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ARTICLE INFO ABSTRACT

Handling Editor: Prof G Oliva Protein dynamics linked to numerous biomolecular functions, such as ligand binding, allosteric regulation, and
catalysis, must be better understood at the atomic level. Reactive atoms of key residues drive a repertoire of
biomolecular functions by flipping between alternate conformations or conformational substates, seldom found
in protein structures. Probing such sparsely sampled alternate conformations would provide mechanistic insight
into many biological functions. We are therefore interested in evaluating the instance of amino acids adopted
alternate conformations, either in backbone or side-chain atoms or in both. Accordingly, over 70000 protein
structures appear to contain alternate conformations only A’ and ’B’ for any atom, particularly the instance of
amino acids that adopted alternate conformations are more for Arg, Cys, Met, and Ser than others. The resulting
protein structure analysis depicts that amino acids with alternate conformations are mainly found in the helical
and p-regions and are often seen in high-resolution X-ray crystal structures. Furthermore, a case study on human
cyclophilin A (CypA) was performed to explain the pre-existing intrinsic dynamics of catalytically critical resi-
dues from the CypA and how such intrinsic dynamics perturbed upon Ser99Thr mutation using molecular dy-
namics simulations on the ns-ps timescale. Simulation results demonstrated that the Ser99Thr mutation had
impaired the alternate conformations or the catalytically productive micro-environment of Phel13, mimicking
the experimentally observed perturbation captured by X-ray crystallography. In brief, a deeper comprehension of
alternate conformations adopted by the amino acids may shed light on the interplay between protein structure,
dynamics, and function.
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meant the given electron density map contained more than one
conformational state for the atoms, thus resulting in "alternate confor-

1. Introduction

Proteins are dynamic biological entities that perform various cellular
functions, such as catalysis, ligand binding, and allosteric regulation. X-
ray crystallography and NMR spectroscopy are two powerful biophysi-
cal techniques that seize biological processes at the atomistic level. The
resulting three-dimensional atomic coordinates thus inherently reveal
critical aspects of biomolecular functions that typically occur within
cells (Mittermaier and Kay, 2006; Boehr et al., 2006; Fraser et al., 2011).
X-ray crystallography often provides macromolecular structures in a
single static model. However, proteins can experience miscellaneous
conformational dynamics in the crystalline medium, some of which are
represented in the protein structures as alternate conformations. In
general, electron density maps define the position of atomic coordinates
of protein structures as determined by X-ray crystallography. Seldom, it
covers a more extensive region for the atoms than its unique position. It

mations" in the PDB file. The alternate conformations can be adopted by
amino acids, either in the backbone or side chain atoms or in both. The
PDB file defines the alternate conformations for any atoms assigned as
’A’, ’B’, etc. For example, the catalytic residue Phel13 from CypA (PDB
ID: 3KON) has an "A’ conformation with 0.63 occupancy while a ’B’
conformation has 0.37 occupancy, based on the electron density map.
However, any suitable conformational state between "A’ and ’B’ con-
formations is also feasible; nevertheless, the residue coordinates are
restricted between the two conformational states. (Miao and Cao, 2016;
Santhosh et al., 2019; Keedy et al., 2015; van den Bedem et al., 2013;
van den Bedem et al., 2013). Further, the role of alternate conformations
has been studied in numerous cases (Fraser et al., 2009; Eisenmesser
et al., 2005; Kawasaki et al., 2002; Colletier et al., 2006b), and even
subtle conformational changes are sufficient to drive biomolecular
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functions (Koshland, 1998).

Determining the wide range of motions experienced by proteins in a
crystal environment is a key challenge in X-ray crystallography. Because
the uncertainty over whether the weak electron density signifies alter-
nate conformations, noise, or model error, which eventually impedes
amino acid structural heterogeneities (Levin et al., 2007; Lang et al.,
2014; Terwilliger et al., 2007). Several computational approaches, such
as Ringer (Lang et al., 2010), qFIT (van den Bedem et al., 2009), PHENIX
(Adams et al., 2010), and FLEXR (Stachowski and Fischer, 2023), have
been developed to solve this, as they can detect, refine and model the
multiple conformations. Rather than focusing on a single conformation,
these computational tools provide a promising opportunity to drive us
toward numerous conformations for a greater understanding of the
interplay between protein dynamics and function.

Given the significance of alternate conformations, this work presents
in-depth analyses of protein structures with alternate conformations,
highlighting the instance of amino acids with alternate conformations
and their intended locations (a-helices, p-sheets, etc.). A better under-
standing of the discrete structural heterogeneities adopted by amino
acids might bring new insights into protein dynamics linked with its
function. Therefore, using all-atom molecular dynamics (MD) simula-
tions on the ns-ps timescale, a case study on human cyclophilin A (CypA)
was performed to replicate the functionally important alternate con-
formations captured by X-ray crystallography. CypA is a prolyl isom-
erase that catalyzes the cis/trans isomerization of a peptide bond of
proline in substrates (Eisenmesser et al., 2005). Enzymatic activity of
CypA is embedded in the X-ray crystal structure (PDB code: 3KON),
represented as alternate conformations, A’ and 'B’, for catalytically
critical amino acids, including Arg55 and Phel13 (Fraser et al., 2009).
However, the Ser99Thr mutation in CypA resulted in a 300-fold reduc-
tion in its catalytic activity due to inherent dynamics perturbations.
Consequently, the mutant structure did not reflect alternate conforma-
tions for Arg55 and Phel13 (PDB code: 3K0O) as linked with the cata-
lytic activity of CypA. The present study, therefore, attempts to
reproduce the experimentally observed alternate conformations of the
catalytically coupled residues from the CypA and explain the rationale
for the observed disturbances of the catalytic residues in the Ser99Thr
mutant using MD simulations on a ps-ns time scale.

