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ABSTRACT &
Proteolysis is essential for the control of metabolic pathways and the cell cycle. Bacterial caseinolytic proteases (Clp) use peptid%se
nentssuch as ClpPto degrade defective substrate proteins and to regulate cellular levels of stress-respofseeprotaiselective ©
degradatioraccess to the proteolytic chamber of the double-ring ClpP tetradecamer is controlled bgatinginséchanism of the &
two axial poreThe binding of conserved loops of the Clp ATPase component of the protease or small sudb@des;yldepsipep- 3

tide (ADEP), at peripheral ClpP ring sitésiggers axial pore opening through dramatic conformational transitions of flexible N-termin,
loops between disordered conformations in the “closed” pore state and ordered hairpins in the “opehf posettatgve probe

the allosteric communication underlying these conformational changes by comparing residue-residue couplings in molecular dyn:
ulations of each configuratiBoth principal component and normal mode analyses highlight large-scale conformational changes in t
N-terminal loop regions and smaller amplitude motions of the peptidase core. Community network analysis reveals a switch betwe
and inter-protomer coupling in the open-closed pore trankiisteric pathways that connect the ADEP binding sites to N-terminal
loops are rewired in this transition, with shorter network paths in the open pore configuration supporting stronger intra- and inter
pling. Structural perturbations, either through the removal of ADEP molecules or point mutations, alter the allosteric network to wi
coupling.

Published under an exclusive license by AIP Publishing.

I. INTRODUCTION which is dependent on ATP bindingightly regulates the degra-
dation process to prevent uncontrolled protein destructioa.

Maintaining protein homeostasis at the cellular level is essealated ClpP is catalytically inactive as access to its proteolytic

tial in all kingdomsof life.© BacterialCaseinolyticproteases chamber is precluded by axightes locked in a closed configu-

(Clp) assistthese mechanismisy performing intracellulgsro-  ration,which allow diffusion of short peptidesbut hinder the

tein quality contrahrough regulatory protein degradatsetf-  entry of longer unfolded polypeptide chains and block internaliza-

compartmentalized Clp nanomachines comprise a céranadl-  tion of folded proteins.”Docking of one or two ATPase partners

like peptidasesuch as ClpPand one or two ring-shaped ATPase to CIpP triggers gate opening to unleash the powedegrada-

componentsuch as CIpA or ClpX, which are axially stacked at tion mechanism: ' Upon recognizing SPs targeted for degrada-

the two opposite endof the peptidase. Complex formation, tion through short peptide tags attached covalently at ahe of
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polypeptide terminalthe ATPase appliesepetitive mechanical degradation activity. ~ Weaker complexes with only five IGL/F
forces to effect SP unfolding and translocation through its nartoeps are functional, albeit degradation proceeds at a reduced rate.
central channel and to propagate the unfolded polypeptide towhaed\-terminalloopsare also involved in the complex forma-
the peptidase core:”SP degradation takes place processively atidn through interaction with the ATPase pore-2 |odopsiever,
yields small peptide fragments of 7-8 amin&acids. they form weakercontactsdue to their greaterconformational

Highly conserved N-termirlabps (amino acids 1-19) con- flexibility. Remarkably, pore opening may be affected without
trol access to the degradation chamber through the gxdaks  assistance from the ATPase through strongly cooperative binding of
of the double-ring tetradecameric CipP: Intermediate “head” seven acyldepsipeptide 1 (ADEP1) molecules to the peripheral ClpP
regions (residues 20-122 and 149-193) connect N-terminal loogites( ).>”" Kinetic studies indicate tha&DEP1 establishes
the inter-ring equatorial interface formed by interlocked “handé/orable interactions with the ClpP hydrophobic groove through
regions (residues 123-148) of each protomer ( )- In the “clasqutienylalanings-methylproline and alanine moietiasd the
pore configuratiom-terminalloops assemble into a mesh that aliphatic tail: This triggers a dramatic conformational transition to
involves strong inter-loop contacts and thetludes passage to a quasi-symmetric configuration of N-terminal 3-hairpins pointing
the proteolytic chambéi.Removalof the N-terminalloopsin ~ outward from the proteolytic chamber that results in nearly dou-
ClpP variants abolishes the gating mechanism and enables evdiling the pore diameter. "~ Notably, the ClpP structure is very
the isolated peptidase to indiscriminately destroy unfolded praimilar in the ADEP-bound and ClpX-bound configuratieits)
teins. Functional control of degradation through complex fornthtiayiobal£based root-mean-square deviation of 0.8 A in one ClpP
with the ATPase is mediated by contacts formed with a ClpP rimang and 0.6 A in the pore region (defined by the seven N-terminal
at hydrophobic grooves located at periphgtas from the axial loops and adjacent helice€)pP pore opening induced by ADEP
pore.Although docking of the hexameric CIpA or ClpX ATPasesbinding yields powerfahtibacteriaction through uncontrolled
to the heptameric ClpP rings involves a symmetry mismatch, destruction obacterialproteins thatis pursued for therapeutic
binding of six conserved ATPase loophich contain the IGL or applications against pathogenic Staphylococcus aureus and Mycobac-
IGF sequence motif in CIpA or ClpXespectivelyensures robust terium tuberculosis: Structurablasticity ofCIpP probed in

