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ABSTRACT: Allostery is a ubiquitous process for protein regulatory activity in which a ey Residues for
binding event can change a protein’s function carried out at a distal site. Despite
intensive theoretical and experimental investigation of protein allostery in the past five
decades, effective methods have yet to be developed that can systematically identify key
residues involved in allosteric mechanisms. In this study, we propose the rigid residue
scan as a systematic approach to identify important allosteric residues. The third PDZ
domain (PDZ3) in the postsynaptic density 95 protein (PSD-95) is used as a model
system, and each amino acid residue is treated as a single rigid body during independent

Allostery

molecular dynamics simulations. Various indices based on cross-correlation matrices are

used, which allow for two groups of residues with different functions to be identified. The first group is proposed as “switches”
that are needed to “turn on” the binding effect of protein allostery. The second group is proposed as “wire residues” that are
needed to propagate energy or information from the binding site to distal locations within the same protein. Among the nine
residues suggested as important for PDZ3 intramolecular communication in this study, eight have been reported as critical for
allostery in PDZ3. Therefore, the rigid residue scan approach is demonstrated to be an effective method for systemically
identifying key residues in protein intramolecular communication and allosteric mechanisms.

1. INTRODUCTION

Allostery is the remote-control capacity of biomolecules.
Protein allostery has been under investigation for more than
five decades since the Monod—Wyman—Changeux (MwC)!
and Koshland—Némethy—Filmer (KNF)> models were pub-
lished in the 1960s. In the past decade, allosteric regulation has
been observed in many proteins, leading to the idea that
allostery is an intrinsic feature of all proteins.” Allosteric
regulation has also been discovered to be a part of most
processes of a living cell, including cell signaling, phosphor-
ylation, and protein degradation.* Thus, understanding
allosteric mechanisms is essential to understanding cell
regulation. Perhaps more significantly, this understanding
builds the foundation upon which to develop allosteric drugs.
This class of drugs may be successful in the treatment of many
diseases that are difficult to treat with traditional drugs because
of the lack of selectivity and specificity, which is particularly
true for cancer and neurodegenerative diseases.” Therefore,
investigation on the workmg mechanism of allosteric
regulation, considered as the “second secret of life”,’ is vital
to understanding many complex biological systems and will aid
the pharmaceutical industry in the development of more
selective, potent, and effective allosteric drugs.

The original definition of allostery, which was based on
crystallographic structures of hemoglobin, is the conformational
change of one site of a protein caused by an effector at another
site called the allosteric site.* Allostery has become well-
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accepted as a dynamical property of proteins since this initial
definition, as is evident via NMR studies of various proteins,
including imidazole glycerol phosphate synthase (IGPS),
catabolite activator protein (CAP), the third PDZ domain
(PDZ3) of postsynaptic density 95 protein (PSD-95), the
catalytic subunit of protein kinase A (PKA-C), and 70 kDa heat
shock proteins (HSP70).”7'°

Numerous experimental and computational approaches have
been used to identify intramolecular allosteric pathways.
Experimentally, NMR spectroscopy has been widely used to
identify allosteric communication pathways.'"'> Chemical shift
covariance analysis (CHESCA) was recently developed to
quantitatively describe the relative contribution of each residue
to allostery.'> Double-mutant cycle analysis has been used to
measure the energetic couplings between residues.'* Computa-
tionally, statistical coupling analysis (SCA)," a sequence-based
method using multiple sequence alignments to identify the
coevolutionary residues that form protein communication
pathways, has been successfully applied to PDZ domains and

HSP70 proteins to identify allosteric pathways.'® Normal mode
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Figure 1. RMSD plots for unbound and bound PDZ3 in MD simulations: (A) 10 ns isothermal—isobaric (NPT) ensemble; (B) 12 ns canonical

(NVT) ensemble.

analysis (NMA) has been used to describe allosteric pathways
using a single protein structure by examining the response of
the protein to local structural perturbations.'’ ™ Molecular
dynamics (MD) simulations have been widely used as the basis
for protein residue coupling analyses. Cross-correlation analysis
has been used as a general strategy to identify allosteric sites by
searching for large correlated motion changes of distinct sites of
a protein structure upon perturbation events.”! Anisotropic
thermal diffusion (ATD) heats a single residue to observe the
heat propagation.””** Pump—probe MD (PPMD) has atoms
excited by oscillating forces to monitor the transmission of
oscillations.™*

Here we present a new approach, termed rigid residue scan,
in which systematic rigid-body molecular dynamics is carried
out to quantify the contribution of each residue to the overall
protein dynamics. Modification of individual residues may
significantly affect the overall protein dynamics through the
collective influence of residues on the protein’s structure.
Furthermore, changing a residue’s dynamics may significantly
disrupt allosteric pathways, as protein allostery is considered to
be a dynamical process and proposed major allosteric pathways
often contain several residues. A direct way to change single-
residue dynamics behavior is to treat the residue as a single
rigid body, i.e., the residue has no internal degrees of freedom.
The influence of a single residue on allostery can be
investigated directly through rigid-body simulations. In the
amino acid mutagenesis study, all of the bonded and
nonbonded interactions related to the mutated residue are
completely changed.

Although rigid-body methods are effective tools in MD
simulations, it has been a technical challenge to implement
these methods for a large number of atoms. Recently, an
efficient rigid-body integrator, known as SHAPE, was reported
to apply rigid-body constraints on an arbitrary selection of
atoms.”® SHAPE, used in this work, has an accuracy comparable
to those of the widely applied SHAKE®® and RATTLE?” rigid-
body methods. However, it is much more efficient for large
numbers of atoms than both the SHAKE and RATTLE
algorithms.