2. Methods
2.1. Data collection

In the RCSB Protein Data Bank (PDB) (Burley et al., 2021), a total of
194,259 known three-dimensional structures of biological macromole-
cules have been reported as of August 11, 2022. Of these, only 80,046
entities show alternate conformations for certain residues, either in
backbone or side-chain atoms or in both. The alternate conformations of
any atom are identified by looking at the residue column of the PDB file.
For example, the Ca atom of Phel13 from CypA (PDB ID: 3KON) adopted
’A’ and "B’ alternate conformations, represented as Cox APhel13 and Ca
BPhell3. However, the same residue from the CypA upon Ser99Thr
mutation (PDB ID: 3K0O) did not adopt alternate conformations, thus
represented as Ca Phel13. Out of 80,046 protein structures, 79,045
entities were considered for further analysis as they showed only *A’ and
"B’ alternate conformations for any atoms. Based on the experimental
techniques, we further classified the number of protein structures that
adopted alternate conformations, as shown in Table 1. In addition, to
check if high-resolution structures often contain alternate conforma-
tions, we categorized the protein structures based on resolution (R). In
addition, we also calculated the instance of amino acids with A’ and 'B’
alternate conformations for any atoms from a total of 78,132 protein
structures determined by X-ray crystallography only and also identified
their preferred positions (a-helix and p-sheet, etc.). DSSP program
(Kabsch and Sander, 1983) was used to define the secondary structural
elements of amino acids that adopted alternate conformations. The data
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Table 1
Number of protein structures available in the Protein Data Bank (PDB) with
alternate conformations.

As of August 11, 2022

Number of macromolecular structures available in PDB 194259
Number of protein structures with alternate conformations 80046
Number of protein structures adopted only ’A’ and 'B’ alternate 79045
conformations
Based on experimental techniques Number of
structures
X-ray crystallography 78132
Electron microscopy 713
Electron crystallography 18
Neutron diffraction 49
NMR spectroscopy 10
Hybrid 123
Protein structures with alternate conformations based on Number of
resolution (A) structures
0t00.5A 2
0.5t014 1113
1t01.5A 15592
1.5t02A 37838
2t0254 17803
25t03A 4915
>34 869

set of this study includes protein structures in the apo form, complex
with small molecules or with the components of macromolecules. All the
structural analyses were performed using the PERL scripting program-
ming language.

2.2. Simulations setup

Human wild-type (wt) CypA (PDB code 3KON: residues 2-164; R =
1.39 [o\) and its Ser99Thr mutant (PDB code 3K0O; residues 2-165; R =
1.55 A) (Fraser et al., 2009) X-ray crystallographic structures were used
as initial atomic coordinates for molecular dynamics (MD) simulations.
The major conformation of 3KON (alternate conformation ’A’, Occu-
pancy 0.63) has been retained for wt-CypA. GROMACS v.2018.8 (Van
Der Spoel et al., 2005) was used to perform an unbiased ns-ps timescale
simulation with the GROMOS96 53a6 force field (Oostenbrink et al.,
2004). The wt-CypA and its mutant were separately solvated in cubic
boxes containing TIP3P water (Jorgensen et al., 1983) molecules and
with 10 A spacing between the protein and the edge of the box. To
neutralize the charge of the system, counter ions, 3 CI” and 2 CI~ were
added to the wt-CypA and its mutant systems, respectively. Energy
minimization using the steepest descent was used until the system
converged at a maximum of 50,000 steps and Fp,,x. was <1,000 kJ mol-1
nm-1. Then, both systems were subjected to NVT and NPT equilibration
of 2 ns each. The temperature was maintained at 300 K by a modified
Berendsen thermostat, V-rescale (Bussi et al.,, 2007), while a
Parrinello-Rahman barostat (Parrinello and Rahman, 1981) was used for
pressure coupling at 1 bar. The particle mesh Ewald method (Darden
et al., 1993) was used to calculate the electrostatic interactions with a
grid spacing of 1.6. The Lincs algorithm (Hess et al., 1997) was used to
constrain all bonds. The final production run is performed on an equil-
ibrated system of wt-CypA and its mutant at a temperature of 300 K for
1,000 ns each using the leap-frog algorithm (Frenkel and Smit, 2001).
Each conformation is saved at regular intervals of 10 ps (Chan-
drasekaran et al., 2019; Palaniappan et al., 2021).

2.3. Principle component analysis (PCA) and free energy landscape (FEL)

The mass-weighted covariance matrix of the protein was generated
by subjecting the MD trajectories to PCA, describing the protein’s
dominant and collective modes (Amadei et al., 1993). This covariance
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matrix is diagonalized to extract a set of eigenvectors and eigenvalues
that reflect the molecule’s concerted motion. Besides, the
two-dimensional FEL is plotted by the joint probability distribution of
two reaction coordinates. It can be evaluated by;

AG(X) = -KgTInP(X)

where KB denotes the Boltzmann constant, T signifies the temperature of
the simulation, and P(X) is the probability distribution of conformations
along the reaction coordinate X. This study considers the first and sec-
ond Cartesian principal components (PCs) as reaction coordinates
derived from PCA.