FIG. 1. Structural details of the closed
and open pore configurations of ~ CIpP.
(@) and (b) The crystal structure of the
(a) closed [Protein Data Bank (PDB) ID:
1YG6] and (b) open (PDBID: 3MT6)
pore configuration of ClpP [(a) pink; (b)
blue] reveals dramatic gate-controlling
conformational transitions of N-terminal
loops (yellow) (c) and (d) Side view of
the (c) closed and (d) open pore con-
figurations of ClpP (gray). N-terminal
loops (color-coded), ADEP1 molecules
(green) and one ClpP protomer (cyan)
are highlighted. (e) Protomer organiza-
tion of the cis (red) and trans (blue)
heptameric rings and cross-ring inter-
protomer coupling (dashes), mediated
by the handle region interface, are indi-
cated. (f) Top view of the ADEP hind-
ing site consisting of  the hydrophobic
pocket (indicated as a molecular surface)
formed at the interface between chains
A (blue) and B (orange). (g) ADEP1
) molecular structure. (h) Domain archi-
N-terminal tecture of  ClpP monomer. N-terminal
(residues 1-19, red), head (residues

Head 20-122 and 149-193, green), han-
dle (residues 123-148, blue) are high-
lighted. Molecular images in this work
are rendered using Visual Molecular
Dynamics.
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crystallographic and computatiostaidies led to the hypothesis 1000 kj/(mol nrf). In the second equilibration step, the restrained
that transient exit channels form in the equatorial region to fasifstem was simulated for 500 ps in the NPT ensemble, with the con-
tate the release of peptide fragments resulting from the degrastatibpressure of 1 atasing the Parrinello-Rahmaalgorithm.
process. The time step in allMD simulations was 2 fskinally, restraints

The details of allosteric communications that underlie the wete removed anépr each setugfour unbiased MD simulation
ical gate opening mechanism remain elusive even as multiple @pjectories (50 ns each) were performed in the NPT ensemble. For
conformations have been resolgadh challenges are commonlyanalysis purposetata frames were saved every 100 ps were saved
noted for ring-shaped molecular machisash as GroELther-  after excluding the first 10 ns of each trajectory. Root-mean-square
mosome and CCT chaperonirs)d are attributable to their largedeviations of simulations in each setup are shown in Fig. S1.
conformational plasticitdgnamic rewiring of allosteric networks,
and correlated intra- and inter-ring motions.To uncover the  B. Dynamic cross correlation matrix (DCCM)

allosteric mechanisms in ClpRe use computationapproaches To quantify the time-dependentirectional correlations

that are able to address such questions in diverse proteins by BE‘?\W@& residue pairs tfe proteinwe computed the Dynamic

the complgx networks mési.due.—residue interactions.underlying:ross Correlation Matrix (DCCM) of position fluctuations @f C
the long-distance communication between the effesiterand atoms of protein residues using the Bio3D packaGeM is an

the functionabite.™' These approaches use concepts in graphy , \ matrix, with N equal to the number of residues, where each

theory combined with (e5|due-re§|due.coup‘llng derived fr.orrl Wethent § corresponds to the dynamic cross-correlation between
turaldata or conformationdynamics to identify “communities” i e and j:

of strongly coupled amino acids and to map the allosteric pathways
connecting them.

In this paper, we describe comparative studies of ClpP confor- A(0)
mational dynamics in its open- and closed-pore configurations. To g
this end, we perform solvated, atomistic, molecular dynamics simu-
lations of these systems and we identify the collective motionsws}ng
principal component and normal mode analyses. Coupling betwee
regions of the tetradecameric structure revealed by communit’ﬁr;

p = (Ar(t)-ApE)
({larie) )l ar(e) 2) '

(M

rand r are the spatial positions of th@toms of residues
j as a function of time, (-} denotes the ensemble average over
ajectories and all time frames up to time t, &ndzwri(t )
ggnotes the instantaneous position fluctuatioesifiue /
ItS mean over the simulation tifGerrelation values range

work analysis indicates a switch between inter- and intra-protof
coupling as a result of the transition from the closed to the open'po
configuration. Allosteric paths identified between the ADEP birfﬁ? ; o . .

romt —1 to 1,with positive ¢ values corresponding to motions

sites and the ClpP N-terminkdops highlight stronger intra- and m and j atoms that are moving in the same directishereas

inter-ring coupling between binding sites and N-terminal Ioopfhe negative values indicate motions in opposite directions. Con

the open configuration. gence of the DCCM matrishown in FigS2, was assessed using
R(®) = (1/N p) = (Cj(t) — Cy(t — 1)), where plis the number of
II. METHODS residue pairs and the time interval Tt =5 We note that evalua-
A. Molecular dynamics simulations tion of R(t) using several t values between 2.5 and 10 ns consistently
yield R(t) < 0.001. Here; 5 evaluated using data frames up to the
Jgtal simulation time per trajectory t < 50 ns.

DCCM maps yield couplings between highly interconnected
residue pairs that make it challenging to decipher correlated motion
gﬁ@r&?r protein regiofs.address this limitatiome performed
community detection using the strongly coupled residue pairs in

é €20z ¥snbny Gz
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The closed and open pore configurationgsdherichia coli
ClpP were described using the x-ray structures with Protein D
Bank IDs 1YG6’ and 3MT6;” respectivelyjJnresolved regions of
the x-ray structures were modeled using the Modigimperver.
To study the effect of perturbations on each structure, we con

several point mutatiomshich were implemented using PyMOL : s
(Table S1). For each configuration and sequence molecular dyr%%M (1§ ! >0.6)and the Girvan-Newman algorithmple-

ics (MD) simulations were performed using the Gromaz322 ment.ed in the cna()function.in the Bio3D ;oftvyare pac.kage.
package and the CHARMM36 all-atom force fiekhe CGenFF 1N this approachthe full residue network issplit into highly

server was used to generate force field parameters for the ADI-:r?;ra-con.ngcted communities but weakly !nter-connected between
molecule compatible with the CHARMM36 forcefie&th pro- commun!t!esln the Glrvan-l_\lewman alg.orlthmhe numt_)er of

tein structure was solvated in a dodecahedral box with dimensj unities is sglgcted using the maximum mo'd'ularlty. approach.
~122 x 100 x 100°Awith water molecules represented using th o} .ul.arlty.quantllﬂgs how well a network is partitioned into com-
CHARMM-modified TIP3P” model.The system was neutralized munities. Since this is a probability measure, the valugs are between
by adding an appropriate number of Na ions for each setup (Tgtﬂ@l? 1dn gengrarfor an en;embIMD derived correla'qqn net-