In this work, we present a systematic way to identify key
residues that are significant to protein intramolecular
communication and that may also be important in allosteric
pathways by quantifying the contribution of each residue to the
whole-protein dynamics.
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2. MATERIALS AND METHODS

2.1. Molecular Dynamics Simulations. The protein was
subjected to normal MD simulations (herein called unper-
turbed simulations) as a reference for the rigid residue scans.
Systematic rigid-body MD simulations (herein called perturbed
simulations) were carried out to probe each residue’s influence
on the whole-protein dynamics. A single amino acid residue
was treated as a single rigid body in each perturbed MD
simulation. Therefore, the total number of rigid-body
(perturbed) MD simulations was equal to the total number
of residues in the protein, as each residue regardless of its type
or position was subjected to rigid-body simulation.

The model protein used in this study was the PDZ3 domain
of PSD-95, as its allosteric mechanisms have been extensively
studied.">'®** 73 A crystal structure of PDZ3 bound with the
peptide CRIPT was obtained from the Protein Data Bank
(PDB ID 1BE9).** CRIPT is known to bind to PDZ3
pregirentially over the first and second PDZ domains in PSD-
9s.

Hydrogen atoms were added to the crystal structure of PDZ3
using the hydrogen position construction facility (HBUILD) of
the CHARMM (38b1) molecular simulation package.40 The
CRIPT peptide was removed to create an unbound PDZ3
structure. Rigid residue scans were performed using both the
unbound and bound states. Each structure was solvated in a
cubic box of water using the TIP3P explicit water model.*' The
systems were neutralized by adding sodium cations, and
additional sodium and chloride ions were added to reproduce
typical physiological ion concentrations. The neutralized
systems were subjected to 200 steps of energy minimization
using steepest decent (SD) and 12000 steps of adopted-basis
Newton—Raphson (ABNR) energy minimization in
CHARMM. The minimized structures were heated to 300 K
in 12 ps. After heating, both unbound and bound PDZ3
simulation boxes were subjected to 10 ns MD simulations in
the isothermal—isobaric (NPT) ensemble controlled through
extended system constant-pressure and constant-temperature
algorithms.”™** A 2 fs simulation time step was used in the
MD simulations. The temperature and pressure were 300 K
and 1 atm, respectively. The root-mean-square deviation
(RMSD) plots of PDZ3 from unperturbed NPT MD
simulations for both the unbound and bound states show
that the systems are equilibrated roughly after 2 ns of
simulation (Figure 1A). After the NPT MD simulations, the
trajectory frame with the box size closest to the average box size
was selected from the trajectory of the last 8 ns of MD
simulation, with the first 2 ns considered as equilibration. The
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simulation snapshots were saved to trajectory files for every
picosecond throughout the simulations.

The selected trajectory frames for both unbound and bound
PDZ3 were used for 12 ns canonical (NVT) ensemble Langevin
dynamics simulations using a 2 fs time step. The RMSD plots
of PDZ3 for both states show that the systems are equilibrated
roughly after 2 ns (Figure 1B). Therefore, the first 2 ns was
considered as equilibration, and only the last 10 ns was
considered in the final analysis. The selected trajectory frames
for both PDZ3 states were used for the rigid residue scans. A
single residue was treated as a single rigid body in each
perturbed simulation. Each simulation was carried out for a
total of 12 ns, with the first 2 ns discarded as equilibration and
the last 10 ns subjected to analysis.

Two additional 12 ns unperturbed trajectories were carried
out for both unbound and bound states to investigate the
simulation consistency. The initial structures for these
simulations were the same ones selected from the NPT
simulations, but different random numbers were used to
generate the initial velocities. Similarly, the first 2 ns was
considered as equilibration, and only the last 10 ns was
considered in the final analysis. A few additional rigid residue
scan simulations (10 ns) were done to further examine the
simulation consistency. However, these were not additional
independent trajectories, but instead were continuations of the
first 10 ns of the rigid residue scan simulations.

Overall, more than 2900 ns of total simulation time was
carried out in this study. All of the simulations were carried out
using the CHARMM force field (version 27) and the
CHARMM molecular dynamics package (38b1).** Periodic
boundary conditions (PBCs) were used in all of the
simulations. The particle mesh Ewald algorithm*® was applied
to calculate long-range electrostatic interactions. All of the
chemical bonds with hydrogen were fixed using SHAKE to
remove the high oscillation frequency of these bonds.

The sequence numbers of the 115 residues start at 301 and
end at 415 in the original PDB file. Residue sequence numbers
starting at 1 and ending at 115 are used throughout this work
for clarity. The corresponding residue sequence numbers in
referenced works should be 300 higher than those used in this
work, unless mentioned otherwise.

2.2. Analysis of MD Trajectories. 2.2.1. RMSD. The
RMSD can be used as a measure of the average change of a
protein’s structure during the course of an MD simulation. A
protein’s tertiary structure is represented by N atomic Cartesian
coordinate vectors r; (i = 1 to N). The RMSD (R) between a
particular frame along the trajectory and a reference structure is
calculated as

ZINI (ro - Ul'i)2
N

(1)

In eq 1, r} is the Cartesian coordinate vector of the ith atom in
the reference structure and U is the transformation matrix for
the best-fit alignment between the given protein structure and
the reference structure. The RMSD can be calculated using all
or a subset of atoms for given protein.

2.2.2. Cross-Correlation (Normalized Covariance) Matrix.
The cross-correlation matrix C is the main tool used in this
work to examine the intrinsic properties of internal protein
dynamics. This matrix is based on correlated atomic motions,
and each matrix element, C;; is calculated through the following
equation:

ijy
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In eq 2, i and j are the atomic indices of the protein structure,

¢j» Cip and ¢j; are the covariance matrix elements, and r; and r; are
the Cartesmn coordinate vectors (with magnitudes r; and r)
from the least-squares-fitting structures. The cross- correlatlon
matrix can be calculated using all of the atoms or a subset of the
atoms (e.g., the C, carbon of each amino acid residue) in a
protein.

