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Abstract

The Kaposi's sarcoma-associated herpesvirus protease is essential for virus matura-

tion. This protease functions under allosteric regulation that establishes its enzymatic

activity upon dimerization. It exists in equilibrium between an inactive monomeric

state and an active, weakly associating, dimeric state that is stabilized upon ligand

binding. The dynamics of the protease dimer and its monomer were studied using

the Gaussian network model and the anisotropic network model , and its role in

mediating the allosteric regulation is demonstrated. We show that the dimer is com-

posed of five dynamical domains. The central domain is formed upon dimerization

and composed of helix five of each monomer, in addition to proximal and distal

domains of each monomer. Dimerization reduces the mobility of the central domains

and increases the mobility of the distal domains, in particular the binding site within

them. The three slowest ANM modes of the dimer assist the protease in ligand bind-

ing, motion of the conserved Arg142 and Arg143 toward the oxyanion, and reducing

the activation barrier for the tetrahedral transition state by stretching the bond that

is cleaved by the protease. In addition, we show that ligand binding reduces the

motion of helices α1 and α5 at the interface and explain how ligand binding can stabi-

lize the dimer.
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1 | INTRODUCTION

Herpesviruses are one of the most common viral families, including

the human herpesviruses that consist of nine herpes viruses and are

known to cause illness in humans.1 Kaposi's sarcoma-associated her-

pesvirus (KSHV), also known as HHV-8, is an oncogenic virus that

causes Kaposi's sarcoma (KS) cancer in untreated AIDS patients. Infec-

tion with KSHV is necessary for KS to develop but is not sufficient,

and additional cofactors are needed.2 It is now known that a combina-

tion of KSHV infection and host immune deficiency, either by HIV

infection or iatrogenic immunodeficiency that is seen in organ trans-

plant recipients, can cause KS cancer.3 Currently, most therapies

approved against herpesviruses are based on inhibition of viral DNA

replication, but these therapies suffer from poor efficiency, high toxic-

ity, and more. Therefore, there is a growing interest in discovering

new alternative therapies against herpesvirus infection.4
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All herpesviruses express unique and conserved serine protease

that is critical to the maturation of the virus. In KSHV, the role of the

protease is to cleave the assembly protein near its C-terminus to

enable maturation of KSHV procapsids.5 Mutants expressing an inac-

tive form of protease in herpes simplex virus (HSV) were shown to

form capsids lacking viral DNA, hence affirming the importance of the

proteases.6 The herpesvirus proteases are an example in which allo-

steric regulation of an enzyme activity is achieved through the forma-

tion of quaternary structure.7 Regulation of the protease is believed

to be concentration-dependent; when the protease level is high

enough it undergoes dimerization that activates a binding site pocket

located approximately 15–20 Å from the dimer interface.8 The KSHV

Pr exist in equilibrium between an inactive monomeric state and an

active, weakly associating dimeric state. The relatively weak micromo-

lar dimerization affinity of herpesviral proteases9 is thought to act as a

regulatory mechanism that can limit protease activity to the interior of

the maturing viral particle where the concentration is sufficient to

support dimerization. Thus, understanding the effect of dimerization

on the dynamics of the associating monomers is fundamental for

understanding its regulation.

Many studies of protein dynamics are based on principal compo-

nents analysis (PCA) of biomolecular structures and dynamic simula-

tion. These studies have proven useful in unraveling the collective

modes, and, in particular, those at the low-frequency end of the mode

spectrum that underlie protein equilibrium dynamics.10 Elastic net-

work model (ENM) is a simplified normal mode analysis (NMA) of

equilibrium structures using a single parameter harmonic

potential,11,12 while essential dynamics analysis (EDA) of the covari-

ance matrices retrieved from molecular dynamics (MD) runs13 and sin-

gular value decomposition (of MD or Monte Carlo [MC])

trajectories14–16 all fall into this category of PCA-based methods. We

note that technically “dynamics” should be reserved to time-

dependent processes, while NMA “motions” describe the equilibrium

fluctuations of a system (near its native state). However, nowadays,

the phrase “dynamics” is used rather inclusively to also describe equi-

librium fluctuations. Two common ENM methods are the Gaussian

network model (GNM)17 and the anisotropic network model

(ANM).18,19 The fluctuations predicted by GNM are isotropic and,

hence, describe the “size” of the motion but do not provide informa-

tion on the “directions” of motions in different modes, just their sizes

and sign. The fluctuations predicted by ANM provide information of

the “size” and “direction” of the motions. The fluctuation predicted

by the former model shows higher agreement with experiments while

the latter model in more informative.20

Looking at the allosteric mechanism of KSHV Pr, Nomura et al.21

showed that folding of helices five and six upon dimerization positions

a loop that contains key components of the catalytic machinery

required for transition-state stabilization during substrate hydrolysis;

that is, Arg142 and Arg143. In addition, several works have shown

relations between allostery and protein dynamics.22–26 The purpose

of this work is to explore the effect of dimerization on the dynamics

of the dimer and the implications for its function, effects that are

beyond structural change and complementary to it. Furthermore, a

comparison between KSHV Pr and varicella-zoster virus (VZV or

HHV-3), another member of HHV Pr, was carried out to assess the

implications of the results to the HHV Pr family.