S1). The solvated system was energy minimized using the stee jork modularity above 0.7 indicates reasonable partitioning in a
est descent algorithm for 50 000 steps with the convergence ¢ ?é\_/vork.

rion of the maximum force value smaller than 1000 kJ/(mol nm). = . .

Next,the systems were equilibrated by performing NVT and NfF Principal component analysis

dynamics. First, simulations were performed for 500 ps in the NVT Molecular Dynamics o€omplex biomolecular systems pro-
ensemble using the V-rescakdgorithmwith T=300 K,and by  duce high-dimensional datasets comprising atomic positions saved
restraining the heavy atoms of the protein with a spring constameath time steffo glean information about the most significant
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conformational dynamics at a coarse-grained level one can emgflpwaths traversing through a given nddejsed to identify the
Principal Component Analysis!” Here,we probe the functional important residues that contribute to the allosteric network. Analy-
dynamics between the open and closed configurations of ClpPsis/of node degeneracy indicates that ~350 paths between the sourc
performing PrincipaComponentAnalysis(PCA). In PCA, the  and sink are sufficient for convergénce.

covariance matrix ({Ar Ar)) comprising positiondluctuations

is diagonalized to determine the set of eigenvalues and eigenv&cNormal mode analysis and structural

tors. PCA calculations are performed using the GROMACS analysiturbation method

tools g_covar and g_anaeigyhere g_covar generates both eigen- 1 grder to calculate the normal modes of the proteins and ana-
values and eigenvectors by diagonalizing the covariance matri ?@?ﬂe response of the modes to perturbatimspodeled the
g_anaeig filters the original trajectory and projects it along a giieeins as elastic networks composed of N nodes where N is the
eigenvectorrior to PCA calculationye remove translation and . \mber of amino acid residues in the striictifhe nodes are
rotation degrees of freedom of the entire molecule by superimposa | at the locations of thatéms of the amino acid residues in

ing each frame ofhe MD simulation onto the crystatructure. - the corresponding PDB structures. All nodes that are within a cut-
The comparison between the essential subspaces correspondigg {fstance & 9 A are connected via harmonic potential with the

open and closed configurations is performed by calculating th function:
Mean Square Inner Product (RMSIP), which computes the overlap
between two subsets of eigenvectdys(i by using 1
H=> ydi— @7 3)
I (1M y \" , i f)<Re
M \M,»,/Zﬂ(n' )) (2)

where y is the spring constant that defines the energystate, d

Here,the overlap is computed such that the top M eigenvaluesginamic distance between residues / andg, ¢} is the distance
each configuration account for over 80% of the total variance. between the residues in the PDB structure.
The normaimode calculation yields a set of 3N-dimensional
D. Optimal and suboptimal path analysis eigenvectorgy and corresponding eigenvalugéar each mode
M. We also analyze the responses of these modes to perturbations

To understand thedynamiccoupling between theéADEP 4 ¢ imic to point mutations of specific amino acids. This appro@ch

\t/)vig(ig;guslétti atﬂg g;)etiEw_;jr:?isnudt?(;)paiﬁg;)%rgzs()t]oﬁg\?ecrlsri)r?grif?g}n has been termed the Structural Perturbation Method’(SRM) g
each ADEP binding site to althe N-terminaloops in one hep- in practice, we calculate the response to a mutation at the site /. é
tameric ringWe use the cnapath() function implemented in the 1 3
Bio3D package: In the path analysigach G atom is con- Sy = 5 > oyd; — (3)2, (4) §
sidered a nodgnd the connection between nodes is weighted by <R, 2

wj = —log( |;d ). To remove weakly correlated regions and interac-

tions between residues that are not in contact, t'he DCCM is filtgrpde Sy is the perturbed spring constant. The sum is over all other
using the cutoffvalue 1;(1 > 0.3 and the dynamic conte@p  nodes in the networkThe greater the response #w the more
obtained in the MD trajectori@he contact map is generated in gynamically significant a specific residue is to a given mbde.

two steps. First, we identify persistent contacts in each trajectafiyhifyht the nodes that havg/ualues that are three-fold above
residue pairs with the-C, distance g< 10 A present in at least the average value for a mode as significant.

75% of the simulation time frames.Next,the dynamic contact The overlap function quantifies how a given normal mode com-
map is generated as the consensus map of contacts identified jagts with the conformationhénge along a transition pathway.

least three of the four trajectories. We find that the dynamic CoNEaEs mpute the overlap function by projecting the eigenyector q
maps include = 84% of contacts present in the native structurgfangiven mode M onto the displacement vector between the open

=2% of new contacts. Paths are determined by using an efficiepidhiflised configurations according to the férmula,
rectional approach that simultaneously initiates the search from one

“source” (ADEP binding site) residue and one “sink” (N-terminal

loop) residue and identifies closed paths upon locating common Jopen—closed_
nodesThe path with the shortest length is identified as optimal, M
whereas slightly longer paths that are closed are identified as subop-

timal. Accordingly, analysis of paths traversing between the “source”

and'the "sink"' is useful to glean information about the aIIosterWﬁggé the sum is over theanodesArz.)penﬁc/osedz open _ f/oseo"

ulation of regions that do not show large conformational changes. pen(closed) " b !