2.2.3. Average Residue Correlation Index. We define the
average residue correlation (ARC) index, which describes a
protein’s intrinsic dynamics and its rigidity, to facilitate the
direct comparison between rigid residue scan results. The ARC
index, C, for each simulation system is calculated through the
following equation:

Ci/'_ /2. 1/2
Gi G

N-1

- N(N - 1) z

i=1

N
G

(3)
This is the average of the matrix elements in the upper triangle
of the cross-correlation matrix excluding all of the diagonal

elements, which refer to self-correlation and are equal to unity.
The standard deviation of the ARC index, o, calculated as

p
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+

()

is also used in this study.

The ARC index reflects the overall rigidity of the protein,
with higher values indicating increased protein rigidity. In the
limit of a completely rigid protein, the ARC index will have a
value of unity, as all of the atoms are perfectly correlated.

2.2.4. Residue Correlation Similarity Index. We use the
residue correlation similarity (RCS) index, R, to compare
simulations @ and b using their cross-correlation matrices C*
and C":

‘= e 2 X G-y

N(N i=1 j=i+l

©)

2.2.5. Comparisons of Different Simulations. One should
be aware that when any index is used alone, the risk of a false
positive or false negative is rather high. Therefore, we used the
difference in the ARC indices (AARC) and the RCS index to
compare the unperturbed/perturbed simulations of unbound/
bound PDZ3 in multiple ways.

Perturbed Simulations of Unbound PDZ3 against
Perturbed Simulations of Bound PDZ3. When a given residue
is being treated as a rigid body, its effect on the overall protein
dynamics in either the unbound or bound state could provide
some information about the given residue’s role in protein
allostery. For example, if perturbed simulations of the unbound
and bound states display similar cross-correlation patterns
under such conditions, this suggests that treating that specific
residue as a rigid body eliminates the difference between the
unbound and bound states, therefore removing the allosteric
effect upon ligand binding. The smaller the AARC value and
the RCS index are, the stronger is the effect of removing the
allostery for the given residue. We propose that those residues
with small AARC values and RCS indices may act as “switches”
for protein allostery because the internal dynamics of these
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residues are important in the differentiation of the unbound
and bound states. However, larger AARC values and RCS
indices may not necessarily indicate a stronger allosteric effect.

Unperturbed Simulations of Bound PDZ3 against
Perturbed Simulations of Unbound PDZ3. These indices are
calculated to answer the following question: when treating a
particular residue as a rigid body in the unbound state, would
the protein in the unbound state behave similarly to the bound-
state protein in the unperturbed simulation? In other words,
can we make the unbound protein behave similarly to the
bound protein by treating some residues as rigid bodies? The
smaller the AARC value and the RCS index are for this
comparison, the more similar the perturbed simulation of the
unbound protein is to the unperturbed simulation of the bound
protein.

Unperturbed Simulations of Unbound PDZ3 against
Perturbed Simulations of Bound PDZ3. Similar to the
comparison above, here one would ask whether the protein
in the bound state could behave similarly to the unperturbed
protein in the unbound state when a particular residue in the
bound protein is treated as a rigid body. This comparison may
identify those residues that could reverse the allosteric effect
upon binding when they are treated as rigid bodies.

2.2.6. Unbound and Bound Difference Index. It is also
interesting to ask the following question: for which residues is
the difference between perturbed simulations of the unbound
and bound proteins similar to the difference between
unperturbed simulations of the unbound and bound proteins.
In other words, for which residues, when being treated as rigid
bodies, does the protein still exhibit allosteric effects similar to
those observed in the unperturbed simulations? To identify
such residues, we define the unbound and bound difference
(UBD) index for residue i, D, to select residues in the rigid
body scan where differences between unbound and bound
PDZ3 resemble those from the unperturbed MD simulations:

_ bound unbound bound unbound
D = I(Cl -G ) - (Cunpert - Cunpert )l
unbound_bound unbound_bound
+ IR1 - Runpert l (6)
In eq 6 Cﬁﬁg;’;}“d and c‘gg;‘;;i are the ARC indices from

unperturbed simulations of unbound and bound PDZ3,
respectively; Ci™° and C are the ARC indices from
perturbed simulations of unbound and bound PDZ3,
res}gectively, when residue i is treated as a rigid body;
Rﬁﬁpgft“d—b"““d is the RCS index for the ung)erturbed simulations
of unbound and bound PDZ3; and Rybound beund j¢ the RCS
index for the perturbed simulations of unbound and bound
PDZ3 when residue i is treated as a rigid body. The first
absolute-value term in eq 6 is designed to measure the
similarity of the differences between the unbound and bound
states obtained from the unperturbed and perturbed
simulations using the ARC index, and the second term
measures this similarity using the RCS index. Because the
relative importance of the ARC and RCS indices for the
purpose of this comparison is not yet well understood, these
two terms have equal weight in eq 6.

One could understand the UBD index in the following way:
The smaller the UBD index is for a given residue, the better the
difference between unbound and bound states in the rigid
residue scan resembles the difference between the unbound and
bound states in the unperturbed simulation. In other words,
making a residue rigid or dynamic would not alter the
intramolecular communication changes upon binding events if
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the UBD index is very small for that residue. The degree of
dynamics of this residue would not disrupt the whole-protein
communication changes upon binding. It is noteworthy that the
energy flow along allosteric pathways may cause significant
dynamics changes of residues along the pathways; the least
disruptive residues for the effects of binding on intramolecular
communication are mostly suitable to carry out the propagation
of energy. Therefore, we propose that the residues with small
UBD indices are the key residues that may function as “wire
residues” to propagate information/energy from a certain part
of the protein to distal places in the protein. However, there are
certainly many other residues that could serve as key residues to
transmit energy/information but are not selected using the
UBD index. For example, residues with large UBD indices may
serve as part of different allosteric pathways depending on the
environment of the protein. In this sense, the term “wire” may
be considered mainly to differentiate the residues selected in
the previous section.

