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Abstract: ClpC1 hexamers couple the energy of ATP hydrolysis to unfold and, subsequently, translocate
specific protein substrates into the associated ClpP protease. Substrate recognition by ATPases associated
with various cellular activities (AAA+) proteases is driven by the ATPase component, which selectively
determines protein substrates to be degraded. The specificity of these unfoldases for protein substrates
is often controlled by an adaptor protein with examples that include MecA regulation of Bacillus subtilis
ClpC or ClpS-mediated control of Escherichia coli ClpA. No adaptor protein-mediated control has been
reported for mycobacterial ClpC1. Using pulldown and stopped-flow fluorescence methods, we report
data demonstrating that Mycobacterium tuberculosis ClpC1 catalyzed unfolding of an SsrA-tagged
protein is negatively impacted by association with the ClpS adaptor protein. Our data indicate that
ClpS-dependent inhibition of ClpCl1 catalyzed SsrA-dependent protein unfolding does not require the
ClIpC1 N-terminal domain but instead requires the presence of an interaction surface located in the
ClpC1 Middle Domain. Taken together, our results demonstrate for the first time that mycobacterial
ClpCl is subject to adaptor protein-mediated regulation in vitro.

Keywords: Clp/Hsp100 proteins; ClpC1; Mycobacterium tuberculosis; ClpS; adaptor proteins; ATP-
dependent protease

1. Introduction

ATP-dependent proteases represent a family of molecular machines responsible for the regulated
turnover of misfolded, aggregated, or degradation-tagged cellular proteins [1-4]. In mycobacteria,
the regulated removal of protein substrates in the cytoplasm is mediated by at least four different
proteolytic complexes that are broadly divided into two groups that include the bacterial-like proteases
(FtsH, Lon, ClpXP and ClpC1P) and the eukaryotic-like proteasome [5,6]. These proteases share
a common architecture in which a ring-shaped AAA+ (ATPases Associated with various cellular
Activities) ATPase associates with one or both ends of a barrel-shaped peptidase that contains active
sites inaccessible to bulk solvent [3,5]. In the active state, the hexameric ATPase couples the energy of
ATP hydrolysis to unfold and thread protein substrates into the associated protease for degradation.

Substrate recognition by AAA+ proteases is driven by the ATPase component, which functions
as a gate-keeper to selectively determine protein substrates to be degraded. However, the specificity
of AAA+ unfoldases for protein substrates is often modulated by an associated adaptor protein.
For example, Escherichia coli (E. coli) ClpA specifically recognizes the SsrA degradation sequence,
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which is a C-terminal degradation tag that is co-translationally added by the tmRNA tagging system to
nascent polypeptide chains of stalled ribosomes [7]. ClpA has been reported to bind the SsrA sequence
with an affinity equal to ~200 nM, which drives specific degradation of SsrA-tagged proteins by the
ClpAP complex [8]. Association with the ClpS adaptor protein results in a substantial decrease in the
affinity of ClpA towards SsrA-tagged proteins such that SsrA-tagged substrates are not degraded by
the CIpAPS complex [9-11]. Deletion of the N-terminal domain of CIpA reverses this observation such
that CIpAP catalyzed degradation of an SsrA-tagged Green Fluorescent protein occurs independent of
E. coli ClpS [9]. Complimentary work has demonstrated that a single ClpS molecule associates with
ClpA hexamers with an affinity of ~40 nM but that an additional one to two ClpS molecules may
associate with a decreased affinity equal to >700 nM [11,12]. Taken together, saturation of ClpS binding
to ClpA hexamers as indicated by a 6:1 ratio of ClpS:ClpAg is not necessary for significant control of
ClpA function but an intact N-terminal domain (NTD) is required for ClpS-dependent inhibition of
ClpAP catalyzed degradation of SsrA-tagged protein substrates.

Until recently, ClpC protein function was widely thought to depend on adaptor protein association.
Bacillus subtilis (B. subtilis) ClpC oligomerization and subsequent chaperone activity was previously
reported to depend on the association of the MecA adaptor protein [13,14]. High-resolution structures
for Staphylococcus aureus (S. aureus) ClpC in the presence and absence of MecA have recently revealed
a more complicated picture. Association of the MecA adaptor protein with S. aureus ClpC promotes
formation of enzymatically active ClpC hexamers via transition from an inactive helical assembly [15].
B. subtilis ClpCP can also bind and degrade phosphoarginine substrates independent of any adaptor
protein [16], thereby demonstrating that MecA association is not always required for ClpCP function
as once thought. In contrast, ClpC proteins from cyanobacteria and actinobacteria are not widely
known to possess chaperone activities that are adaptor protein-dependent [17-21]. All available data
describing actinobacterial ClpC protein function have been collected using Mycobacterium tuberculosis
(M. tuberculosis) ClpCl (ClpC2 lacks identifiable motifs associated with ATPase activity) and
demonstrate adaptor protein-independent activity. However, the protein degradation activity of
Synechoccus elongatus ClpCP3/R is regulated by two ClpS isoforms, ClpS1 and ClpS2, where ClpS1
promotes the binding of N-degron protein substrates bearing N-terminal Phe and Tyr residues and
ClpS2 blocks degradation of x-casein substrates [18]. No data has been reported regarding adaptor
protein-dependent regulation of Clp protease complexes in actinobacteria.

Given the close phylogenetic relationship between mycobacterial and cyanobacterial ClpC
proteins [22], it is likely that the former may be subject to ClpS-mediated control. However, it is
currently unclear whether mycobacterial ClpC1 is subject to regulation by any adaptor protein. For this
reason, we set out to determine the functional relationship between M. tuberculosis H37Rv ClpCl1
(Accession Number: Rv3596¢) and ClpS (Accession Number: Rv1331). That is to say, if a physical
ClpC1:ClpS interaction occurs, does it impact ClpC1 function? Here, we demonstrate that a physical
association occurs to form a stable complex detectable by pulldown methods. From stopped-flow
fluorescence experiments reporting on ClpC1 catalyzed unfolding of an SsrA-tagged fluorescent
protein, we report a [ClpS]-dependent two-state transition between a fully catalytic state and a
partially-inhibited ClpC1 state. Our data suggest that specific residues located in the Middle Domain
are necessary for allosteric control by ClpS independent of the ClpC1-NTD. These results demonstrate
that ClpS allosterically impacts ClpC1 catalyzed unfolding of an SsrA-tagged protein and concurrently
represent the first report of adaptor protein-mediated regulation of a mycobacterial ClpC protein.