2 | METHODS

2.1 | Protein structures

Protein data bank (PDB) entry 2PBK8 representing the dimeric

structure of KSHV Pr was used in the calculations. The structure

shows the protein in complex with a hexapeptide transition state

analog. The transition state analog inhibitors covalently pho-

sphonylate the active site serine, freezing the enzyme structure

during catalysis and stabilizing the dimeric state of the enzyme. The

monomeric structures of KSHV Pr do not contain the C-terminal

end (helices five and six), since they are unstructured in the mono-

meric state, and hence do not enable us to accurately compare the

dynamics of the monomeric and dimeric states. The dynamics of

the monomeric subunit was done by simply removing the other

subunit from the dimeric structure and calculating its dynamics.

These calculations enable us to deduce the effect of dimerization

on the dynamics of the subunits per se, beyond the structural

rearrangement of the C-terminal. Complementary analysis was car-

ried out on the VZV Pr protein structure entry 1VZV27 to compare

the dynamics of different HHV Pr members. This structure shows

the native state of the protein without an inhibitor.

2.2 | ANM and GNM calculation

2.2.1 | Gaussian network model

In the GNM calculations, each residue is represented by a single node

positioned at its Cα atom.17,28,29 The peptidic ligands (or inhibitors)

were also represented by their Cα atoms, in addition to the phospho-

rus atom of the phosphonate group that is covalently bound to S114.

Nodes within a cutoff distance of rc ¼7:3Å are connected by springs

of uniform force constant γ, which leads to Gaussian fluctuations in

the node positions and inter-residue distances. We define the equilib-

rium position of a node i by vector R0
i and its instantaneous position

by Ri. The fluctuation, or deformation, from this mean position is

defined by the vector ΔRi ¼Ri�R0
i . The deformation in the distance

vector Rij that extends from residue i to j is defined as:

ΔRij ¼Rij�R0
ij ¼ΔRj�ΔRi. Using the components of the deformation

vector ΔRij ¼ ΔXij ΔYij ΔZij

� �
, the potential VGNM of two interacting resi-

dues is defined as: VGNM i, jð Þ¼ γ
2 ΔXij

� �2þ ΔYij

� �2þ ΔZij

� �2n o
.

The topology of the network of N nodes (residues) is fully defined

by the Kirchhoff matrix Γ, the elements of which are

Γij ¼
�1, if i≠ j andRij ≤ rc
0, if i≠ j andRij > rc

�P
i≠ jΓij if i¼ j

8><
>: ð1Þ
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In terms of individual fluctuations, the Kirchhoff matrix simplifies the

expression for the potential of the entire network of N residues to

VGNM ¼ γ

2
ΔXTΓΔXþΔYTΓΔYþΔZTΓΔZ
� � ð2Þ

where the fluctuation vectors ΔXT , ΔYT , and ΔZT have the compo-

nents ΔX1,ΔX2 … ΔXN½ �, ΔY1,ΔY2 … ΔYN½ �, and ΔZ1,ΔZ2 … ΔZN½ �,
respectively. The isotropic assumption implies that

⟨ΔX
!
ΔX
!T

⟩¼ ⟨ΔY
!
ΔY
!T

⟩¼ ⟨ΔZ
!
ΔZ
!T

⟩¼ 1
3⟨ΔR

!
ΔR
!T

⟩. Thus, the potential func-

tion in Equation (2) can be rewritten as: VGNM ¼ γ
2 ΔRTΓΔR
� �

:

The mean-square fluctuations (MSFs) of a particular residue i or

the cross-correlations ⟨ΔR
!

i �ΔR
!
j⟩ between residue fluctuations is

obtained by the statistical mechanical average over all fluctuations

and leads to30

⟨ΔR
!

i �ΔR
!
j⟩¼3kBT

γ
Γ�1
� �

ij ð3Þ

where Γ�1
� �

ij denotes the ijth element of the inverse of Γ. The MSF is

simply found by replacing j with i in Equation 3, and B-factor calcula-

tion of residue i is defined as: Bi ¼ 8π2
3 ⟨ΔR

!
i �ΔR

!
i⟩.