3. RESULTS

3.1. Rigid Residue Scan for the Unbound State of
PDZ3. Unbound PDZ3 was subjected to unperturbed and rigid
residue scan MD simulations. The RMSD analysis of each
trajectory (Table S1 in the Supporting Information) indicates
that the PDZ3 structure is stable throughout the simulation.
The unperturbed MD simulation of unbound PDZ3 has an
ARC index of 0.742 and a standard deviation of 0.199 (Table
1) when all of the protein atoms are included in the analysis.

Table 1. Average Residue Correlation (ARC) Index and Its
Standard Deviation 6

unperturbed unbound unperturbed bound

all-atom C, all-atom C,
ARC 0.742 0.741 0.930 0.934
oc 0.199 0.189 0.055 0.051

The cross-correlation matrix for all of the protein atoms is
depicted in a heat map (Figure 2A), and the histogram shows
the distribution of correlation among the atomic pairs (Figure
2B). The ARC index is 0.741 with a standard deviation of 0.189
(Table 1) when only the C, carbons along the peptide
backbone are used. The heat map and histogram of the C,
cross-correlation matrix are shown in Figure 2C,D, respectively.
It is clear that the analysis of only C, is sufficient to represent
the overall protein because of its similarity to the all-atom
analysis.

The Supporting Information contains the RMSD plots
(Table S1), ARC indices and their standard deviations (Table
$3), and cross-correlation matrix heat maps and histogram plots
for all 115 unbound rigid residue scan simulations (Table S2).
The ARC indices are plotted against the residue numbers in
Figure 3A. Intuitively one may expect that making part of the
protein rigid would increase the overall rigidity. However, this
is not the case. The ARC indices from the rigid-body
simulations are rather evenly distributed from 0.2 to 0.9. The
cross-correlation matrices of the rigid residue scan differ
significantly. Sorted ARC indices using the standard deviations
as error bars are plotted in Figure 3B, where red and blue
points indicate hydrophobic and hydrophilic residues, respec-
tively. The plot shows a uniform distribution of hydrophobic
and hydrophilic residues, indicating that there is no correlation
between the ARC indices and hydrophobicity. The ARC
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Figure 2. Cross-correlation matrices for the unperturbed MD simulation of unbound PDZ3: (A) heat map and (B) histogram using the all-atom
cross-correlation matrix; (C) heat map and (D) histogram using the C, cross-correlation matrix. In the heat maps, red, green, and blue indicate
positive, none, and negative correlation, respectively. The histogram plots have a bin size of 0.2. The heat map color scheme and histogram bin size

are consistent throughout the work.
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ARC indices as functions of residue number; (B, D) sorted rigid-body simulation ARC indices as functions of sorting index, using the standard
deviations as error bars. Red and blue points indicate hydrophobic and hydrophilic residues, respectively.

indices from 80 rigid residue scan simulations are smaller than
the ARC index from the unperturbed simulation of unbound
PDZ3 (see Table S3 in the Supporting Information). This
indicates that making a residue rigid generally does not increase
the overall positive correlation. The ARC indices for 12
residues from the perturbed simulations are at least 0.1 larger
than that from the unperturbed simulation of unbound PDZ3.
Ala47 has the greatest ARC index increase (0.224), while Ile38
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and Ala43 are the other two residues with index increases larger
than 0.2.

3.2. Rigid Residue Scan for the CRIPT-Bound State of
PDZ3. The CRIPT-bound state of PDZ3 was also subjected to
unperturbed MD simulations and 115 rigid residue scan MD
simulations. The RMSD analysis of each trajectory (Table S1 in
the Supporting Information) indicates that the complex is
stable throughout the simulations. The all-atom ARC index
from the unperturbed simulation of bound PDZ3 is 0.930 and

dx.doi.org/10.1021/jp5083455 | J. Phys. Chem. A 2015, 119, 1689—1700
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Figure 4. Cross-correlation matrices for the unperturbed MD simulation of bound PDZ3: (A) heat map and (C) histogram using the all-atom cross-
correlation matrix; (C) heat map and (D) histogram using the C, cross-correlation matrix. In the heat maps, red, green, and blue indicate positive,
none, and negative correlation, respectively. The histogram plots have a bin size of 0.2.

Table 2. Residues Sorted by Either Residue Correlation Similarity (RCS) or Unbound and Bound Difference (UBD) Indices
Based on Comparison of Rigid Residue Scans of Unbound and Bound PDZ3“

1: perturbed unbound—perturbed 2: unperturbed bound—perturbed 3: unperturbed unbound—perturbed
bound® unbound” bound® 4
no. residue® AARC? RCS* residue AARC? RCS residue AARC? RCS® residue UBD"
1 47 —0.020 0.020 38 —0.022 0.026 66 —-0.012 0.063 29 0.016
2 38 —0.026 0.033 47 —0.031 0.027 24 0.059 0.078 90 0.017
3 43 0.039 0.050 43 —-0.019 0.029 4 —0.049 0.080 72 0.017
4 97 —0.065 0.052 42 0.035 0.043 8 —0.082 0.081 100 0.019
S 82 —0.069 0.055 97 0.033 0.046 110 —0.065 0.082 36 0.020