2. Results

2.1. Dependence of Apparent Unfolding Rate Constant on [ClpS]

To determine whether mycobacterial ClpS is a functional adaptor of ClpC1l, we performed
stopped-flow fluorescence experiments using a method that reports on ClpC1 catalyzed unfolding
of an SsrA-tagged protein. Figure 1A illustrates the experimental design as described in Materials
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and Methods. In our experiments, syringe A of the stopped-flow fluorometer contains a solution
of 1 uM ClpC1 incubated in the presence or absence of ClpS. Syringe B is loaded with a solution
containing 9.5 mM ATP and 100 nM photoactivated SsrA-Kaede (SsrA-Kaedereq). Trachyphyllia geoffroyi
(T. geoffroyi) Kaede belongs to a family of fluorescent proteins that are structurally homologous
to the green fluorescent protein (GFP) from Aequorea Victoria [23]. Kaede contrasts GFP through
photoactivation-dependent excitation and emission properties, where irradiation by ultraviolet-visible
light (350-410 nm) causes peptide cleavage adjacent to His62 via a (3-elimination reaction [23-25].
Cleavage by photoactivation yields Kaedeg.4, which exhibits red-shifted emissions and a chromophore
structure that is distinct from the green (non-photoactivated) form [23]. In our experiments, we include
Kaedegeq bearing a C-terminal SsrA degradation tag (SsrA-Kaedegeq). As illustrated by Glynn and
coworkers with E. coli ClpX, unfolding of SsrA-Kaedeg.q irreversibly displaces an N-terminal Kaede
fragment and quenches native Kaedereq emissions [26]. From this, we expect that mixing the contents
of the two syringes depicted in Figure 1A will result in ClpC1 catalyzed unfolding of SsrA-Kaedeg.q
and subsequent quenching of fluorescence observed at wavelengths longer than 570 nm.
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Figure 1. Examining the impact of [CIpS] on ClpCl1 catalyzed unfolding of an SsrA-tagged protein.
(A) Schematic representation of stopped-flow fluorescence protein unfolding experiments. Syringe A
contains the indicated reagents, 1 tM CIpC1 and varied concentrations of ClpS (indicated in text). Syringe B
contains 9.5 mM ATP to fuel protein unfolding and 100 nM photoactivated Kaede bearing a C-terminal
SsrA-degradation tag (SsrA-Kaedeg,q). Fluorescence is observed using an excitation wavelength equal
to 568 nm and emissions are observed above 570 nm with a 570-nm-long pass filter. Upon mixing,
the concentrations are two-fold lower than in the preincubation syringe. (B) Representative fluorescence
time courses for ClpCl1 catalyzed SsrA-Kaedeg.q unfolding. Time courses represent 1 uM ClpC1 incubated
with (Red Circles) or without (Blue Circles) 2 uM ClpS prior to mixing with 9.5 mM ATP and 100 nM
SsrA-Kaedegeq. The dashed and solid lines represent nonlinear least squares (NLLS) fits using a
single-exponential function for time courses collected in the presence or absence of ClpS, respectively.
All apparent unfolding rate constants are summarized in Table 1. (C) Dependence of the apparent
unfolding rate constant, k(jyp, on [ClpS]g, where [ClpS]g represents the final mixing concentration of ClpS.
Average unfolding rate constants for the Catalytic and Partially-Inhibited phases are equal to 1.7 & 0.2 and
0.8 & 0.1 57!, respectively. (D) Replotting the data shown in Figure 1C as kuEapy versus [ClpS]r/[ClpCl]y
indicates that the transition from Catalytic phase to Partially-Inhibited phase occurs when the ratio of
total ClpS concentration to total CIpC1 monomer concentration equals 0.65. All data shown are from
independent experiments and error bars indicate + standard deviation.
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Figure 1B shows representative fluorescence time courses collected by rapidly mixing the contents
of syringes A and B, as schematized in Figure 1A. The representative time courses were collected
with final mixing concentrations of each reactant equal to 0.5 uM ClpC1, 50 nM SsrA-Kaedegeq
and 4.75 mM ATP in the presence (Red trace in Figure 1B) and absence (Blue trace in Figure 1B)
of 1 uM ClpS. As predicted, all time courses display a time-dependent decrease in observed emissions.
The magnitude of the observed change in SsrA-Kaedeg.q emissions in this experimental design is
low relative to previously reported translocation assays performed with other Clp/Hsp100 family
members [27,28]. To insure that our observed emissions signal was reproducible, we repeated
the experiments shown in Figure 1B six times using protein samples derived from independent
preparations. As such, we are confident in asserting that the rate of ClpC1 catalyzed unfolding of
SsrA-Kaedeg,q is dependent on [ClpS]. Nonlinear least squares (NLLS) analysis of each time course
shown in Figure 1B using a single-exponential function yields an apparent unfolding rate constant,
kugapp, equal to 1.7 £+ 0.1 or 0.7 &+ 0.3 s~ ! for conditions including 0 or 1 uM ClpSk (final mixing
[ClpS]), respectively. Our observation of a nearly three-fold decrease in the apparent unfolding rate
constant for conditions lacking ClpS relative to conditions with [ClpS]r in excess lead us to conclude
that M. tuberculosis ClpCl is inhibited by ClpS.

We next examined the ClpS concentration dependence of the apparent unfolding rate constant
describing ClpCl1 catalyzed the protein unfolding. Stopped-flow fluorescence experiments were
performed as schematized in Figure 1A by varying the [ClpS] in syringe A. Time courses were collected
at final mixing concentrations of ClpS equal to 0, 125, 250, 350, 500, 1000 and 1500 nM. Each data set was
subjected to NLLS analysis using a single-exponential function to determine the apparent rate constant
(Table 1). A plot of the apparent unfolding rate constant, ki, versus the final mixing concentration
of CIpS, [ClpS]y, displays a pronounced dependence on the molar concentration of ClpSg (Figure 1C).
NLLS analysis of the data shown in Figure 1C using a Hill function (Equation (1)) suggests an affinity
describing the ClpS:ClpC1 interaction as ~325 nM under the final mixing conditions examined here.
Due to the steep slope, our analysis was unable to accurately estimate the Hill coefficient.

Table 1. Apparent rate constant describing ClpC1 catalyzed SsrA-Kaedegeq unfolding as a function
of [ClpS].

kUF,app (C]

[ClpS]F (nM)
Full-Length ClpC1 ANTD-ClpC1

0 1.7 £01 24+11
125 14+£01
250 19+£03 14£01
350 09+0.1
500 09+0.1
1000 07+£03 09+02
1500 0.89 £0.03

Kurapp is the apparent rate constant describing ClpC1 catalyzed unfolding of an SsrA-tagged protein. [ClpS]r
represents the final reaction concentration of ClpS after mixing in the stopped-flow spectrophotometer.

The maximum binding stoichiometry can be determined from the breakpoint in a plot of the
degree of binding versus the ratio of the concentrations of total ligand to total macromolecule,
[XIt/[MI]r [29]. Since ClpC1 is incubated with ClpS prior to mixing with ATP and SsrA-Kaedegeq in our
experiments, we expect that the resulting apparent rate constants describing the [ClpS]g-dependence
of SsrA-tagged protein unfolding by ClpCl1 are proportional to the degree of binding. Figure 1D
shows a plot of the apparent unfolding rate constant versus the ratio of total ClpSg concentration
to ClpC1 monomer concentration. This plot yields a curve with an inflection point equal to 0.65.
An inflection point of less than unity strongly suggests a deviation from a 1:1 binding stoichiometry
between ClpS and ClpC1. Calculation of the ratio of [ClpC1]t to [ClpS]rt, instead of [ClpS]t:[ClpC1]y,
using monomeric terms yields an estimate of 1-2 ClpC1 molecules associated per ClpS monomer
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(1/0.65 [ClpS]g/[ClpC1]r) = 1.54 ([ClpC1]t/[ClpS]t)). Given that the data presented in Figure 1C,D
are not hyperbolic, this observation likely indicates the average binding stoichiometry to be two ClpC1
subunits per single ClpS molecule.

2.2. N-Terminal Domain of ClpC1 Is Dispensable for ClpS-Mediated Inhibition of Protein Unfolding

Previous reports have indicated that the N-terminal domain of M. tuberculosis ClpCl1 is dispensable
for chaperone function [21]. Based on this, we asked; are N-terminal domain deletion variants of
ClpC1 susceptible to negative regulation by ClpS similar to full-length ClpC1? To examine this
question, we performed stopped-flow fluorescence experiments as described above and in Materials
and Methods observing SsrA-Kaedegeq unfolding by a ClpC1 truncation mutant lacking N-terminal
residues M1-Y145, which we term ANTD-ClpC1. Truncations were designed based on our previously
reported primary sequence analysis [22] and the crystal structure for the M. tuberculosis ClpC1
N-terminal domain [30]. In our stopped-flow experiments with ANTD-CIpC1, the only modification
made to the experimental design as depicted in Figure 1A is a substitution of ANTD-ClpCl1 in place
of full-length ClpC1. Figure 2A shows representative time courses collected by rapidly mixing
the contents of syringes A and B, as schematized in Figure 1A. The final concentrations of all
reactants upon mixing were 0.5 uM ANTD-CIpC1, 50 nM SsrA-Kaedeg,q4, 4.75 mM ATP and 1 uM
ClpS (where indicated). The representative time courses were collected in the presence (Red trace
in Figure 2A) and absence (Blue trace in Figure 2A) of 1 uM ClpSg. All time courses display a
time-dependent decrease in observed emissions. However, time courses collected by incubating
ANTD-ClpCl1 in the presence of 1 uM ClpSg exhibit a marked decreased in the apparent amplitude,
which suggests a decrease in the concentration of unfolded SsrA-Kaedegq4. In the absence of ClpS,
time courses reporting on ANTD-ClpC1 catalyzed unfolding of SsrA-Kaedegeq yield amplitudes that
are similar to the same experiments performed using full-length ClpC1. Comparable experiments
performed using ClpC1-NTD in place of either full-length ClpC1 or ANTD-ClpC1 reveal no change
in fluorescence signal, consistent with the requirement for ATP hydrolysis for productive protein
unfolding to occur (Figure 2B).