2.2.2 | Mode analysis

The motions along different GNM modes are found by eigenvalue

decomposition Γ = U Λ U�1, where U is the orthogonal matrix of

eigenvectors uk of Γ and Λ is the diagonal matrix of the eigenvalues

λkð Þ, 1≤ k≤N. The eigenvalues represent the frequencies of the N �1

nonzero GNM modes and are organized in ascending order such that

λ1 ≤ λ2 ≤…≤ λN�1 and λN ¼0. The ith element ukð Þi of the kth eigenvec-

tor describes the fluctuation (deformation) of residue i from its equi-

librium position along the kth principal coordinate. The MSF of

residue i can be rewritten as a weighted sum of the square fluctua-

tions driven by all modes as:

⟨ΔR
!2

i ⟩¼
X

k
ΔR
!2

i

� �
k

¼3kBT=γ
X

k
λ�1
k u

!
k

� 	2

i

� �
ð4Þ

GNM enables us to predict the relative sizes of motions accessed by

different modes, not their directions, the GNM fluctuations being isotro-

pic by definition. High fluctuations in absolute values correspond to

protein structural regions with high mobility and vice versa. Regions

with an opposite GNM sign move in anticorrelated manner.17,28,29

The directions of collective motions can be characterized by the

ANM.18

2.2.3 | Anisotropic network model

The ANM18,31 Hessian matrix H is based on a harmonic potential of

the form

VANM ¼ γ

2

XN

ij
Rij�R0

ij

� 	2
Γij ð5Þ

where R0
ij and Rij are the original (native state) and deformed (by ANM

modes) distances between residues i and j. A relatively large cutoff

value (rc ¼15 Å) is adopted in the ANM to ensure the coherence of

the network. Eigenvalue decomposition of H yields 3N – 6 eigenvec-

tors u
!ANM

k

� 	T
¼ uX1

k ,uY1
k ,uZ1

k ,…,uZN
k

h i
, the components of which

describe the motions of the N residues in the X-, Y-, and Z- directions

according to the kth mode. The components of 3N-dimensional vector

u
!ANM

k are conveniently organized into N superelements of size 3�1,

designated as [u
!ANM

k ]i, each corresponding to a given residue.

The first or slowest mode (of GNM or ANM) is defined as the

mode with the smallest nonzero eigenvalue and so on. The higher the

mode number, the higher the energetic cost of the protein to move

along this mode, and the motions become more local and less global.

2.3 | Global alignment of anisotropic network
model modes

The Needleman–Wunsch dynamic programming algorithm32 was

modified for aligning ANM modes. ANM mode analysis results in a set

of vectors U
!n o

describing the deformation of residues from their

equilibrium position (native structure) in the Cartesian space. Let Uk
i


!
be the deformation vector of residue i in mode k of one protein and

Vl
j

!
the deformation vector of residue j in mode l of another protein.

The score for residues i and j upon alignment of modes k and l is

defined as:

Sij ¼
U
!k

i �V
!l

j

U
!k

i

����
���� V!l

j

����
����
�C,where0≤C ≤1 ð6Þ

where Sij will be positive if their cosine value is greater than C that is

the two deformation vectors pointing in the same direction and nega-

tive if their cosine is smaller than C. Here, we used C = 0.7 radians

(�40�) to define the threshold for vector similarity. In the case of

alignment of homologous or identical proteins, it is possible to guide

the algorithm to prefer the matching of spatially close residues by

applying distance constraints. Distance constraints were applied in

the present work by modifying the alignment score Sij as follows:

Sij ¼

U
!k

i �V
!l

j

U
!k

i

����
���� V!l

j

����
����
�C, rij ≤Rc

�1, rij >Rc

8>>>>>>>><
>>>>>>>>:

ð7Þ

where rij is the Cα distance between residues i and j and Rc is the cut-

off distance set here to 10Å. The algorithm enables alignment of two

modes even if their length is different as it creates insertions/
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deletions along the alignment to obtain the optimal alignment. Gap

opening and gap extension penalties were set to 1.0 and 0.1, respec-

tively. Increasing or decreasing the penalties by a factor of two did

not change the results significantly. After the alignment process, to

obtain a unified alignment score that is not dependent on the align-

ment length, an average alignment score (AAS) was calculated. The

AAS is calculated as the average Sij along the alignment with the

exception of gap position and distance constraint regions that

received a score of zero. This algorithm is an extension of our previ-

ous GNM modes alignment33 and was previously reported.34

2.4 | Clustering calculations

Clustering calculations were performed in R environment for statisti-

cal computing and graphics.35 Clustering was performed using the

hierarchical clustering function “hclust” with default parameters after

converting the GNM cross-correlation matrix into a distance matrix.

