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ABSTRACT
The inosine triphosphate pyrophosphatase (ITPA) protein is responsible for removing noncanonical
purine nucleoside triphosphates from intracellular nucleotide pools. Absence of ITPA results in gen-
omic instability and increased levels of inosine in DNA and RNA. The proline to threonine substitution
at position 32 (P32T) affects roughly 15% of the global population and can modulate treatment out-
comes for cancer, lupus, and hepatitis C patients. The substitution of arginine with cysteine at position
178 (R178C) is extremely uncommon and has only been reported in a small cohort of early infantile
encephalopathy patients suggesting that a functional ITPA protein is required for life in humans. Here
we present molecular dynamic simulations that describe the structure and dynamics of the wild-type
ITPA homodimer and two of its clinically relevant mutants, P32T and R178C. The simulation results
indicate that both the P32T and R178C mutations alter the structure and dynamic properties of the
protein and provide a possible explanation of the experimentally observed effect of the mutations on
ITPA activity. Specifically, the mutations increased the overall flexibility of the protein and changed the
dominant collective motions of the top lobe as well as the helix 2 of the lower lobe. Moreover, we
have identified key active-site residues that are classified as essential or intermediate for inosine tri-
phosphate (ITP) hydrolyzing activity based on their hydrogen bond occupancy. Here we also present
biochemical data indicating that the R178C mutant has very low ITP hydrolyzing activity.
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1. Introduction

The ITPA protein plays a protective role in the cell by remov-
ing noncanonical purine containing nucleoside triphosphates
from the intracellular nucleoside triphosphate pools (Burgis &
Cunningham, 2006; Chung, Park, Lee, & Jang, 2002; Galperin,
Moroz, Wilson, & Murzin, 2006). Nucleotides containing non-
canonical purines, such as hypoxanthine and xanthine, can
arise in cells via normal de novo purine metabolism, but also
by oxidative damage. ITPA specifically acts on both ribose
and deoxyribose nucleoside triphosphates ((d)NTPs) contain-
ing noncanonical purines by performing a pyrophosphohy-
drolysis reaction (Lin et al., 2001; Vanderheiden, 1970). The
major role of ITPA is thought to be the conversion of (deox-
y)inosine triphosphate ((d)ITP) to (deoxy)inosine monophos-
phate ((d)IMP) with release of pyrophosphate. Conversion of
(d)ITP excludes noncanonical purine containing (d)NTPs from
(d)NTP pools, preventing their incorporation into DNA or
RNA molecules, and improper binding by nucleotide binding
proteins (Burgis, Brucker, & Cunningham, 2003; Pang et al.,
2012). ITPA dysfunction can cause increased levels of inosine
in nucleic acids, sensitivity to noncanonical purines, elevated
mutation rates, double-strand breaks in DNA, delayed cell

cycle progression, and apoptosis (Abolhassani et al., 2010;
Burgis et al., 2003; Noskov et al., 1996; Pang et al., 2012).

In 2015, Kevelam et al. demonstrated that arginine to cyst-
eine substitution at position 178 (R178C (c.532C> T)) produced
an ITPA deficient phenotype which resulted in a lethal early
infantile encephalopathy (Kevelam et al., 2015). This position
has previously been identified as essential for enzyme activity
based on a site-directed mutational analysis of the substrate-
binding site (Gall et al., 2013). ITPA also plays a role in drug
metabolism and lower levels of ITPA activity can modulate
drug metabolism for some treatment regimens. The P32T
(c94C>A, rs1127354) mutant has been shown to play a role in
both thiopurine and ribavirin metabolism (Bierau, Lindhout, &
Bakker, 2007). Herting et al. have performed biochemical studies
on P32T mutant and demonstrated that this mutant has
reduced catalytic activity and stability (Herting, Barber, Zappala,
Cunningham, & Burgis, 2010). Low levels of ITPA activity, such
as found in P32T individuals, are associated with poorer out-
comes for patients undergoing thiopurine therapy due to
increased intracellular concentrations of the active form of the
drug (Marinaki et al., 2004; Shipkova et al., 2011). On the other
hand, P32T polymorphism is linked to improved outcomes for
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hepatitis C patients undergoing ribavirin therapy (Fellay et al.,
2010) and, more recently, HIV patients undergoing tenofovir
therapy (Peltenburg et al., 2018).

