequately constrained
under both conditions.

3.5. ClpAP catalyzed polypeptide translocation

We recently reported that the kinetic step-size for CIpA when ClpP is
present, i.e. CIpAP, is (4.6 + 0.3) aa step™ ' compared to (14 + 1) aa
step~! for ClpA in the absence of ClpP [23]. Similarly, the translocation
rate constant and the overall translocation rate were found to be
(79 £ 0.2) s~! and (36.1 + 0.7) aa s~ !, respectively, for CIpAP
compared to ClpA alone where k= (1.39 & 0.06) s~ ' and
mky = (19.5 + 0.7) aas~! [23,25]. Moreover, the rate and rate
constant for ClpA in the absence of ClpP exhibit a cooperative depen-
dence on ATP concentration, whereas, CIpAP appears to depend non-
cooperatively on ATP concentration. Since the molecular mechanisms
for CIpA and CIpAP are emerging to be so different, we asked the ques-
tion; does CIpAP exhibit the same dependence on [ATPYS] as ClpA in the
absence of CIpP?

Single-turnover fluorescence stopped-flow experiments were
performed as described in Fig. 1 with the modification that 1.2 uM
ClpP was added to syringe 1 (see Fig. 1). Experiments were performed
with substrates I-1II at final ATPYS concentrations of 75, 250, 500, 750
and 1000 pM. All data were subjected to global NLLS analysis to deter-
mine the parameters kg, m, mkr, k¢, and kyp for each set of polypeptide
lengths at each [ATPYS]. The data were well described by Scheme 1 at
each [ATPvyS]. The resultant parameters are summarized in Table 3
and plotted in Fig. 4d-f. Strikingly, the rate of translocation, mkr, does
not exhibit any dependence on ATPYS concentration. On the other
hand, the three low ATPyS concentrations exhibit a rate constant, kr,
between 6 and 8 s~ ! within error of the value we have previously
reported (see Fig. 4e). However, the rate constant drops to between 2
and 4 s~ ! at the two highest ATPYS concentrations. Similarly, the kinet-
ic step-size also increases from a value of ~5 aa step ™! to values of ~14
and 10 aa step~ ! at the two highest ATPyS concentrations. The ob-
served change in the rate constant and kinetic step-size at 750 uM and
1 mM ATP+S is likely a consequence of parameter correlation since
these two parameters are negatively correlated. Consistent with nega-
tive parameter correlation, the observed rate constant is observed to

Table 3

CIpAP polypeptide translocation parameters as a function of [ATPyS].
[ATPYS] m kr mkr knp ke
(M) (aastep™') (s (aas™) (s (s
75 541 66+£09 35+2 0.042 + 0.002 0.23 + 0.01
250 53402 57+03 30«3 0.033 £ 0.001 0.18 £ 0.01
500 4+1 85+09 31+1 0.029 + 0.001 0.17 & 0.01
750 14+ 1 24+£02 33+1 0.0296 4+ 0.0003 0.15 £ 0.002
1000 10+ 2 31406 2942 0.026 + 0.001 0.14 + 0.002

kris the translocation rate constant, k¢ is an additional kinetic step defined by Scheme 1, m
is the kinetic step size, kyp is a slow conformational change defined by Scheme 1, and mky
is the macroscopic rate of translocation.
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Fig. 6. Parameter correlation between the kinetic step-size and elementary rate constant
depends on [ATPvyS] for CIpA catalyzed polypeptide translocation in the presence of
ClpP. (a) Plot of the translocation rate constant versus the kinetic step-size from two
representative Monte Carlo simulations from polypeptide translocation experiments
collected in the presence of 75 uM (blue spheres) and 1 mM (red spheres) ATPYS. Solid
or dashed lines represent linear least-squares fit of 75 pM (solid blue line) and 1 mM
(dashed red line) ATPYS data, where the 75 uM data exhibit a slope of —0.97 4 0.01
and the 1 mM data exhibit a slope of —0.258 + 0.004. (b, c) Plots of the sums of the
squared residuals as functions of fixed values of the kinetic step-size (b) or fixed values
for the elementary rate constant (c) for conditions of 75 puM (solid blue line) and 1 mM
(dashed red line) ATPvyS. From the minima shown in panel b, the best estimate of the
kinetic step-size is m = 4.8 or 11.2 aa step™ ', for 75 uM or 1 mM ATP+S, respectively.
For the elementary translocation rate constant, the best estimate from the minima
shown in panel cis 5.9 s~ or 2.7 s~ for 75 uM or 1 mM ATP~S, respectively.

decrease and the kinetic step-size increase at the two highest concen-
trations of ATPvS. Also consistent with parameter correlation, the over-
all rate of translocation, mkr is not observed to depend on ATPYS over
the range of [ATPyS] where both kr and m do appear to change.