“C, cross- correlatlon matrices are used. Only the top five rigid residue scan simulations are listed. See Table S$S in the Supporting Information for
the complete list. “The first three lists are sorted using the RCS index. “In all four lists, the “residue” column indicates which residue is treated as a
rigid body in the perturbed simulation. “In the first three lists, the average residue correlation index difference (AARC) is calculated as indicated in
the list title. For example, for each residue in list 1 (perturbed unbound—perturbed bound), AARC is calculated as ARC(perturbed unbound) —
ARC(perturbed bound). “For list 1, the RCS index is calculated using the cross-correlation matrices of unbound and CRIPT-bound PDZ3 when the
indicated residue is treated as a rigid body in both perturbed simulations. /For list 2, the RCS index is calculated using the cross-correlation matrix of
unbound PDZ3 when the indicated residue is treated as rigid body and the cross-correlation matrix from the unperturbed simulation of CRIPT-
bound PDZ3. #For list 3, the RCS index is calculated using the cross-correlation matrix of CRIPT-bound PDZ3 when the indicated residue is treated
as rigid body, and the cross-correlation matrix from the unperturbed simulation of unbound PDZ3. In list 4, the UBD index is used to sort the
residues. Please refer to section 2.2.6 for the definition of the UBD index. ‘Residues listed in bold type have been reported as important for PDZ3
allostery. See Table S for details.

its standard deviation is 0.055, while the C, ARC index and the unbound state, indicating that binding with CRIPT makes

standard deviation from the unperturbed simulation of bound PDZ3 more rigid. This can be understood as CRIPT restraining
PDZ3 are 0.934 and 0.051, respectively (Table 1). The all-atom the movement of PDZ3 near the binding interface, which then
cross-correlation matrix heat map and histogram plot are given increases the rigidity of the entire protein.
in Figure 4A,B, respectively, and the C, cross-correlation matrix The Supporting Information provides RMSD plots (Table
heat map and histogram plot are given in Figure 4C,D, S1), C, ARC indices and their standard deviations (Table S3),
respectively. The small difference between the all-atom and C, and C, cross-correlation matrix heat maps and histogram plots
analyses indicates that C, is sufficient to represent the overall for all 115 CRIPT-bound rigid residue scan simulations (Table
protein dynamics. Therefore, all subsequent analyses were S2). The ARC indices are plotted against the residue numbers
carried out using C, cross-correlation matrices only. in Figure 3C, while the sorted ARC indices using the standard
The correlation matrix heat map and histogram plots show deviations as error bars are shown in Figure 3D. As for the
that there are significantly more positive correlations among unbound state, the different rigid-body constraints significantly
residues in the bound state than in the unbound state. The affect the overall protein dynamics. The bound-protein rigid

bound ARC index (0.934; Table 1) is 0.193 greater than that of residue scan ARC indices have a wide distribution of 0.386 to
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Table 3. ARC Indices and Their Standard Deviations, 6¢, for Three Independent Simulations of Unperturbed Unbound and

Unperturbed CRIPT-Bound PDZ3

1 2 3 average
state ARC oc ARC oc ARC oc ARC oc
bound 0.934 0.051 0.970 0.023 0.987 0.012 0.964 + 0.027 0.029 + 0.020
unbound 0.741 0.189 0.751 0.190 0.803 0.124 0.765 + 0.033 0.168 + 0.038

0.986 and overall are larger than the corresponding unbound
indices, indicating a general increase in rigidity through
complexation.

As in the unbound case, 80 rigid residue scan ARC indices
are less than the ARC index from the unperturbed simulation of
the bound protein, indicating that making a residue rigid does
not increase the overall positive correlation of the bound state.
Residues Ile41, Ala47, and Ile77 have ARC indices that are at
least 0.05 larger than that from the unperturbed simulation of
the bound state. It is noteworthy that when Ala47 is rigid, both
the unbound and bound states are significantly more rigid than
corresponding unperturbed states.

3.3. Comparison between Unbound and CRIPT-Bound
States of PDZ3. 3.3.1. Unbound PDZ3 (in Rigid Residue
Scans) Similar to Unperturbed Bound PDZ3. 1t is interesting
to examine whether any unbound rigid residue scan system
behaves similarly to the unperturbed bound state. To this end,
we use the RCS index instead of the ARC index. The RCS
indices are below 0.1 for 13 rigid residue scan simulations of
unbound protein relative to the unperturbed simulation of the
bound state (see section 2 in Table 2 and Table SS in the
Supporting Information). Ala47 also stands out in this analysis
with the second-smallest RCS index difference from the
unperturbed bound state. The unbound rigid residue scan
ARC indices for 12 of the top 13 residues differ from that of the
unperturbed bound state by no more than 0.1, demonstrating
good correlation between the RCS and ARC indices.

3.3.2. Bound PDZ3 (in Rigid Residue Scans) Similar to
Unperturbed Unbound PDZ3. The RCS indices are less than
0.1 for 13 rigid residue scan simulations of bound protein
relative to the unperturbed simulation of the unbound state
(see section 3 in Table 2 and Table SS in the Supporting
Information). The ARC index differences for these 13 residues
relative to that of the unperturbed unbound state are all less
than 0.1.

3.3.3. Unbound PDZ3 Similar to Bound PDZ3 (Both in
Rigid Residue Scans). The scenario in which the perturbed
unbound and bound states with the same rigid residue behave
similarly is interesting to examine. The RCS indices for the
perturbed unbound and bound states are less than 0.1 for 14
rigid residue scan simulations (see section 1 in Table 2 and
Table SS in the Supporting Information). The ARC index
differences between the perturbed unbound and bound rigid
residue scan simulations for 12 of the top 14 residues are less
than 0.1. The perturbed unbound and bound states where
Ala47 is rigid have the smallest RCS indices. The top three
residues (Ala47, 1le38, and Ala43) coincide with the top three
residues in the comparison in section 3.3.1.