3 | RESULTS

The KSHV Pr is active as a weakly associating dimer. Upon dimeriza-

tion, helix five (α5) and six (α6), which are unstructured in the mono-

meric state, refold with the former being at the newly formed

interface. Over 80% of the dimer interface of KSHV Pr is formed by

helices α1 and α5, where α5 of each monomer is packed between heli-

ces one and five of the other monomer.5 The homodimeric structure

of KSHV Pr is presented in Figure 1. Each monomer contains a

noncanonical Ser-His-His catalytic triad (represented using purple

sticks) and a substrate (orange sticks) within a substrate binding

pocket located approximately 15–20 Å from the dimer interface.8

Theoretical B-factors were calculated for the dimer and each of

its monomers separately using GNM analysis. The correlation coeffi-

cient between theoretical and experimental B-factors is 0.73 indicat-

ing good agreement between the two methods. Figure 2 presents the

calculated B-factors of monomer A (A) and B (B) in the dimeric (blue

line) and the monomeric (red line) states. The B-factor values of α5

(black bar) are lower in the dimer state by 50%, on average, compared

to the monomeric state. The opposite effect is seen for amino acids at

the binding site (gray bar). The mobility of these amino acids is

increased by 36%, on average, compared to the monomeric state.

Figure 2C depicts the KSHV Pr dimeric structure colored according to

the ratio between the dimer and monomer state B-factors. Regions

with lower mobility (or B-factor values) in the dimeric state, compared

to the monomeric state, are colored in blue while regions with higher

mobility are colored red. In addition to the binding site, the β-sheet

underneath it also shows higher mobility in the dimeric state. The

above calculations were done without including inhibitory peptides.

However, inclusion of the inhibitory ligands did not significantly

change the results. Thus, the dimerization forms a global hinge region

at the interface, reduces the mobility of the interfacial region espe-

cially that of α5, and increases the mobility of the binding site.

Amino acids within the dimer can move together in a correlated

manner, or in opposite directions in an anticorrelated manner. The

cross-correlation map obtained from the GNM analysis is presented in

Figure 3A. A negative value (red color) refers to an anticorrelation

between residue fluctuations, whereas a positive value indicates con-

certed motion in the same direction (blue). In general, the amino acids

of each monomer (or chain) move in a correlated manner while the

amino acids of each monomer move in an anticorrelated manner with

respect to the opposite monomer. The exception is helix α5 of each

monomer (marked with a green rectangle) that move in an anti-

correlated manner to the other residues of its own monomer while

showing correlated motions with residues of the opposite monomer.

The average correlation of helix α5 residues with each residue of the

dimer was calculated from the cross-correlation matrix and is pres-

ented in Figure 3B for monomers A (blue) and B (red). The bottom bar

presents the following regions: α1 (gray), α2 (black), and α5 (orange).

Helix α5 of monomer A (blue line) shows high average positive corre-

lation with helices α1, α2, and α5 of monomer B but does not show

high positive correlation with any residues of monomer A besides

itself. A similar picture is observed for helix α5 of monomer B; it corre-

lates with itself and helices α1, α2, and α5 of monomer A. Thus,

dynamically, helix α5 of each monomer correlates and affects the

mobility and motion of helices α1, α2, and α5 of the opposite mono-

mer. A similar analysis was performed on the VZV serine-protease to

assess the implication or generality of the results to the HHV Pr fam-

ily. The VZV protease has a similar structure to KSHV with helices A6

(α5 of KSHV) and A1 and A3 (α1 and α2 of KSHV) of the opposite

monomer forming the interface. The cross-correlation map is pres-

ented in Figure S1. The average correlation of helix A6 residues with

F IGURE 1 The dimeric structure of KSHV Pr. The protein is
depicted using cartoon representation with monomers A and B
colored cyan and green, respectively. The Ser-His-His catalytic triad

of each monomer and the inhibitory peptides are shown using stick
representation and colored purple and orange, respectively. All helices
of monomer A and helices one (α1) and five (α5) of monomer B are
marked. Helices α1 and α5 of each monomer form the interface. The
dimer axes are shown using gray ellipse. All protein figures were done
using PyMOL software.36 KSHV, Kaposi's sarcoma-associated
herpesvirus
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each residue of the dimer was calculated from the cross-correlation

matrix and is presented in Figure 3C. Helix A6 shows high average

positive correlation with helices Α1 and A6 of the opposite monomer.