In our analysis, 300 paths are calculated for each “source” and@8GhK/ are position vectors athe jth node in the open
residue pair and path length distributions are analyzed to assd&0gfel) structures, respectively. A value of one for the overlap cor-
strength of the correlated motions. The extent of the overlap BE&REBHS to the direction given by the eigenyéeiogddentical

two path length distributiop$x), i = 1, 2,is quantified by using with thatof Ar. The rgiatlve amplitude afode jin mode M is

the overlapping coefficie@€ = fmin{p,(x), p,(X)}dx. Fur-  obtained using§g= o’y + G,'ZyM + oty where qu, a=x,y, z,
thermore, the normalized node degeneracy, evaluated as the faeztioe components of the normalized eigenmector a

N, open—closed,
P
i G Ar; !

1721
N N, open—closed?
[ 53 @y S (Ar P

5)
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III. RESULTS A) Closed B)

A. Collective motions underlying the gate-opening
conformational transition involve primarily
N-terminal loop regions of ClpP

To glean the collective motions oflpP protomers under-
lying the gate-opening transitiare use NormaMode Analysis
(NMA) and PrincipalComponentAnalysis (PCA) (see Sec.l).
These approaches have proved highly effective in studies of co
mational changes and dynamics of multisubunit biomolecules,
as the ring-shaped chaperonins, ClpXP, or immunoglobulin.
We use these analysis methods in conjunction to obtain detailec) D)
information abouthe collective motionsas inter-residue cou-
plings in NMA are restricted to an elastic network maoafethe
native protein structure, whereas in PCA they reflect dynamic, i
native as welbds non-nativecontactsNonlinear contributionsto .
these couplinggjuantified by considering the mutuaiforma- -,
tion between residue coordindtdsave also been used to probe ;s
allosteric networks. We note that a recent study of the o5
tetracycline repressor dimer identified similar trends in the inte oos
residue coupling when comparing linear and nonlinear contrib o« = - = -
tions?’ A distinct advantage of network-based approaches is then M
ability to probe the propagation of allosteric signalmescales  gg, 2, principal Component and Normal Mode Analysis for CIpP conformations
accessible to MD simulations, yet yielding results consistent wi (a) and (b) Motions corresponding to the first principal component (a) closed and
much longer biological timescales. (b) open pore configurations (see Movies SM1-6 in the ).

In PCA, diagonalization afhe covariance matrix aftomic (c) Overlap of normal modes of ClpP with amino acid displacements in the open
fluctuations yields the set of independent modes of motions o —close transition. (d) The hot-spot residues (orange) extracted from the structural
protein that characterizes its essestibspacé. Eigenvectors of i;?:a_rrt;lrjllagltlsozn results. The list of hot-spot residues for the top two modes is shown
the matrix characterize the orthogonal directions of maximal ve. - '
ance,whereas eigenvalues determine the amplitugesifional
deviationsWe focus on the PC modes that correspond to the
largest eigenvalues (Fig. S3), which provide the major contribution
to the variance of fluctuatiofis.the open state of ClpRye find  subunits ofach ring to enable the transitidMe also note that
that eigenvalues corresponding to the top 3 PC modes contribthte lowest frequency modehkjch describe global motions of the
=40% ofhe cumulative variance afie fluctuationsand eigen-  ClpP tetradecamdnave small contributions to the open — closed
values ofthe top 20 modes are required to explain =67%ef pore transitionwhereas the five higher frequency modésich
total variancdn the closed statthe top 3 eigenvalues contributedescribe more local motions, are more suitable to describe the tran-
=52% ofhe totalvariancewhereas the top 20 eigenvalues con-sition.Consistentlythe amplitudes of residue motions in the top
tribute =74% of the total variance. In both cases, examinationfivetheodes indicate large values only in the loop regions and negligi
motions corresponding to the top 2 PC modes indicates a combie amplitudes outside of these regions (Fig. S4). These results revea
nation of large amplitude swing-type and torsional motions ofttiet dominant conformational changes in this transition are primar-
N-terminaloops that enable pore opening and closing [ ily associated with motions of the N-terminaps.On the basis
and and Movies SM1-4 in the 1. Haofdllee comparison between PCA and NMA results, we surmise that
domains in the inter-ring interface undergo slight contracting dyisamic fluctuations provide a stronger contribution in the handle
ing motionsMore specificallyn the open statBC1 corresponds and head regions than in the N-terminal loop regions.
to swing-like motions that underlie pore opening and closing and Hot-spot residues that are critical for allosteric communication
PC2 corresponds to torsional motions of N-terminal Iboise  are identified by employing the Structural Perturbation Method (see
closed configuration, PC1 corresponds to torsional motions angeR(3). Here,the perturbations imposed by point mutations cap-
corresponds to a combination of swing-like and torsional motiture the change in the local network energy and hot-spot residues

To discern the contribution dfarmonic vibrations to these correspond to nodes whose responsg &xceeds by three-fold
motions we perform nornmabde analysis of the open state con-the average valudable S2 shows the hot-spaesidues derived
figuration (see Seél). We focus on the subset of nornralbdes  from the two modes with the largest oversand 28 (Fig.S5