3. Results and discussion

3.1. Instance of amino acids adopted alternate conformations and their
preferred secondary structural elements

Protein molecules are dynamic entities that undergo an ensemble of
conformational changes to perform their functions. The high-resolution
protein structures detemined by X-ray crystallography seldom contain
conformational heterogeneity or alternate conformations for certain
residues. They are typically designated in the protein structures based on
their occupancy as "A’, 'B’, etc (Miao and Cao, 2016; Santhosh et al.,
2019). In recent years, much attention has been paid to studying alter-
nate conformations of proteins, as they play a crucial role in various
biomolecular functions (Fraser et al., 2009; Eisenmesser et al., 2005;
Kawasaki et al., 2002; Colletier et al., 2006b). Therefore, probing
experimentally derived alternate conformations adopted by the amino
acids is critical because it may lead to a better understanding of the
interplay between protein dynamics and its function. Thus, we consid-
ered only protein structures with alternate conformations for any atoms,
specifically A’ and 'B’ conformations determined by X-ray crystallog-
raphy. In this study, we only considered X-ray crystallographic struc-
tures because the other experimental approaches resolved only a limited
number of protein structures with alternate conformations, thus
excluded from this investigation (Table 1). Accordingly, 78,132 protein
structures determined by X-ray crystallography displayed alternate
conformations ‘A’ and 'B’ for any atoms. High-resolution (1-2.5 A)
X-ray crystallographic protein structures often show alternate confor-
mations, while low-resolution (>3 ;\) structures rarely contain infor-
mation about alternate conformations, as they are mainly hindered by
lattice perturbations or greater protein flexibility (van den Bedem et al.,
2009). It is important to note that the protein conformational diversity
may also influence the adoption of alternate conformations for any
atoms or residues. For example, the crystallographic structure of ade-
nylate kinase 4 (PDB ID: 2AR7) has chains A and B, and each chain has
shown conformational diversity concerning the globular RMSD (Mon-
zon et al., 2016). Notably, Chain A from 2AR7 has shown alternate
conformations for five residues and only one from Chain B. It appears
that conformational diversity may be required for the amino acids to
adopt alternate conformations, but not always. Because out of more than
14000 protein structures determined using NMR spectroscopy with
more than one conformer or model, only 10 proteins adopted alternate
conformations for any atoms.

We next calculated the instance of amino acids adopted alternate
conformations A’ and 'B’ for any atoms and compared them with
overall occurrences from 78,132 protein structures, as shown in Sup-
plementary Table 1. Accordingly, amino acids Arg, Cys, Gln, Glu, Met,
and Ser were found to adopt a higher percentage of alternate confor-
mations when compared to their overall occurrence, while Ala is the
least likely. The amino acids, as mentioned earlier, except Cys and Ser,
share a similar structural resemblance with two or more side-chain
dihedral angles, allowing them for a greater degree of conformational
freedom, thus favoring the likelihood of adopting alternate conforma-
tions more frequently than others (Miao and Cao, 2016). Strikingly, the
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amino acids Cys and Met displayed the lowest overall count, though
adopting alternate conformations at a higher percentage than the
highest overall count of amino acids like Ala, Asp, Gly, Ile, Leu, Thr, and
Val. Similar to Cys and Met, the amino acid Trp exhibited the lowest
overall count, but the instance of Trp with alternate conformations was
only 0.87 %. The difference in the instance of alternate conformations
adopted by the amino acids might be related to their location on protein
structure. The alternate conformations adopted by the aliphatic and
aromatic residues (e.g., Ile, Leu, Val, Phe, Trp, and Tyr) showed the least
percentage, while the charged amino acids (e.g., Arg, Glu, His, and Lys)
had the highest percentage of alternate conformations. Indeed, hydro-
phobic residues constitute the protein’s core and are less likely to frus-
trate and sustain packing efficiency; thus, alternate conformations may
occur less frequently. Charged amino acids, on the other hand, are often
found on the protein’s surface and can undergo an ensemble of con-
formations, resulting in a higher percentage of alternate conformations,
as reported elsewhere (Bhardwaj and Gerstein, 2009). Similar to the
charged amino acids, hydrophilic amino acids Gln and Ser also had a
higher percentage of alternate conformations, as they were likely
located on the molecular surface of the protein. Notably, amino acids
Ala, Gly, and Pro adopted alternate conformations with the lowest
percentage, similar to aromatic amino acids (less than 1%). Further-
more, the alternate conformations that are adopted by the amino acids
typically form the hydrogen bonds, have been broadly explored using
acetylxylan esterase (AXE) (Ghosh et al., 2001). AXE catalyzes the
deacetylation of xylan, nature’s most abundant hemicellulose, via the
catalytic triad Ser90-His187-Asp175. Aside from the catalytic triad, ten
Ser and one Gln showed alternate conformations A’ and ’B’. In both
conformations, all residues form hydrogen bonds with either protein or
solvent atoms. In more detail, the transition from ’A’ to 'B’ conformation
of His187 requires the local structural rearrangement of other active site
residues, particularly Tyrl77. In the A’ conformation, His187 forms a
hydrogen bond with a water molecule, whereas Tyr177 has a van der
Waals contact distance from the His187 side chain. The binding of sul-
fate ion to His187 via a hydrogen bond initiated the flip to the 'B’
conformation, with Tyrl77 shifting approximately 2 A farther to
accommodate His187. Consequently, the transition from the 'A’ to °'B’
conformation resulted in a net gain of two hydrogen bonds.