The crystal structures of ITPA have shown that the protein
forms a homodimer in which the monomers consist of two
lobes composed of beta sheet and alpha helical segments
(Porta, Kolar, Kozmin, Pavlov, & Borgstahl, 2006; Stenmark
et al., 2007). Stepchenkova et al. have used size-exclusion
chromatography to examine the dimerization of the ITPA
P32T mutant and found that this mutant is a dimer in solu-
tion, same as wild-type (Stepchenkova et al., 2009). Later, it
was proposed from the crystal structure determination that
the P32T has the wild-type structure, but has overall greater
structural disorder, and flexibility (Simone et al., 2013).

Thus far, the ITPA protein has mostly been subject to
experimental studies. Most experimental studies have
focused on the more common polymorphism, c.94C>A
(p.Pro32Thr). Molecular modeling methods, and especially
molecular dynamics simulations, have become a very useful
tool in the study of biological molecules, providing atomic
detail and high temporal resolution about their structure and
motion (Houndonougbo, Kuczera, & Jas, 2005, 2008;
Mahadevan, Xu, Siahaan, & Kuczera, 2002; Nagarajan,
Alkayed, Kaul, & Barnes, 2020; Wan et al., 2020; Yu et al.,
2020). In addition, the results of computer simulations are
valuable and complement experimental data. In particular,
single 100–300 ns long molecular dynamics simulation of
model built mutant structures using experimentally deter-
mined wild type coordinates has been widely employed to
study the effect of mutations on protein structure and
dynamics and the results are reported to be in good agree-
ment with experiment (Boopathi & Kolandaivel, 2017;
Fukuyoshi et al., 2016; Narang, Shuaib, Goyal, & Goyal, 2018;
Tugba & Emil, 2015). For ITPA, computational studies can
supplement the existing experiments for P32T and moreover
give new insight into the structure and dynamics of wild-
type and other mutants (Das et al., 2019; Salda~na-Rivera,
Bello, & M�endez-Luna, 2019; Zhang et al., 2020).

In the current study, we present results of molecular dynam-
ics simulations in aqueous solution for the wild-type ITPA dimer
as well as the P32T and R178C clinical ITPA mutants. Although
the simulation of the monomer will reduce the computational
time, the monomer as such is not considered a functional unit
of the ITPA protein. Moreover, given the interactions between
monomers in the homodimer simulation, we expect that the
dynamics of the monomer alone will be different from that of
the homodimer. For all of these reasons, we have only consid-
ered the homodimer protein. We focus on the effect of the
mutations on the structure, dynamics, and interaction proper-
ties of ITPA, which is used to provide a possible structural
explanation of the observed reduction of the enzymatic activity
in the mutants. To this end, we analyze root-mean square devi-
ation, radius of gyration, secondary structure, distance fluctua-
tions, eigenvector projection analysis, and the hydrogen
bonding patterns. Our simulations showed that the wild-type
homodimer and the two clinically relevant mutants mostly
retain their secondary structures in aqueous solution. We have
found that both mutations produced a reorientation of a-helix

2 in the lower lobe and increase the overall protein flexibility.
Additionally, the results of the MD simulations correlate well
with the enzyme activity measurements presented in this study
and in Gall et al. (2013), Herting et al. (2010) and Kevelam et al.
(2015). We have also observed based on the first principal com-
ponent analysis that the top lobes of the homodimer move in
opposite direction in the wild-type as well as in the mutants.
Importantly, the key hydrogen bond interactions and residues
in the active site for enzyme activity were identified based on
the hydrogen bond occupancy analysis of the MD trajectories.
We also present activity measurements showing that the R178C
mutant has very low ITPA catalytic activity.