It also shows a positive correlation with helix A1 and strands B2 and

B3 of its own monomer unlike KSHV Pr. The dimer interface of KSHV

and VZV is depicted in Figure 3D. KSHV monomers A and B are col-

ored green and yellow while VZV monomers A and B are colored blue

and cyan, respectively. The α5 of KSHV is located at the center of the

interface while A6 helix is tilted toward helix A1 and is in closer con-

tact with it compared to α1 and α5 contacts of KSHV. Helix A1 in turn

forms contacts with strands B1 and B2. The loop between strands B2

and B3 include the catalytic residue H52, with the other two catalytic

residues S120 and H139 located on strands B5 and B6, respectively.

The higher cross-correlation of helix A6 with strands B2 and B3 of its

own monomer and with helices A1 and A6 of the opposite monomer

enables more of a direct effect of one monomer and the dynamics of

the active site of the opposite monomer compared to KSHV.

Clustering of the KSHV dimer residues was done based on the

above cross-correlation map. The obtained dendrogram is presented

in Figure S2. The cutting level of the dendrogram determines the

number of clusters and the resolution of the clustering, when each

cluster represents a dynamical domain within the dimer. We note that

the term dynamical domains refer to domains that are based on the

cross-correlation map and do not necessarily represent the classical

structure-based domains. The dimer can be separated into three main

clusters: The two α5 helices of monomers A and B, monomer A with-

out its α5, and monomer B without its α5. The two α5 helices that are

associated in a process that recalls the term “domain swapping”37

became a single dynamical domain. A more refined cut further sepa-

rates each of the two latter clusters into two to get a total of five

dynamical domains: The central or interfacial domain composed of

helices α5 of both the monomers; the proximal domain composed of

helices α1, α1a, and α6 (or part of it for monomer A); and the distal

domain mostly composed of the β-sheet that includes the ligand bind-

ing site. Figure 4 presents the dimer colored according to the five

dynamical domains.

The average GNM cross-correlation values between the five

domains are listed in Table S3. The average cross-correlation values

for residues within the proximal and distal domains of each monomer

range between 0.1 and 0.13, whereas they are approximately half for

residues across these domains. The average correlation of the interfa-

cial domain with the proximal domain is low since each helix α5 does

not show positive cross-correlation with residues of its own mono-

mer. Since each monomer is divided into proximal and distal domains,

the low mobility of the interfacial domain reduces the mobility of the

proximal domains which, in turn, increases the mobility of the distal

domains that includes the binding sites of the dimer.

The GNM modes are isotropic, hence give information on the

magnitude of the fluctuations of each mode but not their direction.

Alternatively, we can use ANM analysis which gives information on

the magnitude and directions of the motions. ANM analysis was car-

ried out to obtain the modes of motions of the KSHV dimer that

included the ligands. The first two or three slowest modes usually

describe global functional motions that are of great biological inter-

ests.38 The three slowest ANM modes of KSHV Pr, in agreement with

the GNM results, describe anticorrelated rotation motions of one

monomer relative to the other. Figure 5 presents the motions using

F IGURE 2 B-factor comparison between the monomeric and
dimeric forms of KSHV Pr. GNM-based B-factor profile of
(A) monomer A and (B) B is presented for monomeric (red line) and
dimeric (blue line) forms of KSHV Pr. The bottom bar indicates amino
acids at the binding site (gray) and α5 residues (black). (C) The KSHV
Pr dimeric structure colored according to the ratio between the dimer
and monomer state B-factors. Regions with lower mobility or B-factor
values in the dimeric state (compared to the monomeric state) are
colored in blue while regions with higher mobility are colored red.
GNM, Gaussian Network Model; KSHV, Kaposi's sarcoma-associated
herpesvirus
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porcupine plots, with the red arrows showing the direction and magni-

tude of motion of the residues. For clarification, black arrows pointing

to the general rotation direction and a black line indicating the rota-

tion axis were added in Figure 5B,C. The first or slowest mode of

motion (Figure 5A) describes a rotation motion of each monomer

around itself with the rotation axis at the center of each monomer

and perpendicular to the plane of the figure. The second mode of

motion (Figure 5B) describes a rotation motion of mainly the distal

domain of each monomer with a single rotation axis that crosses the

two domains and is perpendicular to the α5 helices at the interface.