0.200

0.150

€1:05:9} €202 Isnbny Gz

whose eigenvectors have the largest overlap (se¢)Seith the  and Movies SM5-6)and illustrates the location of these
conformational changes corresponding to the transition betwémi-Spots residues projected onto a single ClpP monomer. We note
open and closed conformatid¥sshown in , five modes that NMA and SPM analysis identify hot-spot residues clustered pri-

have overlap 0.15 i £ 0.2, whereas all other modes have smaltearily in the N-terminal loop region, in accord with the dominant
contributions ¢ < 0.1). The absence of a single, dominant, modstructural flexibility of this region in the harmonic approximation.
indicates the lack of strong coordination of motions of the sevém addition to the hot-spotesidue cluster within and near the

J. Chem. Phys. 158, 125101 (2023); doi: 10.1063/5.0139184 158, 125101-5
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N-terminalloops,SPM analysis highlights two residues (His191, intra-subunit coupling within six subunits that involves strong coor-
Arg192) in the C-terminal region. dination between the N-termirabp, handle,and head regions

Both PCA and NMA results are consistent with observatiors 1. By contrastihe limited coupling is observed across the
of structurabktudieswhich highlighted thathe peptidase core, equatorial interface between protomers of the cis (A-G) and trans
ClpP(20-193),has virtually identicatonformations in the open (H-N) rings (according to the CIpP protomer organization shown in
and closed configuration€n this basis,it was proposed that ), involving the handle regions of two protomer pairs (C-) and
ADEP1 binding causes a significant conformatidreaige in the D-K). Removal of ADEP from the open pore conformation results
N-terminal loops and only small-amplitude motions of the equitairamatic changes in intra-protomer coupling, which nearly abol-
rial belt formed between two tifiggguantify these contributionssh the correlation between the handle region and the loop and
to the motions and to pinpoint the regions with the largest coritegd regions [ 1. Furthermorethe inter-ring coupling is
bution to the open — closed transitien,further probe the PCs enhanced through coordinated motiortsasfdle regions dive
associated with the motions tfie N-terminaloops and ofthe  protomer pairs. These changes yield coupling patterns similar to the
peptidase core, ClpP(20-193), respectively, in closed and opendosed conformatioim which intra-protomer coupling is weaker
figurations. To this end, we perform separate PCA of each of tlaeskinter-ring coupling between handle regions of protomer pairs is
two ClpP regions in each of the two configurations and we detpranialent [ 1. We note that these results are consistent with
the Root Mean Square Inner Product (RMSIP) of the two subseth®fmportant role of the handle domain in tetradecamer formation
eigenvectors, which provides a measure of the similarity of matimhstacking of the two rings (cis and trans).
described by the PC modes (see Sec. II).

Comparison ofcollective motions ofN-terminalloops was
computed by considering the eigenvectors corresponding to the Optimal and suboptimal path analysis reveal
largest! 1 eigenvaluesyhich collectively accourior 80% ofthe  stronger coupling between allosteric and active
variancethus representing the essersigbspaceQuantitatively, sites of ADEP bound ClpP

the overlap between theessentialsubspacegorrespondingo The absence of large-scale rigid-body domain motions of ClpP

N-terminal regions indicates weak similarity, with RMSIP ~0.3%rBjomers and the proximity dfhie ADEP binding sites to the

contrastfor the peptidase cor@pP(20-193)where the top 110 N-terminal loops suggest that allosteric signals can be transmitted

eigenvectors must be included to describe the essential subspgisui§ relatively short, intra-protomer, paths. The ring structure of

find a strong overlap between the PC modes, with RMSIP ~0.73pFhisowever, also allows effective allosteric communication to take

indicates that ADEP binding has only a weak effect on the dyngni€s between ADEP binding site of one protomer and N-termina¥

of the peptidase core. loops of the other intra-ring protom@&sprobe these allosteric g
OverallNMA and PCA data suggest that the conformationghechanisms in a quantitative manner, we use approaches that cgm-

transition of ClpP protomers during the gate opening and closhigeafesidue-residue positional correlations and concepts in gragh

best described by an ensemble of m3dken togetheboth PC  theory (see Sed!). To this end,we map the allosteric paths that &

and normal mode data reveal that large conformation changeg&itéctone ADEP binding sitetermed “source,” and the seven &

exert at the N-terminal loop regions while the core remains majrtd¥rminal loops within one ring, or “sink.” In the correlation net-

Intact. work, each node represents one protein residue and the connecting

edges have associated lengths that reflect the cross-correlation valu

o . ) ) (see Sec. I1I}¥ The path length between nodes located in the source

B. Distinct coupling between ClpP regions in closed and sink is then identified as the sum of the lengths of all individual

and open pore configurations edges that connect these nodes. We emphasize that, given the con-
To investigate the correlated motions of regions in the Clpftruction of an allosteric map in the correlation sgpeceelative

tetradecamewe employ the community network analydisch  importance of the allosteric paths depends on the strength of the

usesthe residue-residue coupling quantified by the directionakoupling between constituent residue pairs rather than their prox-

cross-correlation map (DCCM, see Sec. II). DCCM maps are highyity in the physicaspaceln this frameworkhe shortest paths

interconnected at the residue lavklch makes it complicated to between residues tifie source and the sink revetiie strongest

extract information for large systems. Therefore, we probe comiltosteric couplings within a proteirinterestinglythe minimal

nity network clusters by converting the atomic cross-correlatiolesigth,or “optimal,” path was nofound to be very sensitive to

to a coarse-grained type community network using the Girvanehanges in the protein configuration, therefore, analysis of allosteric

Newman clustering methodio investigate both intra- and inter-communication limited to thipath may yield misleading con-

protomer couplingye selectthe cutoffof the cross-correlation clusions about the signaling pathwalrssteada comprehensive

between residues i andljf1such that the maximum modularityanalysis requires the additiorabluation ofsuboptimal” paths,