To determine whether the parameter correlation between the
elementary rate constant and kinetic step-size is the same for both
ClpA and CIpAP, we performed Monte Carlo simulations using CIpAP
polypeptide translocation time courses. A plot of the resulting transloca-
tion rate constants versus the kinetic steps-size is shown in Fig. 6a,
where representative Monte Carlo simulations are shown from poly-
peptide translocation experiments collected in the presence of 75 uM
(solid blue spheres) and 1 mM (solid red spheres) ATPYS. As expected,
the two parameters are negatively correlated for both 75 uM and 1 mM
ATP~S. However, the correlation coefficients observed for CIpAP are
different from the correlation coefficients observed for ClpA in the
absence of CIpP (see Fig. 6a). For CIpAP, the 75 pM ATPyS data exhibit
aslope of —0.97 4 0.01 and the 1T mM ATP+S data exhibit a slope of
—0.258 + 0.004. Unlike ClIpA in the absence of ClpP, CIpAP exhibits
nearly 1:1 parameter correlation between m and kr at 75 uM
ATP+S. Although the correlation coefficient decreases to ~— 0.26 at
1 mM ATP~S, this correlation coefficient is approximately an order
of magnitude larger than the correlation coefficient exhibited by
ClpA in the absence of ClpP of ~—0.015.

Fig. 6a predicts that the kinetic step-size should be better
constrained at 75 pM ATP+S relative to 1 mM ATPYS. To test this
hypothesis, we examined the SSR as a function of fixed values of the
kinetic step-size for the two sets of data (see Fig. 6b). For plotting
purposes, we have again subtracted the value of the SSR at the mini-
mum of each curve from each data point so the bottom of the parabola
is close to zero (see Fig. 6b). For both datasets, the plots of SSR versus m
exhibit the concave up parabolic shape that allows for the determina-
tion of the best estimate of the kinetic step-size. Although there is a
decrease in the correlation coefficient of kr vs. m in Fig. 6a, visually,
there is not a substantial difference in the broadness of the minimum
in the two SSR vs. m plots shown in Fig. 6b. From the minima shown
in Fig. 6b, the best estimate of the kinetic step-size is m = 4.8 or
11.2 aa step~ ! for 75 uM or 1 mM ATP~S, respectively.

To assess how well the elementary rate constant for CIpAP catalyzed
polypeptide translocation is constrained under conditions of 75 pM
ATPvS and 1 mM ATP+S, we examined SSR as a function of fixed values
of kr. Fig. 6¢ clearly shows that both curves exhibit the expected concave
up shape. The parabola corresponding to the 75 uM ATP+YS dataset
(solid blue line) is observed to have a broader minimum than observed
for the 1 mM ATPyS dataset (dashed red line). From this analysis the
best estimate of the elementary rate constant is 5.9 s~ ' and 2.7 s~ !
for 75 uM and 1 mM ATP~S, respectively.

For both ClpA alone and for ClpA in the presence of CIpP, the degree
of parameter correlation between k; and m changes at the highest
ATPvS concentrations. However, this transition is not observed to be
as dramatic for CIpAP as it is for CIpA in the absence of ClpP. Although
the kinetic parameters for CIpAP exhibit little ATPyS concentration
dependence between 75 pM and 500 pM ATPyS some impact on
the kinetic parameters is beginning to occur above 1 mM ATP+vS
(see Fig. 4d-f).