The third mode describes a rotation motion with a separate rotation

axis for each monomer (Figure 5C). The functional role of these

motions is of great interest. Stretching of the ligand (or inhibitor) is

observed in all three modes and especially in the first mode for mono-

mer A and the second mode for monomer B. In addition, we observed

stretching of the bond between S114 and the phosphorus atom of

the inhibitor, a bond that is cleaved upon completion of the proteo-

lytic reaction of a natural ligand, in all modes and especially in mode

three. Arginines 142 and 143 provide hydrogen bonds shown

previously to be essential for catalysis.39 The motion of R142 and

R143 is observed in modes two and three. The guanidino group of

R142 and R143 is moving toward the oxyanion in modes two and

three, respectively. A movie showing the motion of the first mode is

available in Video S1. A similar analysis was performed on the VZV Pr

structure to see if the ANM slow modes are similar among other fam-

ily members. The three slowest modes of the protease are presented

using porcupine plots in Figure S5. These modes are similar to the

KSHV modes where the first and second modes switched their order.

This order is the same as the ANM modes calculated to the KSHV Pr

without the ligand.

Since the three slowest modes have a functional role, it is inter-

esting to check whether they exist in the monomers without dimeriza-

tion. ANM modes were calculated for the dimer and each of the

monomers separately without the inhibitory ligand. The modes part of

the dimer that correspond to each monomer were aligned with the

modes that were calculated for the monomer alone. The AAS for the

alignment of the 10 slowest modes between the dimer and monomer

states are presented in Figure 6 for monomers A (top) and B (bottom).

F IGURE 3 KSHV and VZV Pr cross-correlation analysis. (A) Cross correlation map of the KSHV dimer. A positive value indicates concerted
motion in the same direction (blue), whereas a negative value refers to an anticorrelation between residue fluctuations (red). The green rectangles
indicate the α5 region of each monomer. (B) The average correlation of each KSHV Pr residue with α5 residues of monomer A (blue line) and
monomer B (red line). Indexes 0–227 and 228–455 indicate monomers A and B, respectively. The bottom bars indicate the following regions: β2
(yellow), β3 (turquoise), α1 (gray), α2 (black), and α5 (orange). (C) The average correlation of each VZV Pr residue with A6 residues of monomer A
(blue line) and monomer B (red line). Indexes 0–210 and 211–421 indicate monomers A and B, respectively. The bottom bars indicate the
following regions: B2 (yellow), B3 (turquoise) A1 (gray), A3 (black), and A6 (orange). (D) The dimer interface of KSHV and VZV Pr. KSHV Pr
monomers A and B are colored green and yellow, while VZV Pr monomers A and B are colored blue and cyan, respectively. KSHV, Kaposi's
sarcoma-associated herpesvirus; VZV, varicella-zoster virus
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The AAS value ranges from one (full match) to zero (no match). The

alignments show that the first and third modes of monomer A in the

dimeric state have moderate similarity to mode seven (AAS = 0.56)

and ten (AAS = 0.63) in the monomeric state, respectively. No

matching mode was found for the second mode in the dimeric state

among the 10 slowest modes of the monomer. In the case of

monomer B, the first and fourth modes of this monomer in the

dimeric state show partial similarity to mode seven of the monomer

state (AAS of 0.63 and 0.46, respectively) and the second mode of the

dimer state shows moderate similarity to mode six of the monomeric

state (AAS = 0.53). No matching mode was found for the third mode

in the dimeric state among the 10 slowest modes of the monomer.

The higher the mode number is, the higher is the energetic cost for

execution of motion. Thus, the three slowest modes of motion that

are observed for the monomers in their active dimeric state are less

accessible prior to dimerization.

The differences in the alignment scoring matrices in the above

results imply that there is some asymmetry between the two mono-

mers that was further studied. A reverse dimer was created by over-

lapping helix α5 of monomer A with the one of monomer B. Figure 7A

depicts the original dimer with monomers A and B colored cyan and

green and the reverse dimer with monomers B and A colored gray.

The overall root-mean-square deviation (RMSD) between the two

structures is 0.93 Å, indicating a close structural similarity of the two

monomers. The exemptions are residues H119-P130 (binding site

loop) that show structural difference between the two monomers as

indicated by the black arrow heads. These residues connect the two

β-strands that form most of the binding site of the inhibitory ligands

and part of these residues are in direct contact with the ligands. ANM

modes of motion were calculated (without the presence of the ligands)

for the reverse dimer and modes alignment were done between the ten

slowest modes of the dimer and its reverse. The resulting AASs are pres-

ented in Figure 7B as a heat map. The modes of motion of the dimer

and its reverse show good similarity besides mode six. Thus, the struc-

tural changes at the binding site loop affect the sixth mode of motion.

Similar results were obtained when the ligands were included in the

ANM calculation of the dimer and its reverse.