Another comparison of the unbound and bound rigid residue
scan systems is to determine which residues cause the
difference between the unbound and bound states in the
perturbed simulations to resemble the difference between the
unbound and bound states in the unperturbed MD simulations.
The UBD index is used for this comparison. The top five
residues with the smallest UBD indices are listed in section 4 in
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Table 2. Gly29 has the smallest UBD index (0.016), and His72
and Ala90 have the second-smallest ones.

3.4. Consistency of the Simulations. Only one trajectory
could be carried out for each rigid residue scan simulation
because of limited computational resources. Two additional
unperturbed simulations were carried out for the unbound and
bound systems to estimate the consistency of the simulations.
The ARC indices and corresponding standard deviations of all
six trajectories are listed in Table 3. All three trajectories show
consistent ARC indices and standard deviations for both the
unbound and bound states. Only one trajectory from each
unperturbed unbound and bound simulation was used for
analysis for compatibility with the rigid residue scan. It is
expected that the analysis results will remain similar when
multiple trajectories can be carried out for all of the simulations
and used for analysis.

Additional 10 ns MD simulations were carried out after those
in the original scan for nine residues in the rigid residue scan
simulations of unbound PDZ3. These residues were selected
because their unbound ARC indices were significantly higher
than that of the unperturbed MD simulation. The ARC indices
and standard deviations are listed in Table 4. For three out of

Table 4. ARC Indices and Their Standard Deviations, 6, for
Selected Simulations with an Additional 10 ns Simulation
from Unbound PDZ3 Rigid Residue Scan

first 10 ns second 10 ns first — second”
residue ARC oc ARC oc AARC Ao
42 0.899 0.074 0.791 0.197 0.108 —0.123
43 0.953 0.038 0.614 0.247 0.339 —0.209
47 0.965 0.030 0.970 0.023 —0.00S 0.007
64 0.869 0.103 0.763 0.172 0.106 —0.069
75 0.861 0.102 0.963 0.027 —0.102 0.075
82 0.863 0.105 0.980 0.017 —0.117 0.088
97 0.901 0.077 0.969 0.026 —0.068 0.051
108 0.885 0.079 0.649 0.264 0.236 —0.185
108 0.886 0.091 0.962 0.029 -0.076 0.062

“AARC and Ao are the difference between two simulations: (value
for the first 10 ns) — (value for the second 10 ns).

these nine simulations (Ala47, Tyr97, and Ser108), both the
ARC index difference and standard deviation difference for the
two trajectories are less than 0.1. This demonstrates that a
certain noise level is expected from the analysis results. The
main purpose of the current study is to serve as a proof of
concept. These results indicate that the proposed method can
provide some useful information for individual residues with
regard to their role in protein allostery.

To test whether saving snapshots every 1 ps is too frequent
and leads to highly correlated snapshots, cross-correlation
matrices were also generated using snapshots saved every 100
ps. The heat maps and histograms of the cross-correlation
matrices generated from snapshots saved every 1 and 100 ps are
plotted for the following simulations: unperturbed unbound,
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unperturbed bound, perturbed unbound, and perturbed bound,
the latter two with residue 1 being treated as a rigid body
(Figures S1—S4 in Supporting Information). For all four
simulations, the correlation heat maps and histograms based on
snapshots saved every 1 and 100 ps are very similar to each
other, indicating that saving snapshots every 1 ps is adequate
for the purpose of this study.

4. DISCUSSION

4.1. Key Residues May Function as “Switches” for the
Effect of Binding on Intramolecular Communication.
The top five residues are Ala47, Ile38, Ala43, Tyr97, and Ala82
from section 1 in Table 2 (perturbed unbound—perturbed
bound). The cross-correlation pattern of perturbed unbound
PDZ3 is similar to that of the perturbed bound state when any
of these residues is made rigid. Therefore, the perturbed
simulations of the unbound and bound states display similar
cross-correlation patterns when one of these five residues is
treated as a rigid body, thereby eliminating the difference
between the unbound and bound states, suggesting that the
internal dynamics of these residues are important in the
differentiation of the unbound and bound states. As proposed
in section 2.2.5, we predict these residues to be key residues
that function as “switches” for the effects of binding on
intramolecular communication. Interestingly, four out of these
five residues (Ala47, 1le38, Ala43, and Tyr97) are also among
the top four residues in section 2 in Table 2 (unperturbed
bound—perturbed unbound). This suggests that these “switch”
residues may switch the unbound state (more flexible with less
positive correlation) to the bound state (more rigid with more
positive correlation).

Consistent with our results, these residues have been
reported by various studies to be important for PDZ3 allosteric
mechanisms (Table S). Ala47 is a core residue buried inside the
protein, and it is on the opposite side of the key residue His72
to which it is coupled. His72 is located at the binding interface

Table 5. Selected Residues That Have Also Been Reported in
the Literature as Important for PDZ3 Allostery

References
ref 15 (Lockless and Ranganathan, Science 1999, 286, 295): multiple sequence
alignment (MSA) of 274 PDZ domains
ref 33 (McLaughlin et al, Nature 2012, 491, 138): statistical coupling analysis
(SCA) of 1578 mutations
ref 37 (Petit et al, PNAS 2009, 106, 18249): NMR relaxation of side-chain
dynamics

ref 35 (Kaya et al, Nucleic Acids Res. 2013, 41, W249): Monte Carlo (MC)
path generation calculations

Residue Reported Significance

Gly29 ref 33: shows the largest average mutational effect in the whole
protein

Tle36 ref 33: shows significant sensitivity to mutation

Tle38 ref 35: occurs in two populated allosteric pathways, also
identified as plausible functional residue

Ala47 ref 15: coupled to key residue His72
ref 33: shows significant sensitivity to mutation.

His72 ref 15: determines the ligand specificity
ref 33: most conserved residue in PDZ3

Ala90 ref 33: buried in the protein core, highly conserved, but shows
little effect on mutation.