Each time course shown in Figure 2A was subjected to NLLS analysis using a single-exponential
function to determine the apparent rate constant (Table 1). The resulting apparent unfolding rate
constants, kijrpp, corresponding to both full-length ClpC1 and ANTD-ClpC1 are plotted in Figure 2C.
In the absence or presence of 1 uM ClpS, the apparent unfolding rate constant describing ANTD-ClIpC1
catalyzed unfolding of SsrA-Kaedegq is 2.4 + 1.1 or 0.9 + 0.2 s~!, respectively. Unfolding rate
constants estimated in the presence of 0 or 250 nM ClpSg for either full-length ClpC1 or ANTD-ClpC1
are statistically indistinguishable. However, comparison of means by t-testing demonstrate that the
mean unfolding rate constants describing ClpC1 or ANTD-ClpCl1 catalyzed protein unfolding in the
presence of 0 versus 1000 nM ClpSg or 250 versus 1000 nM ClpSr are statistically different (Figure 2C).
Taken together, our data suggest a model wherein the NTD is dispensable for ClpS-dependent allosteric
inhibition of ClpCl1 catalyzed unfolding of SsrA-tagged Kaede.
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Figure 2. The ClpC1 N-terminal domain is dispensable for protein unfolding. (A) Representative
fluorescence time courses for ANTD-ClpC1 catalyzed SsrA-Kaedegeq unfolding. Time courses represent
1 uM ANTD-ClpC1 incubated with (Red Circles) or without (Blue Circles) 2 uM ClpS prior to mixing
with 9.5 mM ATP and 100 nM SsrA-Kaedeg.q. The dashed and solid lines represent NLLS fits using a
single-exponential function for time courses collected in the presence or absence of ClpS, respectively.
All apparent unfolding rate constants are summarized in Table 1. (B) Representative fluorescence
time courses for ClpC1-NTD catalyzed SsrA-Kaedegeq unfolding with coloring identical to Figure 1A.
No significant unfolding is observed; all data points are observed to fluctuate about the baseline.
(C) Compearison of the apparent unfolding rate constants observed for full-length ClpC1 (Green Bars)
and ANTD-CIpCl1 (Blue Bars) in the presence of 0, 250 and 1000 nM ClpS. * p < 0.05, ** p < 0.001
calculated from an unpaired Student’s f-test (two-tailed). All data shown are from independent
experiments and error bars indicate & standard deviation.

2.3. Mycobacterial ClpS Primary Sequence Analysis Reveals ClpC1-MD (Middle Domain) Binding Features

Previous X-ray structures for B. subtilis ClpC in complex with MecA indicate that complex
formation involves binding interactions at the NTD and middle domain (MD) [31]. This observation
led us to ask; can this prior knowledge on interactions between MecA and the B. subtilis ClpC-MD be
used to make predictions regarding the identity of the ClpC1:ClpS interaction surface? To address this
question, we utilized multiple sequence alignments to identify putative MD-CIlpS interacting residues
between actinobacterial ClpC and ClpS proteins (Figure 3A).

Reference to the ClpC:MecA complex structure predicts two B. subtilis ClpC-MD residues,
R443 and Q432, to be involved in complex formation (Figure 3B) [31]. Multiple sequence alignments
comparing E. coli ClpA and ClpC proteins demonstrates a high degree of sequence conservation
among MD-containing ClpC proteins for the R443 position but lesser conservation is observed for the
Q432 position (Figure 3A). From the ClpC:MecA structure, we expect that a similar interaction would
be possible if a residue is conserved at the B. subtilis residue position 432 that harbors a side-chain
with a carbonyl functional group available for hydrogen bonding to the side-chain of nearby MecA
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5156. Consistent with this prediction, Figure 3A illustrates that mycobacterial ClpC proteins maintain
a conserved aspartate in the corresponding residue position. Thus, the mycobacterial ClpC1-MD
contains primary sequence features that may support interaction with B. subtilis MecA.
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Figure 3. Primary sequence analyses predict the ClpC1-MD as a secondary binding surface for ClpS.

(A,B) Multiple sequence alignments reveal the conservation of two residues (indicated by asterisks *)

in actinobacterial ClpC1 protein sequences that are involved in complex formation between B. subtilis
MecA and the ClpC-MD. (C) Representative fluorescence time courses for ANTD-ClpC1-D440A /R451A
catalyzed SsrA-Kaedegreq unfolding. Time courses represent 1 uM ANTD-ClpC1-D440A /R451A
incubated with (Red Circles) or without (Blue Circles) 2 uM ClpS prior to mixing with 9.5 mM ATP
and 100 nM SsrA-Kaedegeq. The dashed and solid lines represent NLLS fits using a single-exponential
function for time courses collected in the presence or absence of ClpS, respectively. All apparent

unfolding rate constants are summarized in Table 1. All structure representations in Figure 3 were

prepared with the Pymol software package and Protein Databank (PDB) accession code 3PXG [31].

To determine the importance of ClpC1-MD residues for ClpS-dependent inhibition of ClpC1
catalyzed protein unfolding, we further modified ANTD-ClpC1 to harbor D440A and R451A mutations.
These mutations are based on the B. subtilis R443 and Q432 residue positions as discussed above.
Stopped-flow fluorescence experiments performed as described in Figure 1A suggest that the
ANTD-ClpC1-D440A /R451A mutant catalyzes unfolding of SsrA-tagged Kaeder with a marked
decrease in apparent unfolding rate constant regardless of [ClpS]. Figure 3C reveals that time courses
reporting on ANTD-ClpC1-D440A /R451 A mutant catalyzed protein unfolding qualitatively overlay
whether collected in the absence (Blue trace, Figure 3C) or presence (Red trace, Figure 3C) of 1 pM
ClpSg. NLLS analysis of time courses shown in Figure 3C yield estimates of the unfolding rate
constants equal to 0.59 & 0.05 and 0.71 =+ 0.02 s ! in the presence of 0 or 1 uM ClpSg, respectively.

Therefore, M. tuberculosis ClpC1-MD may represent a surface necessary for ClpS interaction.
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2.4. Identification of ClpC1 Surfaces Involved in Complex Formation

In order to resolve whether ClpC1:ClpS complex formation requires the ClpC1-NTD, pulldown
experiments were performed using Hisg-tagged ClpS as a reporter for ClpCl binding. Varied
concentrations of ClpC1 were incubated in the presence of 2 uM Hisg-SUMO-ClpS and 1 mM ATPyS,
a slowly-hydrolysable ATP analogue (Figure 4A). In this experimental design, all samples contain
equimolar amounts of Hisg-SUMO-ClpS and are treated with a constant volume of Ni-NTA slurry.
Thus, we expect that the amount of Hisg-SUMO-ClpS eluted from the Ni-NTA resin will remain
constant across all conditions surveyed here. If Hisg-SUMO-ClpS interacts physically with ClpC1,
SDS-PAGE analysis will reveal a gel band that corresponds to ClpC1 with molecular weight equal to
approximately 95 kDa.
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ClpC1 - + cn e +2 UM His -SUMO-CIpS
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Figure 4. Pulldown experiments reveal a physical ClpC1:ClpS interaction. All samples were prepared
by incubating 2 pM Hisg-ClpS with or without ClpC1/ATPyS. Following complex formation, Hise-ClpS
was isolated using affinity pulldown methods based on the Hisg-tag:Ni-NTA resin interaction.
(A) M. tuberculosis ClpC1:ClpS protein complex formation is enhanced relative to background levels in
the presence of 1 mM ATPyS. Lanes 2 and 3 were loaded with 2 uM Hisg-ClpS previously incubated
with or without 2 uM ClpCl, respectively. In addition to 2 uM Hisg-SUMO-ClpS, Lanes 4-7 contained
0,1, 2, or 3 uM ClpCl, respectively and 1 mM ATPyS. ClpC1:ClpS interactions were observed by
Coomassie staining methods. (B) The ANTD-ClpC1 truncation shows diminished association with
Hisg-SUMO-ClpS when compared to wild-type M. tuberculosis ClpCl as indicated by the need to visual
band patterns using silver staining methods. All lanes were loaded as described in Figure 4A but
with ANTD-ClpC1 substituted in place of full-length ClpC1. (C) Pulldown experiments described in
Figure 4A were repeated by substituting ANTD-ClpC1-D440A /R451A in the place of full-length ClpC1.

The SDS-PAGE analysis illustrated in Figure 4A confirms that a ClpC1:ClpS interaction occurs.
As expected, a gel band corresponding to the molecular weight of ClpC1 is not observed by Coomassie
staining when ClpC1 is not present (Figure 4A, Lanes 2 and 4). We note the presence of a ClpC1 band
when ClpCl1 is incubated with 2 uM Hisg-SUMO-ClpS in the presence and absence of ATPYS (Figure 4A,
Lanes 3, 5-7). We are confident that this is not the result of contaminating Hiss-SUMO-ClpCl1 in our
ClpC1 preparation since our purification protocol includes a Ni-NTA Immobilized Metal Affinity
Chromatography (IMAC) step after Hisg-SUMO-tag removal, thereby separating Hisg-SUMO-ClpC1
from cleaved ClpC1 (Section 4). We note the observation of non-specific interactions between full-length
ClpC1 and Ni-NTA resin (Figure S1, Lane 1). However, the incubation of 2 uM Hisg-SUMO-ClpS with
1 mM ATPyS and 2 uM ClpC1 yields qualitatively denser gel bands (Figure S1, Lane 3), which is an
observation consistent with specific binding between Hiss-SUMO-ClpS and ClpCl1.
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A common feature shared amongst characterized adaptor proteins is that the primary contact
surfaces on the associated Clp/Hsp100 protein are located in the N-terminal domain [15,31,32]. Based
on this and our stopped-flow fluorescence data presented in Figures 1 and 2, we performed additional
affinity pulldown experiments with ANTD-ClpC1. Experiments were performed by incubation of
2 uM Hisg-SUMO-ClpS with 0, 1, 2, or 3 uM ANTD-CIpC1 and 1 mM ATPyS (Figure 4B, Lanes 4-7).
In order to resolve gel bands corresponding to ANTD-ClpCl1 in these experiments, silver-stain methods
were required for SDS-PAGE gel visualization. Similar to the identical experiments performed
with full-length ClpC1, ANTD-ClpC1 was observed to coelute in Ni-NTA pulldown experiments
under conditions including both Hisg-SUMO-ClpS and ANTD-ClpC1. Unlike full-length ClpC1,
ANTD-ClpC1 was not observed to interact non-specifically with Ni-NTA resin (Figure S1). From this,
we conclude that binding of ClpS to a ClpC1 construct lacking an intact N-terminal domain does occur.
However, complete ablation of ClpC1:ClpS complex formation is observed when the same experiments
are performed with the ANTD-ClpC1-D440A /R451A mutant (Figure 4C). Taken together, these data
suggest that ClpC1:ClpS complex formation involves interactions between the ClpC1-MD and ClpS.