We also found instance of amino acids that adopted alternate con-
formations A’ and 'B’ in each secondary structural element and
compared them to the overall count, as shown in Supplementary
Table 2. The secondary structural elements of amino acids with alternate
conformations have been defined using the DSSP program (Kabsch and
Sander, 1983). According to the DSSP program, the f-ladder is defined
as a set of one or more repeated bridges of identical type, while the
B-sheet or bridge refers to a set of ladders connected by shared residues.
The fundamental turn pattern is a single hydrogen bond that forms be-
tween residue types i and i + n (n = 3, 4, and 5). Bends are segments
having more curvature. Chain curvature at the central residue i of five
residues is measured as the angle formed by the backbone directions of
the first three and last three residues. Supplementary Table 2 shows that
the charged amino acid Arg preferred to adopt alternate conformations
when situated in the p-ladder (4.72 %) compared to the other secondary
structural elements. However, the overall instance of Arg with alternate
conformations is about 4.06 % (Supplementary Table 1). Strikingly, the
other three charged amino acids, Asp (1.48 %), Glu (2.66 %), and Lys
(2.24 %) had the lowest percentage of alternate conformations while
being in the p-ladder (Supplementary Table 2). However, the amino
acids Asp (2.30 %), Glu (3.44), and Lys (3.00 %) preferred to sample the
alternate conformations with higher percentages, while being found in
the turn, o-helix, and p-sheet, respectively. Again, upon examining
secondary structural elements, Gln strongly prefers adopting alternate
conformations while in the n-helix (7.16 %), for Ser, its a-helix (7.34 %).
In particular, Gln adopted alternate conformations with a two-fold in-
crease when situated in the z-helix (7.16 %), compared to its overall
percentage (3.12 %) (Supplementary Table 1). This analysis shows a



C. Palaniappan et al.

shred of information that the charged and polar amino acids Arg, Gln,
Glu, and Ser appeared to adopt alternate conformations more instantly
while positioned in the regular secondary structural elements. They are
thought to offer key features to proteins via ion pairs, hydrogen bonding,
and other non-specific electrostatic interactions. Electrostatic in-
teractions contribute in various aspects, including protein structure,
folding, binding, and other biological functions. The side chain atoms of
amino acids, as mentioned earlier, are chemically active and can func-
tion as catalytic residues. They are primarily known to be involved in the
bifunctional mechanisms: stabilizing transition states or other in-
termediates through electrostatic interactions and proton shuttling via
protonation and deprotonation (Zhou and Pang, 2018). Thus, it might be
the rationale for the higher instance of amino acids (Arg, Gln, Glu, and
Ser) that adopted alternate conformations, which are likely required to
perform the desired biomolecular functions by switching between
distinct conformational substates. Furthermore, electrostatic in-
teractions in CypA’s catalytic activity have been widely explored
(Camilloni et al., 2014; Li and Cui, 2003; Hamelberg and McCammon,
2009). According to Fraser et al. (2009), the electrostatic interactions of
Arg55 most likely coupled with CypA’s catalytic function by flipping
between distinct conformations.

Furthermore, the hydrophobic amino acids Ile, Leu, and Val were
found to adopt alternate conformations with the lowest percentage,
while Met showed the highest percentage among the amino acids
(Supplementary Table 1). However, Leu and Met preferred f-sheet,
while Ile and Val favored turn and 3j¢-helix regions, respectively
(Supplementary Table 2), for sampling the alternate conformations with
higher percentages. Among the 20 amino acids, Val is the highest
abundance of amino acid that found in this large-scale data set (Sup-
plementary Table 1) and known to be the most favorable structure-
forming amino acid in proteins (total helical and p-regions) (Chou and
Fasman, 1973). This observation may be argued if this branching,
fork-like hydrophobic Leu performs a functional role. Strikingly, the
functional role of Leu in numerous proteins have been reported such as
myoglobin, hemoglobin, ferricytochrome C, insulin etc (Chou and Fas-
man, 1973). Amino acids with alternate conformations in the B-sheet
may be located at the edge or termini. This is probably because the edges
of the p-sheet are thought to be more accessible, as in the case of CypA
(Fraser et al., 2009), which is thought to facilitate interactions with the
substrate and the subsequent catalytic activity (Bartlett et al., 2002). The
alternate conformations adopted by the hydrophobic amino acids may
arise from the active site dynamics extended into the core via long-range
concerted motion, as likely seen in CypA (van den Bedem et al., 2013;
Fraser et al., 2009). Consequently, six Ile, three Leu, two Met, and five
Val adopted alternate conformations A’ and ’B’, as represented in the
X-ray crystallographic structure of CypA (PDB ID: 3KON). Again, it has
been reported that hydrophobic amino acids Ile, Leu, Met, and Val are
more likely to be located at the interface of the homomers (Yan et al.,
2008). Due to this structural propensity, the aforementioned amino
acids can undergo an ensemble of conformational changes required for
dimerization, which explains their possible adaption of alternate con-
formations. Furthermore, the aromatic amino acids Phe (0.79 %), Trp
(0.87), and Tyr (0.88 %) adopted alternate conformations with the
lowest overall percentage (Supplementary Table 1), though they prefer
to sample the alternate conformations when positioned in turn (0.98 %),
bend (1.10 %), and 3;¢-helix (1.13 %) regions, respectively (Supple-
mentary Table 2). Given their hydrophobicity, aromatic amino acids
with alternate conformations occur less frequently, rendering them
more buried and less prone to change conformations. Indeed, the role of
alternate conformations adopted by the aromatic amino acid Phe has
been studied broadly using acetylcholinesterase (AchE), which is likely
involved in the hydrolysis of acetylcholine (Colletier et al., 2006a). It is
reported that Phe330 from AchE is critical for both substrate entry into
the active site and product release by flipping its aromatic ring. This
quantitative analysis demonstrates that the difference in the instance of
amino acids that adopted alternate conformations are closely related to
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the amino acid type, conformational freedom, and accessibility.
3.2. Case study on human cyclophilin A (CypA)