4. Discussion

Many studies, including ours, on proteolytic degradation by CIpAP
and translocation by CIpA have reported results that come from exper-
iments performed in the presence of ATPYS and ATP [8,19,21-23,30].
However, the potential competition between the nucleotide analog
and ATP has not been addressed. The question is; does the inclusion of
a particular ATP-analog affect the polypeptide binding or translocation
activities of CIpA? We have previously reported that the nucleotide
analogs ATPvyS, AMP-PNP, AMP-PCP, ADP.BeF, and ADP promote the
formation of ClpA hexamers, but only ATPYS and AMP-PNP promote
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the formation of CIpA hexamers that are active in both polypeptide
binding and translocation [22]. However, to fully populate hexamers,
we [22], and others [17] have observed that higher concentrations of
AMP-PNP are required relative to ATP~S. For this reason, ATPYS appears
to be the only choice for efficiently pre-assembling and binding ClpA to
a polypeptide substrate.

We previously reported an elementary rate constant, kr =
(1.39 4 0.06) s~ !, and overall rate, mk; = (19.4 + 1.3) aas™ !, for
ClpA catalyzed polypeptide translocation in the presence of 5 mM ATP
and 75 pM ATPyS [23]. By examining the ATPYS concentration
dependence of these parameters and extrapolating to zero ATPYS,
here we have shown that the k; = (1.39 + 0.05) s~ ! and
mky = (21.6 & 0.2) aa s~ ! in the presence of 5 mM ATP. Thus,
these parameters are within error of our previous report [23]. Conse-
quently, we conclude that the kinetic parameters previously reported
reflect translocation under conditions where there is little to no compe-
tition between ATP and ATP+S. The same conclusion is drawn for CIpAP,
since we have shown here that ClpA in the presence of ClpP exhibits no
dependence on [ATPYS].

4.1. Model for polypeptide translocation catalyzed by CIpA vs. CIpAP

The strength of the single-turnover experiments applied here is that
the kinetic time-courses are sensitive to the events in the active site of
the enzyme and are not affected by macromolecular assembly or
polypeptide binding. However, they are single-turnover with respect
to polypeptide and multiple turnover with respect to ATP. That is to
say, multiple rounds of ATP binding and hydrolysis are occurring during
a single round of polypeptide translocation. Based on the observation of
a lag in the single turnover kinetic time courses for polypeptide translo-
cation, we can conclude that multiple steps with similar or the same
rate constants are occurring before the enzyme dissociates.

For a motor protein to translocate a linear lattice, repetitive cycles of
similar events must occur. At a minimum, this cycle must include ATP
binding, hydrolysis, mechanical movement, ADP and P; release, and
likely conformational changes. The single turnover experiments
performed here are sensitive to the slowest repeating step in each of
these cycles.

We have shown that, for both CIpA and CIpAP, the observed rate
constant reflects a repeating step that immediately follows an ATP
binding event within a cycle of translocation [23,25]. However, for
CIpA this step repeats every ~14 amino acids translocated with an
observed rate constant of ~1.39 s~ ! and for CIpAP this step repeats
every ~2-5 amino acids translocated with an observed rate constant
of ~6.6 s~ !. We have hypothesized that the rate limiting step that we
observe for CIpA in the absence of CIpP is coupled to ATP hydrolysis
site D1, and, when CIpP is present, the observed repeating rate-
limiting step is coupled to D2. This hypothesis is based on our examina-
tion of the ATP concentration dependence of both the observed rate
constant and the kinetic step-size [23,25], steady state ATP hydrolysis
rates from Weber-Ban and coworkers [13], and crosslinking experi-
ments from Horwich and coworkers [16].

To perform the single-turnover experiments reported here, we pre-
bind CIpA to the polypeptide substrate. This is done to eliminate any
effects on the kinetic time courses due to macromolecular assembly
and polypeptide binding. To accomplish this, we must include a nucleo-
tide analog to form hexameric rings competent for polypeptide binding
[22]. In an attempt to eliminate the competing nucleotide analog, we
have explored initiating translocation in a variety of other ways. For
example, we have prebound CIpA to polypeptide in the presence of
ATP and absence of Mg?* and attempted to initiate translocation by
rapidly mixing with Mg? ™. However, no translocation was observed
(unpublished result). In summary, we have found that ATPYS is the
best and possibly the only practical option for pre-assembling and
pre-binding CIpA to the polypeptide. Since we are “stuck” with ATPyS
in these experiments, some of the experiments reported here were

initiated to control for the fact that ATPyS may compete with ATP
during repeating cycles of polypeptide translocation. Surprisingly, the
results yielded insight into the differences in the molecular mechanism
for CIpA vs. CIpAP catalyzed polypeptide translocation.