Tyr97 ref 37: enhances CRIPT binding through an entropy-driven
mechanism

ref 35: identified as a plausible functional residue

Phel00 ref 37: enhances CRIPT binding through an entropy-driven
mechanism.

with CRIPT and determines the ligand’s specificity.” (Ala47
and His72 are denoted as AlaS1 and His76, respectively, in ref
15.) The distance between the C,’s of Ala47 and His72 is about
19 A. Ala47 has been reported to show significant sensitivity to
mutation.”> Tle38 was reported as a key residue for two
commonly reported PDZ3 allosteric pathways.>> Tyr97 was
reported as a plausible functional residue for allosteric
pathways,®* and it is also one of a group of potential
phosphorylation target positions in PDZ3.* Phosphorylation
is one of the most important biological switch mechanisms for
protein signaling processes, and it is largely involved in protein
allostery.

Neither Leu42 nor Ala43 has been reported as important for
PDZ3 allosteric mechanisms. Interestingly, the additional 10 ns
of rigid-body simulation for these residues led to lower ARC
indices (Table 4), suggesting that the selection of these two
residues may be noise. In future studies, longer simulation
times will certainly help to reduce noise and produce more
reliable predictions. Furthermore, Leu42 could be ruled out
without additional simulations by combining perturbed un-
bound—perturbed bound and unperturbed bound—perturbed
unbound ARC indices.

The rigid residue scan results for the key residues discussed,
including the unbound- and bound-state cross-correlation
matrix heat maps and histogram plots, are listed in Table 6.
The heat map of the difference between the two cross-
correlation matrices for each scan is also listed in Table 6.

None of the top residues listed in section 3 in Table 2
(unperturbed unbound—perturbed bound) were reported as
important for PDZ3 allostery, indicating that these indices
should not be used for selecting residues. The purpose of this
column is to show which rigid residues may make the perturbed
bound protein behave similarly to the unperturbed unbound
protein. The rigid-body constraints need to be disruptive to
make the perturbed bound protein behave similarly to the
unperturbed unbound protein, as the unperturbed bound
PDZ3 is more rigid with more positive correlation than the
unperturbed unbound state. However, the rigid-body con-
straints on most residues are disruptive and lower the positive
correlation within PDZ3. It is understandable that important
residues could not stand out in this analysis. Therefore, it is not
recommended to use the indices listed in section 3 in Table 2
(unperturbed unbound—perturbed bound) to select important
residues for protein allostery.

4.2. Key Residues May Function as “Wire Residues”
for Intramolecular Communication. All of the top five
residues using the UBD index (section 4 in Table 2) have been
reported as important for PDZ3 allosteric mechanisms. Gly29
is at the top of the table with the smallest UBD index among all
of the residues. Significantly, this residue has been reported to
show the largest average mutational effect in the entire
protein.®® Gly29 is immediately adjacent to His72 with a
C,—C, distance of 6 A. The residues His72 and Ala90 have the
same UBD value. Both residues were reported in the previous
studies of PDZ3 allosteric function (Table $). His72 displays
no tolerance to any mutations.>® As mentioned in the previous
section, His72 is located at the bindin§ interface with CRIPT
and determines the ligand’s specificity.”® (His72 is denoted as
His76 in ref 15.) On the other hand, Ala90 is buried in the
protein core and is highly conserved but shows little effect upon
mutation.®® Essentially all of the amino acid substitutions,
including those with dramatic chemical differences, can be
tolerated at this position. This observation strongly suggests
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Table 6. Heat Maps and Histograms of C, Cross-Correlation Matrices for Selected Residues in PDZ3 Treated as a Rigid Body

in Both the Unbound and CRIPT-Bound States
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“In these heat maps, red, blue, and green denote positive, negative, and no correlation, respectively. *The “perturbed unbound — perturbed bound”
heat map is plotted using the difference matrix between the cross-correlation matrices of unbound and CRIPT-bound PDZ3 when the target residue
is treated as rigid body. “In the histogram plots, the normalized distributions are plotted using a bin width of 0.2.

that the spatial position of this residue, not the characteristics of
its side chain, is important for the function of the protein. The
fourth position in this section is Phe100, which is located on
the C-terminal a-helix (a3) of PDZ3. a3 was reported to
enhance CRIPT binding through an entropy-driven mechanism
proposed on the basis of an NMR study.”” Two aromatic rings
on a3 are suspected to be important for the entropy-driven
binding enhancement (Phel00 and Tyr97). The fifth position
in this section is Ile36, which is buried inside the protein and
located on the one f-sheet. This residue was reported to show
significant sensitivity to mutation.>® The significance of the top
residues ranked using the UBD index indicates that this index
could be used as a reliable criterion to select important residues
for protein allostery.

4.3. Overall View of Important Residues in the PDZ3
3D Structure. The key residues discussed in the previous two
sections are illustrated in the three-dimensional (3D) structure
of PDZ3 given in Figure S. Three residues, Ile38, Ala47, and
Tyr97, proposed to be important as “switch residues” in this
study, are shown in blue. The spatial arrangement of these
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residues suggests that they could participate in some pathways,
although this has not been previously reported. Ile38 is located
in the central part of a f-strand, Ala47 is located in the central
part of an a-helix, and Tyr97 is located in the central part of
another a-helix (@3) in PDZ3. The analysis of the 3D structure
of PDZ3 does not provide any obvious indication (e.g,
disulfide bonds, salt bridges, etc.) of the allosteric importance of
these residues. This supports the hypothesis that internal
dynamics determines allosteric propagation. In addition, these
residues may play an important role in dynamic communication
along these secondary structures.