The role of side chain alternate conformations of the key catalytic
residues of human cyclophilin A (CypA) and its Ser99Thr mutant has
been studied extensively (Fraser et al., 2009). Substitution of Ser99 into
Thr showed a 300-fold decrease in catalytic activity due to perturbations
in alternate conformations of residues involved in catalysis. Therefore, a
case study on CypA was performed to reproduce the catalytically
coupled alternate conformations of Phel13 and explain what causes the
perturbation in the intrinsic dynamics of Phel13 in the Ser99Thr mutant
using molecular dynamics simulations ns-ps timescale. CypA is involved
in cis and trans isomerization of peptide bonds in substrates. The active
site is on one side of the molecule and consists of a cluster of hydro-
phobic residues, including the evolutionarily conserved Phell3. This
hydrophobic pocket allows the preceding residue of the target proline to
bind deeply into the catalytic cleft. However, the side chain guanidinium
moiety of Arg55 promotes the isomerization process by forming
hydrogen bonds with the substrate’s prolyl nitrogen and weakening the
peptide bond characteristic (Howard et al., 2003; Eisenmesser et al.,
2002; Hamelberg and McCammon, 2009; Li and Cui, 2003). The cata-
lytic mechanism of CypA has been regarded as a model for experimental
and computational studies investigating the interplay between protein
dynamics and its function (Fraser et al., 2009; Eisenmesser et al., 2005;
Agarwal et al., 2004; Agarwal, 2004). Indeed, the intrinsic dynamics
essential for the catalytic activity exist in the apo-form of the enzymes
(Eisenmesser et al., 2005; Colletier et al., 2006b; Tobi and Bahar, 2005),
which are reflected as alternate conformations in the X-ray crystal
structure of CypA (PDB ID: 3KON). In the Ser99Thr mutant, however, the
catalytically coupled essential dynamics were perturbed; thus, func-
tionally linked alternate conformations were not reported in the mutant
structure (PDB code: 3K0O). A detailed understanding of these func-
tionally relevant alternate conformations may provide mechanistic in-
sights into CypA’s catalytic activity.

3.2.1. Impairment in the catalytically active conformation of Phel13 in the
mutant

The catalytically associated alternate conformations adopted by the
residues proposed as “major” and “minor” states by taking account of a
set of atomic coordinates defining the specific dihedral angles of y1 (Phe
113, Ser/Thr99), y2 (Met61), and x3 (Arg55) (Fraser et al., 2009;
Papaleo et al., 2014; Wapeesittipan et al., 2019). The major and cata-
lytically active conformation of Phel13 corresponds to y1 =~ 60°, while
the minor, undefined, or inactive state corresponds to y1 ~ —60° (Fraser
et al., 2009) are represented by sticks in Fig. 1A. The X-ray crystallo-
graphic structure of Ser99Thr has shown only the minor state for the
Phell3 (y1 ~ —60°), and the major conformation (31 ~ 60°) is not
validated by the Ringer analysis (Lang et al., 2010). Therefore, this
mutant structural model offers a chance to examine the extent to which
MD simulations can reflect the conformational changes of Phell3.
Interestingly, the MD simulations reproduce the experimentally derived
major conformations of Phel13 in wt-CypA, except very few ensembles
showing minor conformations, as shown in Fig. 1B. In contrast, the
major and minor conformations of mutant Phe113 were equally popu-
lated, indicating that these two conformational substates are inverted.
Notably, the major conformations of Phel13 from the mutant sampled
during the simulation resemble the minor state of wt-CypA (Fig. 1A).
Moreover, Phell3 is rapidly interconverted between the catalytically
active and inactive forms in wt-CypA, consistent with the NMR data
(Kern et al., 1995). However, the interconversion of the mutant Phel13
side chain appears to be slow, suggesting anomalies in the pre-existing
intrinsic dynamics. Besides, the transition between the alternate con-
formations was estimated using parallel-tempering metadynamics
(Papaleo et al., 2014), and the free energy difference for Ser99Thr was in
good agreement with the experimental value of —2.5 kcal/mol (Otten
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Fig. 1. Probing the catalytically coupled conformational sub-states of Phe113. The major (forest-green) and minor (cyan) conformations of the catalytically critical
residue, Phel13, from wt-CypA and the major (purple-blue) and minor (deep-blue) conformations of Phel13 from mutant are shown by sticks. (B) Time evolution of
the side-chain dihedral angle y1 of Phel13 from wt-CypA (green) and its mutant (indigo) during ns-ps simulations and (C) their probability distributions.

et al.,, 2018). The rotamer profile of the other catalytically coupled
residues is shown in Supplementary Fig. 1. It was found that the
substituted amino acid Thr99 adopted two major conformational ge-
ometries for y1 and distributed around at +60° and —60° in the mutant,
as this pattern was not observed in the wt-CypA.