2. Materials and methods

2.1. Molecular dynamics simulations

The initial configuration of the wild-type dimer was taken
from the crystal structure of human ITPA (Stenmark et al.,
2007), Protein Data Bank file 2CAR. The mutants’ structures
were built from the file 2CAR by constructing the coordinates
of the side chains of the mutated residues. The GROMACS
program version 5.1.2 (Van der Spoel et al., 2005), running on
a Linux cluster, and the CHARMM version 36 all-atom force
field (Best et al., 2012) was employed to generate the simula-
tion systems and to perform MD simulations. Hydrogen
atoms needed in the all-atom model were added and the
proteins were placed in rectangular cells which were overlaid
with TIP3P (Jorgensen, Chandrasekhar, Madura, Impey, &
Klein, 1983) water molecules. Solvent molecules were ran-
domly replaced by sodium and chlorine counterions to neu-
tralize the system at biologically realistic conditions (at pH 7.0
and concentration of 0.15M). The protonation state of titrat-
able residues is set to the normal protonation state corre-
sponding to pH 7.0. The histidine residues were modeled as
neutral. Additionally, we have calculated pKa of the residues
using the ProteinPrepare tool in PlayMolecule web applica-
tion (Mart�ınez-Rosell, Giorgino, & De Fabritiis, 2017) and the
obtained values are consistent with the protonation state
assignments. The minimum solute-box distance is set to
1 nm. The cell dimensions are 6.5� 6.4� 5.5 nm for the wild-
type and 8.5� 8.4� 7.5 nm for the mutants. The system com-
prises 54Naþ and 48Cl– for the wild-type, 56Naþ and 48Cl–

for the R178C, as well as 54Naþ and 48Cl– for the P32T.
Each cell was energy minimized with the steepest descent

algorithm and was equilibrated with the protein fixed in the
NVT ensemble for 25 ps using a 1 fs time step and a target
temperature of 310 K. Further 10 ns equilibration was applied
in the NPT ensemble at 310 K using a 2 fs time step with the
whole protein-solvent system being allowed to move. Finally,
1 ls NPT simulation of the unconstrained proteins was per-
formed. The leapfrog algorithm was employed for integration
of equations of motion, the Nose–Hoover thermostat
(Hoover, 1985; Nose, 1984) was used to maintain constant
temperature, and the Parrinello–Rahman coupling algorithm
(Parrinello & Rahman, 1981) was applied to keep the pressure
at 1 bar. The periodic boundary conditions were employed.
All the bonds involving hydrogen atoms were fixed using
the LINCS constraints algorithm (Hess, 2008) in order to
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integrate the equations of motion with a time step of 2 fs
(Barth, Kuczera, Leimkuhler, & Skeel, 1995). The water mole-
cules were kept rigid with the Settle algorithm (Miyamoto &
Kollman, 1992). The van der Waals interactions were truncated
at 1.2 nm and a switching function was employed between 1.0
and 1.2 nm. The particle-mesh Ewald (PME) scheme (Sagui &
Darden, 1999) with a cutoff of 1.2 nm was used to calculate
the long-range electrostatic interactions.

The mutants’ initial structures were built using the program
CHARMM (Brooks et al., 1983) version 40 and the GROMACS
program version 5.1.2 (Van der Spoel et al., 2005) was employed
to generate the simulation systems and to perform both equili-
brations and the trajectories generation. The CHARMM version
36 all-atom force field (Best et al., 2012) was used. The gener-
ation of the trajectories for each simulation took an average of
9h/ns, running in parallel on one node of a 2.80GHz dual
Quad-Core Intel Xeon Linux cluster.

In each of the simulations, frames were saved every 10 ps.
The root-mean-square deviations (RMSDs) with respect to
the starting structures and the root-mean-square fluctuations
(RMSFs) were computed after removing the effects of the
overall translation and rotation. Hydrogen bonds patterns,
radius of gyration, secondary structure elements, as well as
distance fluctuation were computed and the principal com-
ponent within the trajectories were also analyzed. The analy-
ses of the trajectories were performed using the GROMACS
package version 5.1.2 (Van der Spoel et al., 2005).