The “wire residues” Gly29, Ala90, His72, Phel00, and Ile36
are illustrated in red in Figure 5. It is clear that Gly29 is in
direct contact with His72 with a C,—C, distance of 6 A and
that both are located near the CRIPT binding interface.
Interestingly, Ala90, which is buried in the protein, is located at
the opposite side of the protein and is far from the CRIPT
binding interface. The distance between the C,’s of Ala90 and
the central threonine residue of CRIPT is 17 A. Also, the side
chain of Phel00 is directly behind the backbone of Gly29 with
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Figure S. Structure of PDZ3 highlighting selected residues from the
rigid residue scan analysis. The identified “switch residues” are
illustrated in blue. The identified “wired residues” are illustrated in red.

a C,—C, distance of around 8 A. The residues Phe100, Gly29,
and His72 are arranged linearly with a Gly29—His72 C,—C,
distance of around 6 A. It is reasonable to suggest that these
“wire residues” could participate in some allosteric pathways
that are important for PDZ3 functions on the basis of this
analysis and the spatial arrangement of these residues. The
reported significance of these illustrated residues is summarized
in Table S.

4.4, Further Discussion of the Rigid Residue Scan
Method. Overall it has been demonstrated that the rigid
residue scan method is a robust tool to select potentially
important residues for protein allostery without any a priori
knowledge of protein allosteric mechanisms. For PDZ3, only
one residue (Ala43) out of four residues selected using a
combination of sections 1 and 2 in Table 2 (Ala47, lle38, Ala43,
and Tyr97) could be considered as a false positive. The top five
residues selected using the UBD index have been reported in
several experimental studies as highly important for PDZ3
allostery. This novel method has a success rate close to 90%
and should certainly be considered in any mechanistic study of
protein allostery.

In addition, the rigid residue scan method has the following
advantages compared with other methods to probe protein
dynamics. Compared with other scanning methods such as
alanine scan, the rigid residue scan focuses on and can test the
hypothesis that internal dynamics determine the allosteric
propagation of information in a protein. All of the internal
motions of the targeted residue are completely suppressed, but
all physical interactions between the residue and its environ-
ment are conserved during the simulations. If one would
mutate the target residue to a different type for simulation, one
could argue that the different interactions between the mutated
residue and its protein environment would lead to overall
changes including those of protein dynamics and allostery. This
would obscure the effect on the whole-protein dynamics by the
internal motion of certain types of residues.

In the anisotropic thermal diffusion (ATD) method,” some
knowledge about protein allostery is required a priori in order
to select a hot spot for the simulation. In the original ATD
study, the highly conserved His76 in PDZ3 (denoted as His72
in the present study) was selected on the basis of a previous
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study."® This method works only for the proteins with known
effector or ligand binding sites. It does not provide a systematic
way to probe all of the possible allosteric sites of a given
protein. Residues that are potentially important for multiple
allosteric pathways may not stand out through ATD analysis. In
the ATD method, a substantial portion of the protein needs to
be cooled to an extremely low temperature, with 10 K used in
the original study. No large-scale and low-frequency protein
motion important for overall protein allostery can be detected
during the simulation at such low temperatures.

Another simulation method, pump—probe molecular dy-
namics (PPMD),** is similar to the rigid residue scan method
in the sense that different atoms and residues can be selected
for a given simulation. However, as stated in the article, the
pumping motion of atoms circulates the Z axis with the same
phase and direction of force solely because of its simplicity. In
other words, a different setup of the pumping motion may lead
to different results. In comparison, the application of rigid-body
constraints to each residue in the rigid residue scan method,
although unphysical as well, is unambiguous and unique and
removes predetermined and arbitrary factors in the simulation.

It is challenging to predict the effect on protein dynamics
from the rigid-body constraints of individual residues because
of the limited knowledge of the relationships between
individual residues and the overall protein dynamics. One can
only find these out through the actual simulation. In the case of
PDZ3, the constraints on most residues decrease the overall
positive correlation inside PDZ3, making the protein more
flexible. On the other hand, the rigid-body constraints on some
residues increase the overall protein positive correlation,
indicating that these residues are special in the sense that
they may carry additional functionality for intramolecular
communication through their internal motions. One could
observe the change of overall protein dynamics and deduce
information about potential protein allostery by switching off
the internal motions of these residues. This situation is similar
to protein mutagenesis experiments, where most mutations
have unfavorable effects on protein structure, some are neutral,
and some can stabilize the protein structure. One can only find
out the results by carrying out an actual experiment.

5. CONCLUSIONS

In this study, we developed a systematic approach, rigid residue
scan, to identify key residues for intramolecular communication
under the influence of a binding event. In the rigid residue scan
method, multiple MD simulations (one for each residue in the
protein) were carried out for both unbound and bound
proteins. In each of these simulations, one and only one residue
was treated as a single rigid body. Cross-correlation analyses
were carried out for each simulation to represent the
intramolecular communication patterns. Several indices,
including the average residue correlation (ARC), residue
correlation similarity (RCS), and unbound and bound
difference (UBD) indices, were proposed and applied to
measure and compare cross-correlation matrices from different
simulations. Key residues for intramolecular communication
under the influence of ligand binding can be selected using
these indices. It was hypothesized in this study that residues
selected using different indices play two different roles in
protein intramolecular communication. One role is “switches”
for the effect of binding on intramolecular communication.
When these “switches” are turned off (ie., treated as rigid
bodies to remove their internal dynamics), the unbound and
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bound proteins will behave similarly. In other words, the
binding effect can be “turned off” by these “switches”. The
other role is “wire residues” that propagate energy from one
part of the protein to distal parts of the same protein. Eight out
of the nine residues selected in this study were reported
previously as important for PDZ3 allostery. Therefore, the rigid
residue scan method is demonstrated to be an effective
approach to identify key residues for protein intramolecular
communication and potentially allosteric mechanisms.
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