3.2.2. Perturbation in the inherent dynamics of the mutant

As discussed above, perturbation in the catalytically linked intrinsic
dynamics of Phel13 from the mutant may be caused by the positional
displacement of the Phell3 and its surrounding residues. Thus, Ca-
RMSD is computed to probe the mutation-induced positional shift
experienced by the residues by comparing it with wt-CypA during the
1000 ns simulations (Supplementary Fig. 2A). As expected, the substi-
tution of Ser99 into Thr only with an additional methyl group showed a
Ca-RMSD pattern similar to wt-CypA during the entire simulation period
with a modest deviation at the globular level. To probe the region-
specific structural changes influenced by Ser99Thr mutation on CypA
in more detail, thus residue-wise Ca-RMSD is calculated (Supplementary
Fig. 2B). Accordingly, in the Ser99Thr mutant, three regions have shown
more Ca-RMSD deviations irrespective of mutational position, namely,
(i) the coil regions (residues 42-45) connected at the C-terminal, the first
and longest a-helix, (ii) the most extended coil region (residues 79-83)
connecting p-strands 4 and 5, and (iii) the f-strand 7 (residues 111-
116), indicating more conformational dynamics of those regions. It is
now evident that the perturbation in the catalytically linked inherent
dynamics of Phel13 from the mutant, as discussed earlier (Fig. 1B), is
owing to the unrestrained conformational dynamics of p-strand 7. Be-
sides, two other regions lost their inherent dynamics in the mutant by
exhibiting lower Ca-RMSD values as compared to the wt-CypA, namely,
(i) the C-terminal f-strand 1 and N-terminal p-strand 2 and its con-
necting region (residues 12-17) and (ii) the coil region between p-strand
5 and 6. Besides, the Ca-RMSF profile of wt-CypA and its mutant has
followed a similar trend to the Co-RMSD profile (Supplementary
Fig. 2C). Altogether, the resulting RMSD and RMSF profiles imply an
alteration in the catalytically productive environment of Phel13 from
the mutant with increased frustration, as not conducive for the catalytic
activity of CypA.

3.2.3. Changes in the overall folding of the mutant

As discussed earlier, the impairment in the intrinsic dynamics of
Phell3 from the mutant may arise from changes in its structure
compactness; thus, the radius of gyration (Rg) is calculated as an indi-
cator of protein structure compactness (Supplementary Fig. 3A).
Accordingly, the mutant exhibited a native-like compact structure

around 500 ns, but structural relaxation likely started thereafter. The
relaxation in the mutant structure after 500 ns attributed to the unre-
strained conformational dynamics of two coil regions (residues 42-45
and 79-83) and the f-strand 7 (residues 111-116), as likely known
from the residue-wise RMSD profile (Supplementary Fig. 2B). Strikingly,
the catalytically linked Phel13 is positioned in the p-strand 7, which is
found to be more frustrated. Therefore, we particularly replotted the Rg
profile of Phell3 to explore in more detail how global structural
changes affect the catalytically critical Phe113 (Supplementary Fig. 3B).
It is worth noting that the ensemble of conformations produced during
the 500 ns simulation period has shown higher Rg values for Phe113
despite adopting native-like structural compactness and corresponding
to the catalytically inactive minor state. It appears that the mutant re-
quires structural relaxation to adopt the major conformation of Phel13
corresponding to a lower Rg value. However, the major conformations
of Phell3 from the mutant sampled after 500 ns resemble the minor
conformations of wt-CypA. The extensive simulation result shows that
the wt-CypA preserves the intrinsic dynamics of Phe113 required for
catalysis, even in the apo state. Furthermore, it was reported that trivial
(Zydowsky et al., 1992) or larger (Eisenmesser et al., 2005) displace-
ment of Phell3 ultimately showed significant effects on CypA’s cata-
lytic activity. It is worth noting again that the Rg results obtained here
indicate perturbation in both the local environment of Phel13 and at the
globular level, in line with previous experimental results (Eisenmesser
et al., 2005; Zydowsky et al., 1992).

3.2.4. Uncertainty in the hydrophobic contacts brings perturbation in the
catalytically critical conformational substates of Phe113

The conformational transitions of the Phel13 side chain influence
the cis-to-trans isomerization of proline in the substrate during catalysis
and are likely driven by its major conformation (y1 ~ 60°) (Fraser et al.,
2009). However, such a functionally related conformational shift of
Phel13 was found to be perturbed in the Ser99Thr mutant, as discussed
earlier. It would be fascinating to probe the possible reason for the
observed disturbance in the conformational equilibrium of Phell3;
thus, we examined its dynamic network (Fig. 2A). Ensemble analysis
revealed that the catalytically active major conformation of Phell3
from wt-CypA is likely stabilized by the hydrophobic contacts formed by
Tyr48-Phel12 and Phel13-Leul22 (Fig. 2B) and also by its adjacent
residue, Phel12. In the wt-CypA, only limited hydrophobic interactions
were noticed between Phell2 and Phel29, demonstrating that these
residues are more than 5 A apart. This ensemble analysis suggests that
these stable hydrophobic contacts may be necessary for preserving and
determining the conformational substates of Phel13 required for the
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Fig. 2. Impairment in the hydrophobic pocket of the catalytic site. (A) The major (forest-green) and minor (cyan) conformations of the catalytically critical residue,
Phel13, of wt-CypA, and the major (purple-blue) and minor (deep-blue) conformations of Phel13 of the mutant represented by sticks. The residues likely preserve
the intrinsic dynamics of Phel13 are shown in the sticks for wt-CypA (deep-red) and mutant (yellow). (B) The number of hydrophobic atom-atom contacts formed
between the residues from wt-CypA (green) and its mutant (indigo) during the 1000 ns simulations.