2.5. Molecular Dynamics Simulations Predict Unique ClpS Interface Involved in Complex Formation

Adaptor protein regulation of Hspl00 proteins commonly involves interactions with the
N-terminal domain. Molecular Dynamics simulations were performed to investigate the structural
arrangement necessary to drive ClpC1:ClpS assembly via the ClpC1-NTD surface. Figure 5 displays
the atomistic details describing the ClpC1-NTD and ClpS binding structure obtained by molecular
dynamics simulation. The contact residues in the binding interface were determined based on a
separation distance less than 4.5 A. Most contact residues were observed to be neutral but some
charged residues were also involved in the binding interface. From this, we conclude that the
underlying molecular driving forces that function to stabilize the ClpC1-NTD:ClpS interface represent
contributions from electrostatic interactions, hydrogen bonding and hydrophobic interactions.

/~ \ ClpC1-NTD
L e

Figure 5. Molecular Dynamics simulations predict unique ClpS interface involved in complex
formation. The snapshot of the M. tuberculosis ClpC1-NTD:ClpS complex obtained by the Molecular
Dynamics simulation. All contact residues are highlight in stick representation. Structures for
ClpC1-NTD and ClpS are shown in cartoon representation and colored as blue and green, respectively.
All structure representations in Figure 5 were prepared with the Pymol software package.

The interaction energies between binding pairs are listed in Table 2. From these calculated
interaction energies, an overall binding interaction energy is estimated to be approximately
—54 kcal/mol. However, nearly 42% of this binding energy is associated with a single interaction
between Lys85 of ClpC1-NTD and Asp35 of ClpS, where the associated binding energy was estimated
as —22.5 kcal/mol. Analysis of multiple sequence alignments indicates that the residue position
corresponding to M. tuberculosis ClpC1 Lys85 is widely conserved as either a lysine or glutamine in
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ClpC and ClpA proteins, respectively. Separate multiple sequence alignments generated using ClpS
protein sequences suggest that M. tuberculosis ClpS position 35 is universally conserved as an aspartic
acid residue. Thus, a Lys:Asp interaction would be possible at these residue positions in most ClpC
and ClpS proteins, respectively. Based on the available structural models, a similar interaction between
ClpA and ClpS does not occur using the arrangement observed in our molecular dynamics model for
the ClpC1-NTD in complex with CIpS.

Table 2. List of the contact residues. The distance and interaction energy is in unit of A and kcal/mol.

ClpC1 ClpS Energy Dist
Phe2 Trp33 —4.802 3.95
Phe2 Asp34 —0.118 4.26
Phe2 Trp94 —2.193 3.95
Phe2 Thro6 —0.877 4.19
Glu3 Thro6 —1.604 4.16
Thré Argl01 —0.128 421
Asp7 Trp33 —0.252 3.87
Asp7 GIn98 —3.051 3.99
Asp7 Argl01 0.018 4.20

Argl0 Trp33 —5.015 3.93

Argl0 GIn98 —1.263 3.52
Vall3 Asp35 —0.257 4.34
Vall3 Pro36 —1.65 4.09
Vall4 Glu68 —0.466 4.35
Vall4 Gly69 —0.605 4.02
GIn17 Pro36 1.15 4.19
Gly76 His66 —0.244 3.89
Gly76 Asn67 0.098 3.92
His77 Pro36 1.52 3.94
His77 Val37 0.391 421
His77 Asn38 —0.334 4.02
His77 Leu39 0.291 4.29
His77 His66 1.173 3.83
Ile78 Pro36 —0.065 3.94
Pro79 Val37 —0.877 3.71
Pro79 Asn38 0.5 4.47
Phe80 Pro36 —1.774 4.02
Phe80 Val37 —2.005 3.99
Lys85 Asp35 —22.528 3.47
Lys85 Pro36 —7.72 3.62
Lys85 Val37 —1.107 4.02

Tyr145 Argl01 —0.077 3.98

3. Discussion

ClpC1 Binding of ClpS May Involve Multiple Binding Surfaces

Recent Cryo-EM structures for the S. aureus ClpC:MecA [15] complex and Saccharomyces cerevisiae
(S. cerevisine) Hsp104 [33] have implicated the Middle Domain as a molecular switch in HSP100 proteins.
Association of S. aureus ClpC with MecA induces a structural rearrangement that transitions the
complex from an inactive resting state to a fully functional chaperone [15]. This switch is accompanied
by a transformation from a helical assembly stabilized by head-to-head intermolecular MD contacts
to the planar ring structure associated with active Clp/Hsp100 ATPases. The molecular basis for
describing this process centers on the Uvr motif of the MD, a primary sequence motif characterized
by a conserved motif, [E/D]¢E, similar to the coiled-coil motifs of UvrB and UvrC (¢ represents any
aromatic residue) [34,35]. Previous data with B. subtilis ClpC has demonstrated Uvr motif residue
F436 as critical for protein complex assembly and function [31]. The F436A mutation and outright
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MD deletion in S. aureus ClpC yields no detectable stimulation of ATPase activity in the presence
of MecA [15]. Cryo-EM structures for S. aureus ClpC with and without MecA present reveal the
interaction of this MD phenylalanine residue with MecA such that intermolecular MD-MD interactions
are disrupted upon introduction of MecA, thereby reconfiguring the complex into an enzymatically
active hexamer. However, in the absence of an intact Uvr motif, the inactive helical assembly is
no longer stabilized via MD-MD intermolecular interactions and MecA is no longer necessary for
ClpC activation.

Cyro-EM structures for S. cerevisine Hsp104 have led to the proposal that the MD adopts two
nucleotide-specific conformations that correspond to the hydrolytic state of the bound nucleotide
(Figure 6) [33]. From this, the MD was proposed to stabilize the ATP-state of Hsp104 subunits with
bound polypeptide substrate. Superimposition of the X-ray structure for B. subtilis ClpC-D1 [31]
alongside the Cryo-EM structures for Hsp104 [33] bound to either ATPyS or ADP positions the
ClpC-MD in an ATP-like conformation that is approximately orthogonal to the position predicted for
the ADP-state (Figure 6). Unlike the Hsp104 structures, however, the model shown for ClpC is derived
from a co-crystal structure with MecA bound, which suggests a role for adaptor protein in stabilization
of the ATP-state.

Base
Domain

Lid
Domain

Figure 6. Structural Comparisons Among Middle Domain-Containing Hsp100 proteins. Alignment of
X-ray structures for Hsp104 bound to either ATPYS (green) or ADP (purple) alongside B. subtilis ClpC
(salmon) reveal the Middle Domain conformation to be nucleotide-dependent. The PDB accession
codes used to create Figure 6 were 5VY9, 5VY9 and 3PXG.

Our data presented here suggest the presence of two distinct ClpC1 sites that participate in ClpS
interactions. Based on pulldown data and comparisons with homologous Clp/Hsp100 ATPases, those
sites are represented by the ClpC1-NTD and ClpC1-MD. Though the ClpC1-NTD is dispensable for
ClpC1 catalyzed unfolding of an SsrA-tagged protein, it may contribute to complex stability. However,
our molecular dynamics model indicates that the ClpS:ClpC1-NTD interaction may differ substantially
from the models reported for the ClpA-NTD:ClpS complex [10,36]. In our model, much of the free
energy associated with complex formation involves a single interaction between Lys85 of ClpC1-NTD
and Asp158 of ClpS. Though an Asp is conserved at this position in all ClpS proteins, reference to
comparable structures for ClpA-NTD:ClpS complexes indicate that this residue is positioned on the
ClpS-face opposite to the ClpA-interaction site [10,36]. Furthermore, no interaction pair identified in
our ClpC1-NTD:ClpS model would be expected to occur similar to those reported for ClpA. However,
our stopped-flow fluorescence data represented in Figures 2 and 3 demonstrate that the ANTD-ClpCl1
truncation mutant is subject to allosteric inhibition by ClpS, which requires that a physical interaction
occur between the two proteins in the absence of an intact ClpC1-NTD. Further mutations to residue
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positions surrounding the Uvr motif, D440A and R451A, ablate ClpS-dependent inhibition of ClpC1
catalyzed SsrA-tagged protein unfolding. Taken together, our data support a model wherein ClpS
interacts directly with the ClpC1-NTD and -MD in a configuration that may be more “MecA-like.”
Based on the structural data presented in Figure 6, we expect that this would necessarily need to
involve the ClpS-dependent stabilization of a ClpC1-MD conformation other than the ATP-state.
However, the structural details of these conformational dynamics are currently unclear.