(see Secll and Fig.S6) corresponds to a larger number of com-which have slightly longer lengths than the optimal path.

munity clusters than the number of ClpP protomktsin each Using this framework, we computed 300 paths for each residue

of the three ClpP configuratiot& find that this requirement is pair formed by one source and one sink amino doidhis end,

satisfied by ;i IC = 0.6, which yields =30 — 40 community clusteve felect as source one ADEP binding site [#{a)], comprising

ClpP configurations (Tables S3-S5). As shown in , the conmesidues Val44, Leu48, Phe49, Glu51, Ala52, Phe82 from protomer

nity network analysis reveals distinct patterns of domain couplirg1and Arg22| eu23\Val28, Phe30Tyr60,Tyr62, Ile90Met92,

in ADEP-bound and unbound conformations of ClgPikingly, Leu114, Leu189 from the adjacent protomer i, and as sink two rep-

the ADEP-bound open conformation is characterized by extensiegentative residues, Thr10 and Gly13, located near the turn of each

G:
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FIG. 3. Community network analysis for ClpP tetradecamer configurations. Community maps for (a) open pore (b) open, no ADEP bound (c) closed pore configurations.
The N-terminal loop, head, and handle regions are indicated for the cis (protomers A-G) and trans (H-N) rings of CIpP. (d)—(f) Structural details of inter-protomer coupling
across the ClpP rings. (d) Strong intra-protomer and weak inter-protomer coupling in the open pore configuration (€) and (f) Strong inter-protomer coupling mediated by the
equatorial interface, including the handle region (highlighted by red elipse), in (e) open, no ADEP and (f) closed pore configuration. Communities identified in (a)—(c) are
highlighted.
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N-terminaloop in the same (cis) rind@he selection of represen- distribution toward paths afitermediate lengths between those
tative loop residues suffices for the purposes of mappin@pathfund in the open and closed configuratiest,we probed the
the allosteric signal propagates within the loop exclusively thrantgh-ring propagation of the allosteric signal by examining the path
intra-loop residueRy considering paths connecting each ADEP length distributions corresponding to paths connecting each bind-
binding site to each loop, we examined a total of 470 400 pathingysite to the N-terminkdop of each protomer [Figkc)-4(f)].
traversing one CIpP ring (see Sedl). In all three ClpP config- In accord with the above observations, path lengths corresponding
urationsthe optimapathways are intra-protomeric and connecto the open state are consistently shorter than those for the closed
Arg22 to loop residues 13-17 (Table S8jus, optimalpathways state. In both open and closed pore configurations, the shortest patl
are largely stable among the three ClpP configunatiamh, is in  originating from the ADEP binding site of protomer i correspond to
accord with observations made on small proteins noted abovepaths to the N-terminal loop of the same protomer [Figs. 4(c)-4(f)].
In order to characterize the strength of allosteric communioahe open state, we find relatively short paths, of length =2, to the
tion from a broad perspectiwee examine the set of suboptimal nearest neighbor loops in both clockwise (CW) and counterclock-
paths in each pore configuration as wadlthe subsets opaths  wise (CCW) directions.This strong intra-ring coupling supports
connecting each ADEP binding site to a specific loop [A{@)].  the ability of the hexameric ATPase to trigger CIpP gate-opening
As shown in Fig 4(b), the histograms of suboptirpath lengths even with the substoichiometric occupation of distal binding sites.
in the three ClpP configurations highligthte stronger coupling Decreasing coupling strength is found in the N-terminal loops of the
between binding sites and loops affected by ADEP binding, witketloed and third nearest neighbor protomers, however, with slightly
shortest paths corresponding to the openByatentrastin the  shorter paths in the CW direction [Figs. S7(A)-S7(C)]. In the closed
closed statehe path length distribution is shifted toward longestate,we note the larger overlap than in the open state between
paths,with lengths up to =8yhich indicates a weaker coupling path length distributions corresponding to neighboring loops and
between the ADEP binding site and the N-terminal I®eptur-  thatof the same protomer looghich indicates a slower intra-
bation of the open configuration through the removal of the Ab&§ decay of the weaker allosteric signal in this tatedition,
molecules results in a sliglshift of the suboptimapath length  the CW and CCW distributions corresponding to N-terminal loops
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FIG. 4. Path length distributions in allosteric signaling in ClpP configurations. (a) Intra-ring protomer ordering relative to a given ADEP binding site (yellow). Allosteric paths
are mapped between the binding site and the N-terminal loops in the same protomer i, and in protomers in counterclockwise (i+ j,j = 1, 3) and in clockwise (i— j,j = 1, 3)
directions. (b) Probability density distributions of path lengths are shown for the complete set of paths between each binding site and all intra-ring loops in the open (red);
open, no ADEP (blue); and closed (green) configurations of ClpP. The legend indicates the mean and standard deviations of distributions. (c) and (d) Path length distributions
of paths mapped in the open ClpP configuration between binding site i and loops in protomers in (c) counterclockwise and (d) clockwise directions are compared with the
path length distribution of paths to the loop in protomer i. (€) and (f) Same as in (c) and (d) for the closed ClpP configuration. The legends indicate the overlapping coefficient,
OC, between each distribution and the same protomer distribution.

of equidistantearesteighbors overlap nearly completely [Figscommunicatioro obtain the microscopic understandinghef
S7(D)-S7(F)]. changes induced by perturbatiovsprobe the detailed paths in