CypA catalytic activity. In the case of a mutant, the catalytically
essential dynamic network is found to be perturbed (Fig. 2A), resulting
in an atypical hydrophobic contact pattern (Fig. 2B). Like wt-CypA,
stable hydrophobic contacts were also observed in the mutant and
likely formed by Tyr48-Phell2 and Phell3-Leul22; however, these
pair-wise contacts were absent after 700 and 500 ns, respectively.
However, the side-chain dihedral angle of Phel13 equilibrates toward
the catalytically inactive conformations until 700 ns (Fig. 1B). The loss
of the hydrophobic contacts of Tyr48-Phe112 and Phel13-Leul22 after
700 and 500 ns, respectively, may be driven by the proximity between
Phel12 and Phel29. It is worth mentioning that after 700 ns, the
number of hydrophobic atom contacts that evolved between Phe112 and
Phel29 was high, and the formation of aromatic-aromatic interaction
was also possible. This unusual proximity between Phe112 and Phel29
allows the residue Phe113 to flip its 1 angle from —60° to +60°, except
for very few ensembles. However, the orientation of the major confor-
mation (y1 ~ +60°) resembles the catalytically inactive or minor
conformation (y1 ~ —60°) of wt-CypA. These observations suggest that

the orientation of another and adjacent aromatic residue, Phel12, may
be a critical factor in determining the conformational transition of
Phel13. Our finding is also well corroborated with an earlier study,
which reported the likely role of Phel12, and it was found to be involved
in controlling the dynamic network of CypA by functioning as bottle-
neck residue (Doshi et al., 2016). The uncertainty in the hydrophobic
catalytic site (Nagaraju et al., 2013), as seen here, could be the rationale
for the perturbation in the conformational equilibrium of Phell3, as
discussed earlier, which may be affected via perturbing Phel12.

3.2.5. Perturbation in Arg55 impaired the catalytic activity of Ser99Thr
mutant

The evolutionarily well-conserved catalytic residue Arg55 plays a
dual role in stabilizing the substrate transition state and catalysis
(Howard et al.,, 2003; Eisenmesser et al., 2002; Hamelberg and
McCammon, 2009; Li and Cui, 2003). It has also been reported that
Arg55 substitution has a profound effect on the enzymatic activity of
CypA. The catalytic activity (kcat/km) of wt-CypA is estimated to be ~16
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pM ! s and for the Arg55Ala mutant, it was ~0.016 pM* S, retaining
only 0.1% of catalytic efficiency compared to the native CypA
(Zydowsky et al., 1992). Similarly, CypA also showed a 300-fold
decrease in its catalytic activity upon Ser99Thr mutation owing to the
impairment in the catalytically productive microenvironment or alter-
nate conformations of Phel13 (Fraser et al., 2009). In addition, Arg55 is
known to play an important role in the catalytic mechanism of CypA via
its guanidinium side chain; thus, monitoring its side chain dynamics
would provide further insights into the reduced catalytic activity of
CypA upon Ser99Thr mutation. Ensemble analysis exemplified that the
side-chain guanidinium group of Arg55 from the mutant becomes
proximity to Asn71, resulting in the formation of two unusual hydrogen
bonds, Arg55:HE-Asn71:0 and Arg55:HH21-Asn71:0 (Fig. 3A), occur-
ring only till 300 ns. These two atypical hydrogen bonds have most
likely evolved owing to the positional shifts of both residues, Arg55 and
Asn71. However, Arg55 from the mutant exhibited a side chain dihedral
pattern for x3 similar to the wt-CypA (Supplementary Fig. 1). As a result,
the mutant shows a multimodal probability distribution for the distance
of Arg55:HE-Asn71:0 and Arg55:HH21-Asn71:0 (Fig. 3B and C), sug-
gesting changes in the intrinsic dynamics of the Arg55 side chain. The
distance distribution with <3.5 A further indicates the presence of
non-native hydrogen bonds, as could not be seen in the wt-CypA. In the
case of wt-CypA, a unimodal probability distribution was observed for
the distance of Arg55:HE-Asn71:0 and Arg55:HH21-Asn71:0 and
peaked at 12.5 A as shown in Fig. 3B and C, respectively. Ensemble
analysis demonstrated here that the Arg55 side chain from wt-CypA is
anchored with evolutionarily conserved dynamics linked to its enzy-
matic activity. While the catalytically critical side-chain guanidinium
group of Arg55 formed undesirable interactions with Asn71; therefore,
the reactive atoms of Arg55 may not be available for enzymatic activity,
as this may also be responsible for the 300-fold reduction in the catalytic
activity of CypA upon Ser99Thr mutation. The extended ns-ps simula-
tions demonstrated here the perturbations in the pre-existing intrinsic
dynamics of the catalytically key residues, Arg55 and Phell3 in the
mutant, which are known to be crucial for CypA’s enzymatic activity.
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3.2.6. Impairment in the essential dynamics and folding pathways of the
mutant