Taken together, our data suggest that ClpS functions as binary regulator of ClpC1 catalyzed
protein unfolding (Figure 1C). This statement is based on the observation in Figure 1C of two phases
separated by a narrow range of [ClpS], which we term the Catalytic and Partially-Inhibited phases
(colored orange and yellow in Figure 1C, respectively). The average apparent unfolding rates are
1.7 £ 0.2 or 0.8 4- 0.1 s~ ! in the catalytic state or partially-inhibited state, respectively. This contrasts
reports involving E. coli CIpAP catalyzed degradation of SsrA-tagged GFP in the presence of ClpS,
where a continuum of kinetic behaviors are observed such that inhibition of ClpAP catalyzed protein
degradation occurs over a broader range of [ClpS] [11].

Though Clp/Hspl100 proteins are highly homologous in primary sequence and overall
architecture, regulation of this family of proteins is not necessarily identical across all bacterial
species. The data reported in this study illustrate that regulation of mycobacterial ClpC proteins
cannot be assumed as functionally equivalent to well-studied Clp/Hsp100 proteins such as E. coli
ClpA. We demonstrate that ClpS-dependent inhibition of M. tuberculosis ClpC1 catalyzed unfolding
of SsrA-proteins does not require an intact ClpC1-NTD and involves the ClpC1-MD. This contrasts
reported data for E. coli ClpA, where the ClpA-NTD is necessary for the observation of ClpS-dependent
inhibition of function. Our data qualitatively may suggest a role for the ClpC1-NTD in stabilization of
the ClpC1:ClpS complex. This observation is of potential clinical significance since anti-tuberculosis
drugs such as cyclomarin A [30,37] and lassomycin [38,39] are expected to bind to the ClpC1-NTD,
thereby leading to competition for binding between ClpS and anti-tuberculosis drug. However,
future work will be needed to clarify whether ClpS-overexpression in mycobacteria represents a viable
resistance mechanism against these novel anti-tuberculosis drugs.

4. Materials and Methods

4.1. Materials

All solutions were prepared with reagent-grade chemicals in double-distilled water produced
from a Purelab Ultra Genetic System (Siemens Water Technology, Munich, Germany). All genes were
synthesized and each cloned into the pET-24a(+) vector commercially by Genscript (Piscataway;,
NJ, USA). Plasmids for ClpC1l proteins encode Hisg-SUMO fusions with full-length ClpCl,
ClpC1 truncation mutant lacking N-terminal residues M1-Y145 (ANTD-ClpC1), the isolated ClpC1
N-terminal domain (ClpC1-NTD), or ANTD-ClpC1 bearing two single-point mutations, D440A /R451A,
in the ClpC1-MD (ANTD-ClpC1-D440A /R451A).

4.2. Protein Expression and Purification

All expression constructs were prepared as N-terminal Hisg-SUMO fusions and overexpressed
from the pET-24a(+) vector in BL21(DE3) competent cells. Bacterial cultures were initially grown
in Lysogeny broth (LB) at 37 °C, followed by induction at ODgyy = 0.6 absorbance units with
0.5 mM isopropyl -D-1-thiogalactopyranoside (IPTG, ThermoFisher Scientific, Waltham, MA, USA)
and overnight incubation with shaking at 18 °C. The harvested cell paste was resuspended in chilled
lysis buffer containing 50 mM Tris (pH = 8.3), 400 mM NaCl, 10% glycerol, 1 mM 2-mercaptoethanol,
10 mM imidazole (pH = 8) and a protease inhibitor cocktail tablet (ThermoFisher Scientific).
The resulting suspension was subjected to sonication and clarified by centrifugation at ~50,000x g.
Affinity chromatography was next applied such that the supernatant resulting from the previous
centrifugation step was incubated at 4 °C for 2 h with Ni-nitriloacetic acid solid-phase resin
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(Ni-NTA, G-Biosciences, St. Louis, MO, USA) previously equilibrated with lysis buffer. Following
incubation, the Ni-NTA resin was subjected to centrifugation at ~250x ¢ to isolate solid-phase resin.
The supernatant was discarded and the Ni-NTA resin washed with fresh lysis buffer. This wash cycle
was repeated five to seven times in order to remove any proteins not associated with the Ni-NTA resin.
After the final Ni-NTA wash cycle, all Hisg-SUMO-fusion proteins were dissociated from the resin by
gravity flow using elution buffer containing 50 mM Tris pH = 8.3, 300 mM NaCl, 10% glycerol, 2 mM
2-mercaptoethanol and 500 mM imidazole (pH = 8). Unless otherwise stated, the Hiss-SUMO tag was
removed from all fusion proteins by overnight digestion with Hisg-tagged Ulp1 protease in elution
buffer [40]. Cleaved protein was separated from Hiss-Ulpl and any residual uncleaved protein by
a second round of Ni-NTA binding. For M. tuberculosis Hisc-SUMO-ClpS, Hiss-SUMO-ClpC1-NTD
and T. geoffroyi Hisg-SUMO-SsrA-Kaede (expressed with C-terminal M. tuberculosis SsrA sequence,
AADSHQRDYALAA [19]) fusion proteins, the resulting flow-through volume was dialyzed overnight
against H200 buffer (25 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (pH = 7.6),
200 mM NaCl, 10 mM MgCl,, 1 mM 2-mercaptoethanol and 10% glycerol), flash-frozen in liquid
nitrogen and stored at —80 °C.

Additional purification steps were applied to isolate full-length ClpC1, ANTD-ClpC1 and
ANTD-DR440AA. After removal of the Hisg-SUMO tag, the resulting cleaved ClpC1 protein solution
was diluted with lysis buffer lacking NaCl to a final [NaCl] = 100 mM and loaded onto a Hiprep Q
FF 16/10 column (GE Healthcare, Piscataway, NJ, USA) previously equilibrated with 20 mM Tris
(pH = 8.3), 10 mM NaCl, 1 mM 2-mercaptoethanol and 10% glycerol. The sample was eluted with
a linear gradient from 10 mM NaCl to 1000 mM NacCl over 8 column volumes. Fractions derived
from the linear gradient elution were subjected to analysis by SDS-PAGE to confirm the presence
of ClpCl1 protein and pooled accordingly. Pooled fractions were dialyzed overnight against storage
buffer containing (50 mM Tris pH = 8.3, 400 mM NaCl, 5 mM 2-mercaptoethanol and 50% glycerol),
flash-frozen in liquid nitrogen and stored at —80 °C. Prior to storage, purity was judged to be >95% by
Coomassie staining (Figure S2A).

Protein concentrations were determined spectrophotometrically in reaction buffer H200
using extinction coefficients exgp = 3.59 x 10* M~l.em™!, ey = 3.14 x 10* M~l.em™!,
g0 = 2.65 x 10* M~l.em™!, 550 = 4.47 x 10° M~ L.em™! and epg0 = 2.74 x 10* M~l.em™,
respectively, for full-length M. tuberculosis ClpCl, ANTD-ClpC1/ANTD-ClpC1-D440A /R451A,
M. tuberculosis ClpS, ClpC1-NTD and T. geoffroyi SsrA-Kaede. The concentration of Hisg-SUMO-ClpS
was determined spectrophotometrically in H200 buffer described above using an extinction coefficient
of €380 = 2.79 x 10* M~L.cm™!. T. geoffroyi SsrA-Kaede was subjected to photoactivation prior to
storage using methods previously described [23-25].