The results indicate that changes in the ligand binding site may

change modes of motion. Therefore, we investigated how ligand bind-

ing affects the modes of motion of the dimer. The ten slowest ANM

modes of motion of the dimer that were calculated with and without

F IGURE 4 KSHV Pr dynamical domains. The KSHV dimer
structure is colored according to five dynamical domains. The central
or interfacial domain is composed of helix α5 of the two monomers
and colored blue. The proximal domains are composed of helices α1,
α1a, and α6 (or part of it for monomer A) are colored green and
orange for monomers A and B, respectively. The distal domains
mostly composed of the β-sheet and include the ligand binding site
are colored red and yellow for monomers A and B, respectively.
KSHV, Kaposi's sarcoma-associated herpesvirus

F IGURE 5 Porcupine plot of the three slowest modes of motion
of KSHV Pr. The (A) first, (B) second, and (C) third ANM modes of
motion of the KSHV dimer. The protein is depicted using cartoon
representation with monomer A (left) and B (right) colored as in
Figure1 and the ligands are shown using yellow stick representation.
Red arrows display the direction and magnitude of motion of the
residues in each mode, black arrows (B and C) point to the general
rotation direction of each monomer along the rotation axis shown as
a black line. ANM, anisotropic network model; KSHV, Kaposi's
sarcoma-associated herpesvirus
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the presence of the ligand were aligned. The AASs of the alignments

are presented in Table S6. The average AAS between the first five

slowest modes is 0.94 and drops down to 0.72 in the alignment of the

sixth mode of the dimer with and without the ligand. The sixth mode

is depicted in Figure 8A, and describes the motion of the ligand bind-

ing loop of both monomers, the interfacial region, and many residues

of monomer B. The red arrows describe the motion of the dimer in

this mode without the ligand while the black arrows describe the

motion with the presence of the ligand. A close-up of the interface is

presented in Figure 8B, showing that without the ligand helix α1 of

monomer A and helix α5 of monomer B are moving apart from each

other by 45�. However, in the presence of the ligand, this motion is

suppressed. The mobility of the residues in the sixth mode is pres-

ented in Figure 8C,D for monomers A and B, respectively. The black,

orange, and red bars designate helices α1, α5, and α6. The motion of

helices α1 and α5 that form the interface is suppressed for monomers

A and B in the presence of the ligand. However, the motion of α6 and

the oxyanion stabilizing loop that includes R142 and R143 is

increased in the presence of the ligands for monomer B. Thus, the

sixth mode of motion connects the ligand binding region with the

interface and ligand binding modulates the dynamics of the interface.
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F IGURE 6 Global ANM AASs matrix between the dimer and
monomer states of KSHV Pr. Global mode alignment was carried out
between the ten slowest ANM modes of each monomer in the
monomeric and dimeric states. The AAS values range from one (full
match) to zero (no match) and the scoring matrix is depicted as a heat
map for (A) monomer A and (B) monomer B. AAS, average alignment
score; ANM, anisotropic network model; KSHV, Kaposi's sarcoma-
associated herpesvirus

F IGURE 7 Structural changes in the binding site affects mode six.
(A) Superimposition of the dimer and the reverse dimer. The dimer is

shown using cartoon representation with monomers A and B colored
cyan and green, respectively. The ligands are shown using stick
representation and colored orange. A reverse dimer was created by
overlapping helix α5 of monomer A with the one of monomer B and is
colored gray. Arrow heads indicate regions with structural differences
between the monomers. (B) Global ANM modes alignment was
carried out between the dimer and the reverse dimer. The ANM
modes were calculated without the presence of the ligand in both
cases. AASs matrix is depicted as a heat map. AAS, average alignment
score; ANM, anisotropic network model
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4 | DISCUSSION

This work shows the effect of KSHV Pr dimerization on the dynamics

of the subunits and the implications for the dimer activation and func-

tion. The GNM analysis shows that the dimerization process creates a

dimer with five dynamical domains. The central domain is composed

of the two α5 helices, one from each monomer, with each helix affect-

ing the dynamics of the proximal domain of the opposite monomer.

The central domain becomes a hinge region and its mobility is

reduced, which, in turn, partially tethers the proximal domain, leading

to the increased mobility of the distal domain and mainly the binding

site within it. These sequences of events result in dynamical changes

between the monomeric and dimeric states of the monomers. These

changes are intertwined with structural changes that establish the

proper conformation of the substrate recognition/oxyanion hole to

favor the transition state of catalysis.40 Based on the functional role

of the slow modes and their ability to stretch the ligand and the

ligand-Serine114 cleavage bond, we conclude that the increased

mobility of the binding site enables the dimer to perform its activity

more efficiently.