The covariance matrices of the wt-CypA and its mutant, as shown in
Supplementary Figs. 4A and B, respectively, demonstrate how atoms
move around each other during the simulations. Positive correlation
occurs when side chain atoms of two residues move in the same direc-
tion (red), while anti-correlation occurs when they move in the opposite
direction (blue) or are uncorrelated (white). Strikingly, the side chain
dynamics of residues from the mutant have been altered enormously;
notably, the catalytically linked Phe113 and its adjacent residue 112
were negatively correlated, as circled in black (Supplementary Fig. 4B).
In the wt-CypA, no such negatively and positively correlated dominant
motions were noticed, except the commonly observed motions. Thus,
both correlated and anti-correlated side chain motion of residues have
evolved more in the mutant by comparing with wt-CypA. Thus, changes
in the intrinsic side chain dynamics of residues in the mutant lead to
perturbation in the residual network linked with catalytic activity, as
discussed earlier (Fig. 2B). Further, the free energy landscape (FEL) has
been generated by plotting the free energy (kJ/mol) versus the principal
components 1 and 2, as depicted in Supplementary Fig. 5. It has been
seen that wt-CypA has shown a well-defined folding pathway coupled
with five low-energy basins. Meanwhile, the mutant displayed a broader
exploration of folding intermediates and a single low-energy basin.
Consequently, a significant difference in the free energy between the
mutant (20.7 kJ/mol) and the wt-CypA (23.3 kJ/mol) has occurred.
Again, it should be noted that the transition between one basin to
another appeared rapidly in the wt-CypA, especially from basin 3 to
basin 4 and basin 4 to basin 5. Inversely, it seems that the mutant
appeared to explore more folding intermediates to attain the lowest free
energy state. The more extensive exploration of folding intermediates, as
seen in the mutant, primarily consists of catalytically inactive confor-
mation of residue Phel13 (y1 =~ —60°).

Understanding the interplay between protein dynamics and function
can be gained by careful examination of the alternate conformations
adopted by the amino acids because even minor conformational changes
can dictate protein function (Koshland, 1998). Therefore, precise rep-
resentation of conformational polymorphisms adopted by the amino
acids is critical for biomedical and biological research that relies on
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Fig. 3. Dynamic changes of catalytically essential Arg55 in the mutant. (A) The intrinsic dynamics of catalytically critical residue Arg55 from the mutant are
perturbed by forming two non-native hydrogen bonds with Asn71 (Arg55:HE-Asn71:0 and Arg55:HH21-Asn71:0), as this was not observed in the wt-CypA. The
residues Arg55 and Asn71 from the wt-CypA (green) and its mutant (magenta) are represented by sticks. Dashed lines indicate hydrogen bonds. (B and C) Probability
distribution of the distance between the side chain guanidinium moiety of Arg55 and the main chain carbonyl of Asn71 in wt-CypA (green) and its mutant (indigo).
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structural data deposited in the PDB. In recent years, data collection at
room temperature (298 K) has become relatively rare; instead, the
cryogenic structures (100 K) dominate the PDB (Fraser et al., 2011).
Although the cryogenic approach is believed to introduce a trivial bias in
the backbone folding or hinder the conformational polymorphism of
main- and side-chains or quenching the coupled dynamic network, as is
likely the case with CypA (Fraser et al., 2011), DHFR (A Keedy et al.,
2014), myoglobin (Frauenfelder et al., 1987; Frauenfelder et al., 1979),
and RNase (Rasmussen et al., 1992; Tilton et al., 1992). The collection of
X-ray crystallographic data at cryogenic temperatures was encouraged
in the 1990s to avoid radiation damage during experiments (Haas and
Rossmann, 1970; Hope, 1988). Therefore, crystal cooling and model
building at the 1o threshold can eliminate information regarding func-
tionally relevant conformations instead of capturing the conformational
distribution within the crystal. However, a recent study revealed a
careful experimental design confirmed that radiation does not affect
protein conformational dynamics at room temperature (Russi et al.,
2017). Collecting room-temperature X-ray diffraction data can reveal
the intrinsic dynamics required for ligand binding, catalysis, and allo-
steric regulation (Fraser et al., 2011). Thus, accurate representation of
alternate conformations would help understand and manipulate the
mechanisms of many macromolecular systems and may pave the way for
new approaches in designing inhibitors for biomedically important
systems.

4. Conclusions

The present study provides information regarding alternate confor-
mations found in large-scale data of X-ray crystallographic protein
structures. The resulting structural analysis revealed that high-
resolution X-ray diffraction data often contain alternate conformations
for either backbone or side chain atoms or in both. In particular, amino
acids, such as Arg, Cys, Met, and Ser adopted alternate conformations
more prevalently than others and are mainly located in the helical and
B-regions. As evident from the case study, the catalytically productive
microenvironment or alternate conformations of Phel13 were found to
be perturbed, reported as explicit evidence for the decreased catalytic
activity of CypA upon Ser99Thr mutation. In summary, a deeper un-
derstanding of alternate conformations adopted by amino acids will
provide insights into the interplay between protein dynamics and
function, and it could also oblige in designing inhibitors for bio-
medically important systems.
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