4.3. Methods

4.3.1. Stopped-Flow Fluorescence Assay

Stopped-flow fluorescence experiments were performed using an Applied Photophysics SX.20
stopped-flow fluorometer (Letherhead, UK). All reactions were performed at 37 °C in buffer H200
(25 mM HEPES (pH = 7.6), 200 mM NaCl, 10 mM MgCl,, 1 mM 2-mercaptoethanol and 10% (v/v)
glycerol). Syringe A contained 1 pM ClpC1 and varied initial concentrations of ClpS from 0 to
3 uM. Syringe B contained 100 nM of photoactivated Kaede (SsrA-Kaedeeq) bearing a C-terminal
M. tuberculosis SsrA degradation tag and 9.5 mM ATP. The observation of ClpCl1 catalyzed protein
unfolding requires the inclusion of ATP in Syringe B (Figure S3). Prior to mixing, both solutions
were incubated for 15 min at 37 °C in the stopped-flow instrument to establish thermal equilibrium.
Additional incubation of either solution had no effect on the observed fluorescence time courses.
SsrA-Kaedereq was excited at Aex = 568 nm and emissions were observed above 570 nm using a
570-nm-long pass filter. All kinetic traces shown represent the average of at least seven individual
determinations. Averaged time courses were subjected to non-linear least squares (NLLS) analysis
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using a single exponential function. The dependence of the apparent unfolding rate constant, ki qyp,
on the final mixing concentration of ClpS, [ClpS]r, was subjected to NLLS analysis using a modified
form of the Hill equation:
Equation (1)
(Kapp[CIpS]E)"
1+ (Kapp[ClpS]F)n

where ky.x represents the maximum apparent unfolding rate constant, Ky, approximates the
association equilibrium constant, 7 is the Hill coefficient and b is the y-intercept term.

+0) )

kUF, app — 1- (kmax )

4.3.2. Ni-NTA Pulldown Experiments

Ni-NTA affinity pulldown experiments were performed by incubating 2 pM Hiss-SUMO-ClpS
with varied concentrations of ClpC1 and 1 mM ATPYS (as indicated) at 25 °C for 30 min to promote
complex formation. All experiments were performed in 150 puL reaction volumes in buffer H200
(25 mM HEPES (pH = 7.6), 200 mM NaCl, 10 mM MgCl,, 1 mM 2-mercaptoethanol and 10% glycerol).
After initial incubation, 100 uL of Ni-NTA slurry, in H200 buffer supplemented with 1 mM ATPyS and
10 mM imidazole (pH = 8), was added to each reaction solution, followed by incubation with agitation
at 25 °C for 60 min to promote Ni-NTA binding by Hisg-SUMO-ClpS. After 60 min, each reaction
mixture was transferred to an empty polypropylene column (Bio-Rad Laboratories, Hercules, CA, USA),
where solid resin was isolated from buffer by gravity flow. The isolated Ni-NTA resin was washed
3 times with an excess volume of H200 supplemented with 1 mM ATPyS and 10 mM imidazole
(pH = 8). Hisg-SUMO-ClpS was eluted from the Ni-NTA resin by the addition of 200 uL of H200
supplemented with 1 mM ATPyS and 250 mM imidazole (pH = 8). The resulting elution samples were
analyzed by SDS-PAGE using either Coomassie- or silver-staining methods to visual gel bands.

4.3.3. Structure Preparation

The PDB file for the crystal structure of ClpC1 [30] was obtained from the Protein Data Bank [41]
(PDB ID: 3WDB) and included an expression tag at N-terminus. The three-dimensional structure of
M. tuberculosis ClpS was obtained from homology modeling with the SWISS-Model Server [42] using
the crystal structure for ClpS from E. coli [43] from the protein databank (PDB ID: 2WA9) as a template.

The 3D structures for ClpC1-NTD and ClpS from M. tuberculosis were prepared for docking using
the MOE2018 [44] software suite (2018, Montreal, QC, Canada). MOE’s Protonate 3D [45] utility was
used to add the appropriate amount of hydrogens to each structure at a pH of 7.5, salt concentration
of 0.15M and temperature of 310 K. The protonated structures were energy minimized using the
AMBER14:EHT [46,47] force field.

4.3.4. Docking Process

The prepared structures of M. tuberculosis ClpC1-NTD and ClpS were submitted to the ClusPro
3.0 [48] server for rigid body docking calculations. The structure for ClpC1 was defined as the receptor
and that of M. tuberculosis ClpS was defined as the ligand. No residues were designated to be attractive
or repulsive.

4.3.5. Molecular Dynamics

Molecular dynamics simulations were performed using the NAMD2 platform [49]. The initial
structure was from the docking result with the lowest binding energy. Explicit solvent was employed
using the TIP3P water model [50]. The NPT ensemble was used with a constant temperature of 310 K.
The damping coefficient used in the simulations was set as 5 ps. The MD pressure was set as 1 atm
and kept as constant with Langevin piston method [51,52]. In the simulations, no constraint was
applied to any atomic coordinates. To include long-range electrostatic interactions in the simulations,
the particle-mesh Ewald (PME) method was used with a 1-angstrom grid width [53]. The nonbonded
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interactions were evaluated every 10 time-steps using a group-based cutoff with a switching function.
The SHAKE algorithm [54] was employed to fix the covalent bonds involving hydrogen in the
simulations [54]. The systems were equilibrated for 20 ns, followed by another 20 ns molecular
dynamics runs. The last snapshot was selected used for the binding analysis.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/11/
3651/s1.
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NTD N-terminal domain

MD Middle domain

NTP Nucleoside triphosphate
ATP Adenosine triphosphate

AAA+ ATPases associated with various cellular activities

References

1.  Gottesman, S.; Maurizi, M.R. Regulation by proteolysis: Energy-dependent proteases and their targets.
Microbiol. Rev. 1992, 56, 592-621. [PubMed]

2. Gottesman, S.; Wickner, S.; Maurizi, M.R. Protein quality control: Triage by chaperones and proteases.
Genes Dev. 1997, 11, 815-823. [CrossRef] [PubMed]

3. Sauer, R.T.; Baker, T.A. AAA+ proteases: ATP-fueled machines of protein destruction. Annu. Rev. Biochem.
2011, 80, 587-612. [CrossRef] [PubMed]

4. Olivares, A.O.; Baker, T A,; Sauer, R.T. Mechanistic insights into bacterial AAA+ proteases and
protein-remodelling machines. Nat. Rev. Microbiol. 2016, 14, 33—44. [CrossRef] [PubMed]

5. Alhuwaider, A.A.H.; Dougan, D.A. AAA+ machines of protein destruction in mycobacteria. Front. Mol. Biosci.
2017, 4, 49. [CrossRef] [PubMed]

6. Marina, A.F,; Laura, LK.; Andrea, G.; Julia, S.G.; Hector, RM.; Maria de, P.S.; Angel, A.C.; Fabiana, B.
Virulence factors of the Mycobacterium tuberculosis complex. Virulence 2013, 4, 3—66. [CrossRef]

7. Karzai, AW, Roche, E.D.; Sauer, R.T. The SsrA-SmpB system for protein tagging, directed degradation and
ribosome rescue. Nat. Struct. Biol. 2000, 7, 449-455. [CrossRef] [PubMed]

8.  Li, T, Lucius, A.L. Examination of the polypeptide substrate specificity for Escherichia coli ClpA. Biochemistry
2013, 52, 4941-4954. [CrossRef] [PubMed]

9. Dougan, D.A,; Reid, B.G.; Horwich, A.L.; Bukau, B. ClpS, a substrate modulator of the ClpAP machine.
Mol. Cell 2002, 9, 673—-683. [CrossRef]

10. Zeth, K;; Ravelli, R.B.; Paal, K,; Cusack, S.; Bukau, B.; Dougan, D.A. Structural analysis of the adaptor
protein ClpS in complex with the N-terminal domain of ClpA. Nat. Struct. Biol. 2002, 9, 906-911. [CrossRef]
[PubMed]

11.  Hou, J.Y;; Sauer, R.T.; Baker, T.A. Distinct structural elements of the adaptor ClpS are required for regulating
degradation by CIpAP. Nat. Struct. Mol. Biol. 2008, 15, 288-294. [CrossRef] [PubMed]

12.  De Donatis, G.M.; Singh, S.K.; Viswanathan, S.; Maurizi, M.R. A single ClpS monomer is sufficient to direct
the activity of the ClpA hexamer. J. Biol. Chem. 2010, 285, 8771-8781. [CrossRef] [PubMed]


http://www.mdpi.com/1422-0067/19/11/3651/s1
http://www.mdpi.com/1422-0067/19/11/3651/s1
http://www.ncbi.nlm.nih.gov/pubmed/1480111
http://dx.doi.org/10.1101/gad.11.7.815
http://www.ncbi.nlm.nih.gov/pubmed/9106654
http://dx.doi.org/10.1146/annurev-biochem-060408-172623
http://www.ncbi.nlm.nih.gov/pubmed/21469952
http://dx.doi.org/10.1038/nrmicro.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/26639779
http://dx.doi.org/10.3389/fmolb.2017.00049
http://www.ncbi.nlm.nih.gov/pubmed/28770209
http://dx.doi.org/10.4161/viru.22329
http://dx.doi.org/10.1038/75843
http://www.ncbi.nlm.nih.gov/pubmed/10881189
http://dx.doi.org/10.1021/bi400178q
http://www.ncbi.nlm.nih.gov/pubmed/23773038
http://dx.doi.org/10.1016/S1097-2765(02)00485-9
http://dx.doi.org/10.1038/nsb869
http://www.ncbi.nlm.nih.gov/pubmed/12426582
http://dx.doi.org/10.1038/nsmb.1392
http://www.ncbi.nlm.nih.gov/pubmed/18297088
http://dx.doi.org/10.1074/jbc.M109.053736
http://www.ncbi.nlm.nih.gov/pubmed/20068042