The distinct pattern of path lengths in the open and closedaon-configuration. To this end, we examine the three-dimensional
figurations of ClpP, as well as the marked effect of perturbationsaps associated with suboptimal paths (Fig. 5). The structural maps
the path lengths indicate a significant dynamic rewiring of allostegitosteric pathways in the open configuration indicate strong
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FIG. 5. Signaling pathways for ClpP con-
figurations derived from the dynamic net-
work analysis. (a)-(c) Suboptimal paths
(red) between one ADEP binding site
and all N-terminal loops in the same
ClpP ring (gray) in (a) open; (b) open,
no ADEP; and (c) closed pore configura-
tions. (d) Probability density distributions
of suboptimal inter-ring paths in open
(red) and closed (green) pore config-
urations that connect the ADEP hind-
ing site of a cis ring protomer and the
N-terminal loop in its trans ring protomer
partner. The mean and standard devia-
tions of distributions and the overlapping
coefficient between them are indicated.
(e) and (f) Structural details of the opti-
mal inter-ring paths in (¢) open and (f)
closed pore configurations.

1.0 B Open 1= 6.56,0 = 0.44
7| =3 Closed p=17.79, 0 =0.48
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TABLE I. Normalized node degeneracy derived from suboptimal path analysis. Residues are grouped according to the ClpP
protomer they belong to (shown as a subscript). Protomers are numbered in the counterclockwise direction, in the top view
of the cis ring. In the path analysis, the ADEP binding site “source” includes residues from protomersi  and i-1. Highlighted
residues represent critical nodes (degeneracy =0.10) in all three CIpP configurations examined.

Residue Ser214 Leu244 Ala45-4 GIn46-4 Leu5Q4
Open 0.17 0.26 0.07 0.14 0.19
Open, no ADEP 0.17 0.26 0.08 0.14 0.15
Closed 0.14 0.17 0.11 0.14 0.17
Residue Ile19 Tyr2Q Ser2] Leu24 Ille29 Ser2
Open 0.22 0.11 0.19 0.1 0.10 0.06
Open, no ADEP 0.11 0.19 0.26 0.12 0.08 0.13
Closed 0.16 0.23 0.22 0.05 0.09 0.06

signaling propagated from the ADEP binding site to the nearest
three N-termindbops in the cis ring [Fig5(a)]. Removalof the

ADEP molecules yields weaker coupling (indicated by thinner lines
connecting the nodes) and increasing numbepaths connect-

ing the ADEP binding site to the more distant loops [Fi{b)].

In the closed configuratiqrgths that connect multiple loops are
increasingly found [Fig. 5(c)].

Interestinglys shown in Fig5(d), the analysis of inter-ring
pathways connecting the binding site of one protomer (B) in the cis
ring and the N-terminabops of its partner (I) in the trans ring,
using |;d > Oseveals shorter patlasid thereforéighter inter-
ring coupling, in the open configuration compared with the closed
configuration. In the open configuration, allosteric communication
between rings is primarily mediated by paths with lengths <6.5,
which are not available in the closed configuration, and the overlap
between the two distributions is smth the overlapping coef- . — : ;
ficient OC = 0.29 [Fig(dIl. Althoughas noted in Sedll B, the 0k 8 e dopeneacy napen nd csed
inter-ring handle interface is abolished in the open configurati A— e 3
shorter gaths become available through altern;)te routes? as ing%%gc%n(gguramns are indicated with red (green) dots.
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in Figs. 5(e) and 5(f). The shorter path lengths corresponding tontke-protomegap must be crossed to connect the cis and trans
open configuration can be rationalized in terms of the connectprictgomer communities [Figs. 3, 5(e), and 5(f)]. The differential gap
between community networks of the cis and trans protomers thanalty results in a length of =5.9 for the optimal path in the open
mediate the inter-ring allosteric communication, indicated in Feonfiguratiorand =6.9 for the closed pore configurari@m as
Whereasjn the closed configuratiopaths mustross two gaps the structural details of the paths are similar (Table S7). We surmise
between intra-protomer communities to conmétt the inter-  that the handle interface, rather than facilitating inter-ring allosteric
protomer handle communiitythe open configuratioasingle, communicatioracts as a constrainin the closed configuration,

A)

FIG. 7. Effect of mutations on allosteric
B) D) signaling. (a) Single point-mutations con-
sidered, I7P, E8K, and K25E, affect
] F— ] [ the stability of individual loops (gray)
e s A Rio e om0t and double and triple mutations, E14A-
K25E, 0C=0.51 3 EI4A-RISA-K25A, 0C=0.14 R15A, E14A-R15A-E8A, and E14A-
R15A-K25A, affect both intra-loop and
inter-loop (gray and green) stabilization.
Salt bridges formed in the open pore
configuration are highlighted.  (b) and
(c) Comparative probability distribution
of the shortest 5000 paths in wild-type
and single mutants in (b) open and (c)
closed pore configurations. (d) and (e)
. . The same as in (b) and (c) for double and
0 1 2 3 0 1 2 3 triple mutants. Overlapping coefficients
Path length Path length between each mutant and the wild-type
distribution are indicated in the legend.
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resulting in two intra-protomer path length penBltiesntrast, mutations, including the E14A-R15A mutations that provide stabi-

in the open configuration, the inter-protomer constraint is reniziregl inter-loop salt bridges, have a lesser effect on the closed than

and a single path length penalty is applied. on the open pore configuration, as the salt bridges formed by Glu14
Next,to identify residues that are critical for allosteric signahd Arg15 residues in neighboring protomers are not present in the

ing, we compute the normalized intra-ring node degenémacy, closed state even in the wild-type ClpP [ and 1. We find

the fraction of paths that include each node (seelJed. that the triple mutation E14A-R15A-K25A has the strongest effect

summarizes the residues in the cis ring that have the node degemalosteric paths, with OC = 0.14 in the open configuration, which

acy =0.10 in at least one configuration, as revealed by path anislysiaccord with the largest reduction in the degradation rate of