The examination of polypeptide translocation catalyzed by CIpA in
the absence of CIpP as a function of [ATPYS] reveals that increasing
concentrations of ATPYS slows down polypeptide translocation, which
is an observation that has been reported [31]. Such an observation is
not surprising and indicates that there is competition between ATP
and ATP+S binding. More importantly, it indicates that there is compe-
tition between ATP and ATPS at the ATP binding site that is responsible
for coupling ATP binding and hydrolysis to polypeptide translocation.

As stated above, we have previously concluded that the repeating
rate limiting step that limits the observation of translocation, in the
absence of CIpP, is occurring at the D1 ATPase site. Thus, the competition
between ATP and ATPYS is likely occurring at the D1 ATPase site.
Further, the dependence of the rate and the observed rate constant on
ATP exhibits a Hill coefficient of ~2.2 and 2.5, respectively. This indicates
that there is cooperativity between ATP binding sites, which, by defini-
tion requires at least two ATP binding sites.

Unlike the previously reported dependence on [ATP], the transloca-
tion rate and rate constant do not exhibit cooperative dependencies on
[ATP~S] for ClpA in the absence of ClpP. This observation suggests that
ATPvS does not bind to both ATP binding sites on the monomer of
ClpA or that binding to the second site is substantially weaker than
the first. However, in order to observe a dependence on [ATPYS] the
competition must occur at the site where the repeating rate limiting
step is occurring and, based on our model, this site is most likely D1.

In contrast to ClpA alone, the translocation rate and rate constant for
ClpA in the presence of ClpP exhibits little to no dependence on [ATPYS].
We have proposed that when CIpP is present, the observed repeating
rate limiting step occurs at D2. Since we do not observe competition
between ATP and ATPyS when CIpP is present, this is consistent with
ATP~S binding more weakly to D2 than to D1.

It seems unlikely that ATPyS would not bind at all to D2, so we favor
the interpretation that ATP~yS binds more weakly to D2 than D1. Consis-
tently, at 750 uM and 1 mM ATP+S, the kinetic step-size increases and
the rate constant decreases, consistent with negative parameter correla-
tion. Also consistent with parameter correlation is the fact that the
overall rate does not appear to exhibit any dependence on [ATPYS]
even at the most elevated concentrations.

4.2. Dependence of correlation coefficient on ATPyS

We, and others, have established that there is negative parameter
correlation between the kinetic step-size and the elementary
rate constant that is coupled to the observed kinetic step-size
[3,24,26-28,32,33]. This can often lead to poor constraints on the
two parameters and, under some conditions, the parameters cannot
be simultaneously determined. Under such conditions, the overall
rate, mkr, is considered to be a more reliable parameter since the
parameter correlation is largely canceled.

For ClpA in the absence of CIpP, the kinetic step-size increased to ~20
and ~24 at 1.8 and 2.5 mM ATP+S, respectively. With this observation in
mind, we asked the question; is this simply due to parameter correla-
tion or are we truly monitoring a different kinetic step that repeats
every 20-25 amino acids. However, there is not a concomitant decrease
in the observed rate constant or an effect on the overall rate. This is
inconsistent with the typical effects of negative parameter correlation
where it would be expected that the rate constant would decrease
with a concomitant increase in the kinetic step-size. On the other
hand, one may argue that the decrease in the rate constants is apparent
in the data but the rate constant is already decreasing with increasing
[ATPyS] and thus the effect is masked. If this were true, then the depen-
dence of the rate constant on ATPyS would be steeper than the depen-
dence of the overall rate on ATPvYS. Upon inspection and comparison of
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Fig. 4a-b, these two curves do not appear to exhibit vastly different
midpoints.

We examined the parameter correlation between the kinetic step-
size and the rate constant to determine if the observed change in the
kinetic step-size is physically meaningful. Interestingly, the correlation
coefficient changes quite significantly at the highest ATPyS concentra-
tions. Specifically, the correlation coefficient is observed to decrease,
which reduces the constraints on the kinetic step-size. Consequently,
we do not interpret the increase in the kinetic step-size at 1.8 and
2.5 mM ATPyS to be physically meaningful. Rather, it is likely the
consequence of the reduced constraints on the parameter.