Int. ]. Mol. Sci. 2018, 19, 3651 16 of 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kirstein, J.; Schlothauer, T.; Dougan, D.A.; Lilie, H.; Tischendorf, G.; Mogk, A.; Bukau, B.; Turgay, K. Adaptor
protein controlled oligomerization activates the AAA+ protein ClpC. EMBO . 2006, 25, 1481-1491. [CrossRef]
[PubMed]

Schlothauer, T.; Mogk, A.; Dougan, D.A.; Bukau, B.; Turgay, K. MecA, an adaptor protein necessary for ClpC
chaperone activity. Proc. Natl. Acad. Sci. USA 2003, 100, 2306-2311. [CrossRef] [PubMed]

Carroni, M.; Franke, K.B.; Maurer, M.; Jager, J.; Hantke, I.; Gloge, F,; Linder, D.; Gremer, S.; Turgay, K.;
Bukau, B.; et al. Regulatory coiled-coil domains promote head-to-head assemblies of AAA+ chaperones
essential for tunable activity control. Elife 2017, 6. [CrossRef] [PubMed]

Trentini, D.B.; Suskiewicz, M.].; Heuck, A.; Kurzbauer, R.; Deszcz, L.; Mechtler, K.; Clausen, T. Arginine
phosphorylation marks proteins for degradation by a Clp protease. Nature 2016, 539, 48-53. [CrossRef]
[PubMed]

Tryggvesson, A.; Stahlberg, EM.; Mogk, A.; Zeth, K.; Clarke, A.K. Interaction specificity between the
chaperone and proteolytic components of the cyanobacterial Clp protease. Biochem. ]. 2012, 446, 311-320.
[CrossRef] [PubMed]

Tryggvesson, A.; Stahlberg, EM.; Topel, M.; Tanabe, N.; Mogk, A.; Clarke, A.K. Characterization of
ClpS2, an essential adaptor protein for the cyanobacterium Synechococcus elongatus. FEBS Lett. 2015,
589, 4039—-4046. [CrossRef] [PubMed]

Leodolter, J.; Warweg, J.; Weber-Ban, E. The Mycobacterium tuberculosis ClpP1P2 Protease Interacts
Asymmetrically with Its ATPase Partners ClpX and ClpC1. PLoS ONE 2015, 10, e0125345. [CrossRef]
[PubMed]

Schmitz, KR.; Sauer, R.T. Substrate delivery by the AAA+ ClpX and ClpC1 unfoldases activates the
mycobacterial ClpP1P2 peptidase. Mol. Microbiol. 2014, 93, 617-628. [CrossRef] [PubMed]

Kar, N.P; Sikriwal, D.; Rath, P; Choudhary, RK.; Batra, ].K. Mycobacterium tuberculosis ClpC1:
Characterization and role of the N-terminal domain in its function. FEBS J. 2008, 275, 6149-6158. [CrossRef]
[PubMed]

Miller, J.M.; Chaudhary, H.; Marsee, J.D. Phylogenetic analysis predicts structural divergence for
proteobacterial ClpC proteins. J. Struct. Biol. 2018, 201, 52-62. [CrossRef] [PubMed]

Hayashi, I.; Mizuno, H.; Tong, K.I.; Furuta, T.; Tanaka, F; Yoshimura, M.; Miyawaki, A.; Ikura, M.
Crystallographic evidence for water-assisted photo-induced peptide cleavage in the stony coral fluorescent
protein Kaede. J. Mol. Biol. 2007, 372, 918-926. [CrossRef] [PubMed]

Mizuno, H.; Mal, TK.; Tong, K.I,; Ando, R.; Furuta, T.; Ikura, M.; Miyawaki, A. Photo-induced peptide
cleavage in the green-to-red conversion of a fluorescent protein. Mol. Cell 2003, 12, 1051-1058. [CrossRef]
Ando, R.; Hama, H.; Yamamoto-Hino, M.; Mizuno, H.; Miyawaki, A. An optical marker based on the
UV-induced green-to-red photoconversion of a fluorescent protein. Proc. Natl. Acad. Sci. USA 2002,
99, 12651-12656. [CrossRef] [PubMed]

Glynn, S.E.; Nager, A.R,; Baker, T.A.; Sauer, R.T. Dynamic and static components power unfolding in
topologically closed rings of a AAA+ proteolytic machine. Nat. Struct. Mol. Biol. 2012, 19, 616-622.
[CrossRef] [PubMed]

Rajendar, B.; Lucius, A.L. Molecular mechanism of polypeptide translocation catalyzed by the Escherichia
coli ClpA protein translocase. J. Mol. Biol. 2010, 399, 665-679. [CrossRef] [PubMed]

Lucius, A.L.; Miller, ].M.; Rajendar, B. Application of the sequential n-step kinetic mechanism to polypeptide
translocases. Methods Enzymol. 2011, 488, 239-264. [CrossRef] [PubMed]

Van Holde, K.E.; Johnson, W.C.; Ho, P.S. Principles of Physical Biochemistry; Prentice Hall: Upper Saddle River,
NJ, USA, 1998; p. 657.

Vasudevan, D.; Rao, S.P; Noble, C.G. Structural basis of mycobacterial inhibition by cyclomarin A.
J. Biol. Chem. 2013, 288, 30883-30891. [CrossRef] [PubMed]

Wang, E; Mei, Z.; Qi, Y;; Yan, C.; Hu, Q.; Wang, ]J.; Shi, Y. Structure and mechanism of the hexameric
MecA-ClpC molecular machine. Nature 2011, 471, 331-335. [CrossRef] [PubMed]

Guo, F; Esser, L.; Singh, S.K.; Maurizi, M.R,; Xia, D. Crystal structure of the heterodimeric complex of the
adaptor, ClpS, with the N-domain of the AAA+ chaperone, ClpA. ]. Biol. Chem. 2002, 277, 46753-46762.
[CrossRef] [PubMed]


http://dx.doi.org/10.1038/sj.emboj.7601042
http://www.ncbi.nlm.nih.gov/pubmed/16525504
http://dx.doi.org/10.1073/pnas.0535717100
http://www.ncbi.nlm.nih.gov/pubmed/12598648
http://dx.doi.org/10.7554/eLife.30120
http://www.ncbi.nlm.nih.gov/pubmed/29165246
http://dx.doi.org/10.1038/nature20122
http://www.ncbi.nlm.nih.gov/pubmed/27749819
http://dx.doi.org/10.1042/BJ20120649
http://www.ncbi.nlm.nih.gov/pubmed/22657732
http://dx.doi.org/10.1016/j.febslet.2015.11.026
http://www.ncbi.nlm.nih.gov/pubmed/26611344
http://dx.doi.org/10.1371/journal.pone.0125345
http://www.ncbi.nlm.nih.gov/pubmed/25933022
http://dx.doi.org/10.1111/mmi.12694
http://www.ncbi.nlm.nih.gov/pubmed/24976069
http://dx.doi.org/10.1111/j.1742-4658.2008.06738.x
http://www.ncbi.nlm.nih.gov/pubmed/19016865
http://dx.doi.org/10.1016/j.jsb.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29129755
http://dx.doi.org/10.1016/j.jmb.2007.06.037
http://www.ncbi.nlm.nih.gov/pubmed/17692334
http://dx.doi.org/10.1016/S1097-2765(03)00393-9
http://dx.doi.org/10.1073/pnas.202320599
http://www.ncbi.nlm.nih.gov/pubmed/12271129
http://dx.doi.org/10.1038/nsmb.2288
http://www.ncbi.nlm.nih.gov/pubmed/22562135
http://dx.doi.org/10.1016/j.jmb.2010.03.061
http://www.ncbi.nlm.nih.gov/pubmed/20380838
http://dx.doi.org/10.1016/B978-0-12-381268-1.00010-0
http://www.ncbi.nlm.nih.gov/pubmed/21195231
http://dx.doi.org/10.1074/jbc.M113.493767
http://www.ncbi.nlm.nih.gov/pubmed/24022489
http://dx.doi.org/10.1038/nature09780
http://www.ncbi.nlm.nih.gov/pubmed/21368759
http://dx.doi.org/10.1074/jbc.M208104200
http://www.ncbi.nlm.nih.gov/pubmed/12235156

Int. ]. Mol. Sci. 2018, 19, 3651 17 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Gates, S.N.; Yokom, A.L.; Lin, J.; Jackrel, M.E.; Rizo, A.N.; Kendsersky, N.M.; Buell, C.E.; Sweeny, E.A.;
Mack, K.L.; Chuang, E.; et al. Ratchet-like polypeptide translocation mechanism of the AAA+ disaggregase
Hsp104. Science 2017, 357, 273-279. [CrossRef] [PubMed]