The structural location of residues that act as critical nodes is luglypeptides compared with the single and double mitations.

lighted in ( ). Notably, residues [)@920Q, Ser2j, Ser2i,

and Leu24, at the base of N-terminal loops proximal to the ADEP

binding site and GIn46 and Leu5@1, which are in the prox-  1V. DISCUSSION

imity of ADEP binding site, have node degeneracy >0.10 in all Our computationatudies probe the allosteric mechanisms

three setups and therefore are likely to have a criteaaitribu-  of the CIpP peptidase in response to effectothat activate its

tion to allosteric communication. (In our notation, residue labe}jg@-opening conformatiotnsitionIntriguinglythis transi-

includes as subscript the protomer location in the cis ring, withi\¢involves limited structural rearrangement outside of the gate-

“source” binding site occupying protomers / — 1 and i. Protomegmafslling N-termindoop region.How is the allosteric signal

numbered in the counterclockwise direction in the top view of ggpagated in the absence of large-scale rigid-body motions of ClpP

ring.) One set of residuée19, Ser2%}1, Leu24, and Leu501,  subunits? To address this question, we undertook comparative stud-

has a slightly reduced degeneracy in the closed pore configuraéieaf the open and closed pore configurations of ClpP by performin

and upon removalf ADEP molecules in the open configuration,equilibrium MD simulations afach ofthese state©ur results,

whereas the other residues have increased degendrat€iesst-  quantified through princigaimponent and normalode analy-

ingly, we also note that residue Glad#hows no change in node sjs, highlight the similarity of motions of the peptidase core in the

degeneracy values in the three seingisating a weak sensitivity two states even as the loop motions are significantly different.

to structural perturbations. Structural studies revealed that the prgsr our analysis, both structural perturbation, derived from Nor-

ence of Ile19 is crucial for the stability of the N-terminal |OOpS ﬁlﬂﬂ Mode ca|cu|at]0n5’ and node degeneraciesl computed using the

substrate translocation in the ADEP bound open'stéte.note  positional cross-correlatiomighlighted a set of hot-spot residues

thatIle19 is present in all three setups with a slightly higher valygtire criticafor the gate opening transition@pP. We find z
the open setup. that the hot-spots derived from the harmonic approximation useg
) ) . ) ) in NMA reveal regions that are highly flexible and dynamic through
D. N-terminal mutations differentially alter allosteric their proximity to the N-terminlalop regions or the C-terminal £
communication in open and closed pore regions.Node degeneracy valuederived from dynamicross- g
configurations correlations accourfior hot-spotresidues thaare distributed in >

We furtherexplorehow perturbationslter the coupling  both N-terminal loops and protease core. Here we note that residue:
between the allosteric and active sites of ClpP by engineering pleit, Tyr20, and Leu24 were common to both SPM and node degen:
mutations at N-terminaites indicated to be functionally impor-eracy calculations indicating these residues as criticghg the
tant (see Secll and Table S1).°° We focus,on the one handyn  allosteric regulatio®ur results are in agreement with structural
single point-mutatiorsjch as I7PE8K, and K25E that alter the studies’’which have shown that large non-polar side chains of Ile
stability of individual N-terminal loops, and, on the other handaomcritical for the integrity of the N-terminal loops.
double, E14A-R15A, and triple, E14A-R15A-E8A and E14A-R15A-  Our detailed analysis of intra- and inter-ring allosteric path-
K25A, mutations that affect intra-as well as inter-loop stabilizati@ys reveals stronger communication in the open configuration
( ). To this end, we compare the path length distributions between each ADEP binding site and N-termioaps of distant
responding to shortest 5000 suboptimal paths among the allogtatiomers. According to these results, in this configuration, neigh-
pathways connecting one binding site tdtedl CIpP N-terminal  boring intra-ring protomers are strongly couptedistent with
loops in the cis ring (see Sec.ll). As shown in ,we find the observed ability of the ATPase to trigger gate opening even as
thatmutations have distineffects on allosteric couplinghich it activates only six binding siflegerestinglynter-ring coupling
can manifesdifferently in the open and closed pore configura-is also strengthened in the open configuratéwen as the han-
tions.Single mutations have generally large effects in both opetie interface present in the closed configuration between protomer
and closed configuratiors shown in ,the I7P muta-  partners is removed. Stronger coupling in the open configuration is
tion, which makes the coikonformation more favorables a  affected through efficient crossing of a single gap between residue
drastic effect on the open configuratidth a low OC = 0.22p  communities that reduces the penaltiesrofsing gaps between
accord with the deleterious effect of this mutation on polypepfideltiple communities in the closed configuration.
degradatiori” E8K and K25E mutationswhich remove the sta- Allosteric communication in the ClpP peptidase is likely to be
bilizing salt bridge at the base of the N-termowg,affect both  further modulated by two extefaatorsnamely its interactions
the open and closed configurations [ and lLwhichis  with the ATPase partner, such as the single-ring ClpX or the double-
consistent with their diminished degradation rates of both polyipep€lpA, and with the substrate protein being degradiue
tides,which stringently require an open gatd, peptidesyhich  effect of the ATPase interaction reflects the variability of IGL/IGF
may be internalized through the closed 'gat#ouble and triple loop binding to the seven ClpP binding sites during the catalytic
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