The way by which one monomer affects the dynamics of the

other monomer can be adjusted by how the interfacial helices are

packed. In the case of KSHV Pr, the α5 helix is loosely connected to

its own monomer and moves in an anticorelated manner to it, while

moving in correlation with helices α1, α2, and α5 of the opposite

monomer. In the case of VZV Pr, the A6 helix is more tightly con-

nected to its own monomer and moves in a corelated manner with

helix Α1 and strands B2 and B3 that form part of the binding site as

well as with helix A6 of the opposite monomer. Hence, it enables each

monomer to exert a stronger effect on the dynamics of the opposite

monomer. These two examples show that the level of dynamical cou-

pling between the two monomers can vary between different mem-

bers of the HHV Prs.

The GNM analysis is more accurate than the ANM analysis in

mobility calculation but does not give information on the direction of

motion of the different modes.20 Therefore, a complementary ANM

analysis was performed to explore in depth the dynamics of the dimer

and its monomers. This method provides better biochemically related

data. The three slowest ANM modes support specific conformation of

the ligand/inhibitor, which mimics a major step in the catalytic cycle,

and show functional importance. These modes stretch and bend the

inhibitory ligand and hence can assist in its binding and release. The

PDB structure we used for the analysis captures the KSHV Pr in its

intermediate state with the catalytic S114 covalently bound to the

phosphorus atom of the inhibitor. This bond is cleaved upon comple-

tion of the proteolytic processing of the natural ligand. The dynamics

F IGURE 8 KSHV Pr dynamics changes in presence of ligand in mode six. (A) ANM sixth mode of motion in KSHV dimer is represented using
porcupine plot. Monomers A (cyan) and B (green) are shown using cartoon representation and the ligand (orange) is shown using sticks
representation. Black and red arrows display the direction and magnitude of motion of the dimer residues with and without ligand, respectively.
(B) Close-up of the interfacial area of KSHV Pr showing the changes. Without the ligand, helix α1 of monomer A and helix α5 of monomer B are
moving apart from each other by 45�. Mode six mobility plot for (C) monomer A and (D) monomer B of the dimer with ligand (blue line) and
without ligand (red line). The bars indicate helices α1 (black), α5 (orange), and α6 (red). ANM, anisotropic network model; KSHV, Kaposi's sarcoma-
associated herpesvirus
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in these modes stretch the bond and exemplify the adaptation of

the dynamics to the function of the protease. In addition, we see

that the two conserved arginines R142 and R143 (also Arg 165 and

166 for other human cytomegaloviruses [CMV]) are moving toward

the oxyanion in modes two and three, respectively. Based on the

crystal structure of the CMV protease, these arginines were pro-

posed to stabilize the oxyanion intermediate formed during the

reaction.41,42 Arg166 was shown previously to hold a water mole-

cule that can act as a hydrogen-bond donor to the oxyanion and

was thus proposed to stabilize the oxyanion intermediate. Liang

et al.39 argue that Arg165 only utilizes the backbone NH for cataly-

sis as suggested by the crystal structure of the Arg165 side chain

and is not involved in the stabilization of the oxyanion, leaving the

question as to why then the side chain of Arg165 (142) is highly

conserved. We show in our calculations that the side chains of

these arginines can move toward the oxyanion and hence can inter-

act with it. These modes of motion that have a functional role are

the slowest modes of motion in the active dimeric state and are

energetically favored. While, in the monomeric state, they become

modes of a higher number and less favored energetically. Comple-

mentary ANM analysis to the VZV Pr dimer showed similarity to

KSHV Pr of the first three slow modes, indicating that these modes

are conserved across the HHV Prs.

Two comparisons of the modes of motion: (i) the dimer and its

reverse and (ii) the dimer with and without the ligand, indicate that

the sixth mode of motion connects the ligand binding region with the

interface. Ligand binding and structural changes in the ligand region

can affect its dynamics and the dynamics of α1 and α5 that form the

interface. Marnett et al.43 showed that ligand binding stabilizes the

dimer. Phosphonylation of the active site serine by the inhibitory pep-

tide yields a tetrahedral phosphonate adduct. The transition state

places a strong negative charge in the oxyanion hole that forms

hydrogen bonds with R142 and R143 and stabilizes the dimer. We

suggest that this allosteric effect is also mediated through modulation

of the sixth mode of motion of the dimer. Thus, dynamically, the

KSHV Pr has evolved to function as a dimer and dynamics play an

important role in its function and regulation.

The HHV Prs are of great interest as targets for therapeutic inter-

vention. Recently, Kaynak et al.44 developed the Essential Site Scan-

ning Analysis (ESSA), an ENM-based method to identify allosteric and

orthosteric ligand-binding residues as well as hinge residues. Our work

shows the utility of ENM in studying HHV Prs dynamics and espe-

cially the relation between binding site and interface dynamics. Thus,

this work calls for use of methods like the ESSA in developing inhibi-

tors to these targets.
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