Surprisingly, even though the kinetic parameters exhibit no depen-
dence on [ATPyS] for CIpA in the presence of CIpP, the correlation
coefficients does change with increasing [ATPYS] (see Supplemental
Table S1). In the case of CIpAP, this indicates that, even though there is
little effect on the kinetic parameters, there must still be some impact
of high concentrations of ATPYS on translocation catalyzed by CIpAP.
One possibility, among others, is that ATPYS binding to D1 may have
some influence on translocation even though ATP hydrolysis at D2 is
rate limiting. It is tempting to interpret the data in this way since the
kinetic step-size increases to ~14 and ~10 aa step~ ! at 750 uM and
1 mM, respectively, and the rate constant decreases to 2.4 and 3.1 s~ ',
respectively. The temptation occurs because these values are similar
to the parameters observed for ClpA in the absence of ClpP, where we
conclude that events occurring at D1 are rate limiting. However, due
to the fact that the correlation coefficient decreases in this range,
resulting in a reduction in the certainty on the kinetic step-size, one is
required to conclude that these numbers may be fortuitously similar.

It is important to note that experiments performed at a final mixing
concentration above 500 uM ATPvS are not likely to be conditions
where we would examine the mechanism of polypeptide translocation.
Although we preincubate ClpA with polypeptide substrate in the
presence of 1 mM ATP+S, upon rapid mixing with ATP the final con-
centration of ATPyS is 500 uM. Such high concentrations of ATPYS
were only used in this study to further probe the impact on the
mechanism.

The single-turnover translocation experiments and the method of
analysis presented here have been applied to polypeptide translocation
[23-25], helicase catalyzed nucleic acid unwinding [34,35,27,33,36] and
helicase catalyzed ssDNA translocation [28,37,38]. In all of these studies
there is concern about the interpretation of the kinetic step-size and
elementary rate constant since it is well known that the two parameters
are negatively correlated. However, we contend that under many condi-
tions these two parameters yield insight into the molecular mechanism.
With the observation of the changes in the parameter correlation
observed here, we propose that an examination of the parameter
correlation should accompany the analysis of the kinetic parameters.
This will allow the examiner to determine the range over which the
parameters can be reliably interpreted.

4.3. Type 1 AAA + molecular chaperones

A major thrust of our research is to understand how Type 1 AAA+
protein translocases coordinate the activity of their two ATP binding
and hydrolysis sites per monomer (12 per hexamer) to polypeptide
translocation. It is striking to us that the hexameric rings of Type 1
AAA + motors like ClpA, ClpB, Hsp104, NSF, and p97 all contain 12
ATP binding and hydrolysis sites per hexameric ring when most
hexameric ring motor proteins only contain six. A fascinating question
is; why the need for so many sites when many hexameric ring motors
do their work with half as many? One potential answer is that the
enzymatic activities of the different sets of nucleotide binding and
hydrolysis sites are up-regulated or down-regulated depending upon
which partner the enzyme is interacting with, i.e. CIpP and/or adapter
proteins.

In a series of surprising observations, Wickner and coworkers
showed that a mixture of ATP and ATP+S increased the activity of
ClpB and Hsp104 catalyzed disaggregation and the rate of ATP hydroly-
sis [31]. That work represented the first report of a slowly hydrolysable
nucleotide analog enhancing the activity of a motor protein. They went
on to show, through mutational analysis of the D1 and D2 nucleotide
binding sites, that ATPvS differentially competed for the two sites.
Moreover, they concluded that ATP-yS and cochaperone proteins could
elicit similar impacts on ATP hydrolysis and disaggregation. These
observations are similar to what we have observed here for CIpA. That
is, our results support a hypothesis where D1 binds tighter to ATPyS
than D2. Furthermore, if we think of CIpP as a cochaperone, the impact
of CIpP on the activities of D1 and D2 are similar to how cochaperones
impact ClpB activities.

Substantially more work is required on ClpA, ClpB, Hsp104, and
other Type 1 AAA + motors, to fully understand the role of the D1 and
D2 ATP binding and hydrolysis sites. It remains unclear how the two
sites coordinate their activities and couple binding and hydrolysis to
polypeptide translocation and/or disaggregation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bpc.2013.11.002.
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