Moolenaar, G.F; Franken, K.L.; Dijkstra, D.M.; Thomas-Oates, ].E.; Visse, R.; van de Putte, P.; Goosen, N.
The C-terminal region of the UvrB protein of Escherichia coli contains an important determinant for
UvrC binding to the preincision complex but not the catalytic site for 3’-incision. J. Biol. Chem. 1995,
270, 30508-30515. [CrossRef] [PubMed]

Moolenaar, G.F,; Franken, K.L.; van de Putte, P.; Goosen, N. Function of the homologous regions of the
Escherichia coli DNA excision repair proteins UvrB and UvrC in stabilization of the UvrBC-DNA complex
and in 3’-incision. Mutat. Res. 1997, 385, 195-203. [CrossRef]

Xia, D.; Esser, L.; Singh, S.K.; Guo, F.; Maurizi, M.R. Crystallographic investigation of peptide binding sites
in the N-domain of the ClpA chaperone. J. Struct. Biol. 2004, 146, 166-179. [CrossRef] [PubMed]

Schmitt, E.K.; Riwanto, M.; Sambandamurthy, V.; Roggo, S.; Miault, C.; Zwingelstein, C.; Krastel, P.; Noble, C.;
Beer, D.; Rao, S.P; et al. The natural product cyclomarin kills Mycobacterium tuberculosis by targeting the
ClpC1 subunit of the caseinolytic protease. Angew. Chem. Int. Ed. Engl. 2011, 50, 5889-5891. [CrossRef]
[PubMed]

Gavrish, E; Sit, C.S.; Cao, S.; Kandror, O.; Spoering, A.; Peoples, A.; Ling, L.; Fetterman, A.; Hughes, D.;
Bissell, A ; et al. Lassomycin, a ribosomally synthesized cyclic peptide, kills mycobacterium tuberculosis by
targeting the ATP-dependent protease ClpC1P1P2. Chem. Biol. 2014, 21, 509-518. [CrossRef] [PubMed]
Lee, H.; Suh, J.W. Anti-tuberculosis lead molecules from natural products targeting Mycobacterium
tuberculosis ClpCl1. J. Ind. Microbiol. Biotechnol. 2016, 43, 205-212. [CrossRef] [PubMed]

Mossessova, E.; Lima, C.D. Ulp1-SUMO crystal structure and genetic analysis reveal conserved interactions
and a regulatory element essential for cell growth in yeast. Mol. Cell 2000, 5, 865-876. [CrossRef]

Rose, PW.,; Prli¢, A.; Altunkaya, A.; Bi, C.; Bradley, A.R.; Christie, C.H.; Costanzo, L.D.; Duarte, ].M.; Dutta, S.;
Feng, Z.; et al. The RCSB protein data bank: Integrative view of protein, gene and 3D structural information.
Nucleic Acids Res. 2017, 45, D271-D281. [CrossRef] [PubMed]

Bienert, S.; Waterhouse, A.; de Beer, T.A.P;, Tauriello, G.; Studer, G.; Bordoli, L.; Schwede, T.
The SWISS-MODEL Repository-new features and functionality. Nucleic Acids Res. 2017, 45, D313-D319.
[CrossRef] [PubMed]

Schuenemann, V.J.; Kralik, S.M.; Albrecht, R.; Spall, S.K.; Truscott, K.N.; Dougan, D.A.; Zeth, K. Structural
basis of N-end rule substrate recognition in Escherichia coli by the ClpAP adaptor protein ClpS. EMBO Rep.
2009, 10, 508-514. [CrossRef] [PubMed]

Molecular Operating Environment (MOE). Available online: https://www.chemcomp.com/MOE-
Molecular_Operating_Environment.htm (accessed on 13 November 2018).

Protonate 3D: Assignment of Macromolecular Protonation State and Geometry. Available online: https:
/ /www.chemcomp.com/journal/proton.htm (accessed on 13 November 2018).

Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving
the accuracy of protein side chain and backbone parameters from ff99SB. J. Chem. Theory Comput. 2015,
11, 3696-3713. [CrossRef] [PubMed]

Wang, J.; Wolf, RM.; Caldwell, ].W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber
force field. J. Comput. Chem. 2004, 25, 1157-1174. [CrossRef] [PubMed]

Kozakov, D.; Hall, D.R.; Xia, B.; Porter, K.A.; Padhorny, D.; Yueh, C.; Beglov, D.; Vajda, S. The ClusPro web
server for protein-protein docking. Nat. Protoc. 2017, 12, 255-278. [CrossRef] [PubMed]

Kalé, L.S.R,; Bh, M.; Brunner, R.; Gursoy, A.; Krawetz, N.; Phillips, J.; Shinozaki, A.; Varadarajan, K;
Schulten, K. NAMD?2: Greater Scalability for Parallel Molecular Dynamics. J. Comput. Phys. 1999,
151, 283-312. [CrossRef]

Lamoureux, G.H.E.; Vorobyov, I.V; Roux, B.; MacKerell, A.D. A Polarizable Model of Water for Molecular
Dynamics Simulations of Biomolecules. Chem. Phys. Lett. 2006, 418, 245-249. [CrossRef]

Martyna, G.J.; Douglas, J.T.; Klein, M.L. Constant-pressure molecular-dynamics algorithms. J. Chem. Phys.
1994, 101, 4177-4189. [CrossRef]

Feller, S.E.Z.; Zhang, Y.; Pastor, RW.; Brooks, B.R. Constant-pressure molecular-dynamics simulation:
The langevin piston method. J. Chem. Phys. 1995, 103, 4613. [CrossRef]


http://dx.doi.org/10.1126/science.aan1052
http://www.ncbi.nlm.nih.gov/pubmed/28619716
http://dx.doi.org/10.1074/jbc.270.51.30508
http://www.ncbi.nlm.nih.gov/pubmed/8530482
http://dx.doi.org/10.1016/S0921-8777(97)00042-6
http://dx.doi.org/10.1016/j.jsb.2003.11.025
http://www.ncbi.nlm.nih.gov/pubmed/15037248
http://dx.doi.org/10.1002/anie.201101740
http://www.ncbi.nlm.nih.gov/pubmed/21563281
http://dx.doi.org/10.1016/j.chembiol.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24684906
http://dx.doi.org/10.1007/s10295-015-1709-3
http://www.ncbi.nlm.nih.gov/pubmed/26586403
http://dx.doi.org/10.1016/S1097-2765(00)80326-3
http://dx.doi.org/10.1093/nar/gkw1000
http://www.ncbi.nlm.nih.gov/pubmed/27794042
http://dx.doi.org/10.1093/nar/gkw1132
http://www.ncbi.nlm.nih.gov/pubmed/27899672
http://dx.doi.org/10.1038/embor.2009.62
http://www.ncbi.nlm.nih.gov/pubmed/19373253
https://www.chemcomp.com/MOE-Molecular_Operating_Environment.htm
https://www.chemcomp.com/MOE-Molecular_Operating_Environment.htm
https://www.chemcomp.com/journal/proton.htm
https://www.chemcomp.com/journal/proton.htm
http://dx.doi.org/10.1021/acs.jctc.5b00255
http://www.ncbi.nlm.nih.gov/pubmed/26574453
http://dx.doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://dx.doi.org/10.1038/nprot.2016.169
http://www.ncbi.nlm.nih.gov/pubmed/28079879
http://dx.doi.org/10.1006/jcph.1999.6201
http://dx.doi.org/10.1016/j.cplett.2005.10.135
http://dx.doi.org/10.1063/1.467468
http://dx.doi.org/10.1063/1.470648

Int. ]. Mol. Sci. 2018, 19, 3651 18 of 18

53. Darden, T.; York, D.; Pedersen, L. Particle mesh ewald: An N.Log(N) method for ewald sums in large
systems. J. Chem. Phys. 1993, 98, 10089-10092. [CrossRef]

54. Andersen, H.C. Rattle: A “velocity” version of the shake algorithm for molecular dynamics calculations.
J. Comput. Phys. 1983, 52, 24-34. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1016/0021-9991(83)90014-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Dependence of Apparent Unfolding Rate Constant on [ClpS] 
	N-Terminal Domain of ClpC1 Is Dispensable for ClpS-Mediated Inhibition of Protein Unfolding 
	Mycobacterial ClpS Primary Sequence Analysis Reveals ClpC1-MD (Middle Domain) Binding Features 
	Identification of ClpC1 Surfaces Involved in Complex Formation 
	Molecular Dynamics Simulations Predict Unique ClpS Interface Involved in Complex Formation 

	Discussion 
	Materials and Methods 
	Materials 
	Protein Expression and Purification 
	Methods 
	Stopped-Flow Fluorescence Assay 
	Ni-NTA Pulldown Experiments 
	Structure Preparation 
	Docking Process 
	Molecular Dynamics 


	References