2.2. Plasmid construction

The pET28a-based mutant plasmid was constructed similar to
Gall et al. (2013) using the pET28a-ITPA plasmid as a tem-
plate (Burgis & Cunningham, 2006).

2.3. Purification of refolded His6-tagged recombinant
wild-type ITPA and R178C ITPA

Wild-type ITPA and R178C ITPA were overexpressed as described
previously (Gall et al., 2013) and pelleted cells were stored at
�80 �C. Cell pellets were resuspended in 8M urea, 20mM phos-
phate pH 7.4, 0.5M NaCl (Buffer A) then sonicated as in Gall
et al. (2013). Cleared lysates were loaded onto a 1mL Ni2þ

charged HisTrap HP affinity chromatography column and
washed with 10–15 column volumes of Buffer A using a
BioLogic LP System (www.bio-rad.com). Recombinant protein
was eluted using Buffer A containing 500mM imidazole and elu-
ent was analyzed using SDS-PAGE (Sambrook, Fritsch, &
Maniatis, 1989). Fractions containing purified target protein were
selected for dialysis on ice against 20mM Tris–HCl pH 7.4,
100mM NaCl, 10mM MgCl2 and 1mM 1,4-dithiothreitol (Buffer
B) containing 8M urea in which the concentration of urea was
gradually reduced using a constant flow dialysis system that
pumped in Buffer B at a rate of 2mL/min for about 32h.
Absence of urea was determined using a urea assay kit (www.
abnova.com). The final protein product was stored in 50% gly-
cerol at �20 �C. After 48h at �20 �C, precipitate was removed
by centrifugation and protein concentration was quantified
using a NanoDrop 2000 (www.thermofisher.com).

2.4. Specific activity measurement

Pyrophosphohydrolase activity with ITP was measured for
refolded R178C and wild-type enzymes prepared as above
and similar to the standard method (Gall et al., 2013). De-ion-
ized H2O was used throughout the assay and to prepare all
solutions and buffers. ITP was purchased from Sigma-Aldrich
(www.sigmaaldrich.com). Reactions were performed in 100 ml
volumes containing 20mM Tris-HCl at pH 7.4, 100mM NaCl,
10mM MgCl2, 100mM ITP, and 0.2 pmol standard wild-type,
0.4 pmol refolded wild-type and 100 pmol refolded R178C.
After 10min preincubated at 37 �C, the enzyme was added.
After 10min at 37 �C reactions were stopped by adding
100 ml of 2% sodium dodecyl sulfate solution. The suspension
was mixed and centrifuged. An aliquot of the supernatant
was removed, and used for IMP quantification. HPLC was
performed similar to Iyama, Abolhassani, Tsuchimoto,
Nonaka, and Nakabeppu (2010). Reaction products were sep-
arated on a Nucleogen 60-7 DEAE column (www.mn-net.
com) using a ThermoFisher UltiMate 3000 HPLC system at a
flow rate of 0.6ml/min and buffer containing 75mM sodium
phosphate, pH 6.4, 5% acetonitirile and 0.4mM EDTA. IMP
was quantified by UV absorption at 248 nm using an
UltiMate 3000 VWD-3400RS UV detector. IMP produced was
calculated using an IMP standard curve and specific activity
was calculated. Two-tailed Student’s t-tests were used to
determine statistical significance.

3. Results

3.1. Overall structure

The root-mean-square deviations (RMSD) of backbone atoms
and the radius of gyration (Rg) were calculated to assess the
convergence to equilibrium and the structural stability of the
simulations. The RMSDs (Figure 1(a)) tend to fluctuate
around constant values after an initial steady rise period of
about 20 ns for the wild-type and R178C and 40ns for the
P32T, indicating that the simulations converge towards equi-
librium structures. The RMSD average values are 0.23 for the
wild-type, 0.31 for R178C, and 0.35 nm for P32T. The differ-
ence between the average RMSD values is small, in the
0.08–0.12 nm range. It can however be observed that the
RMSD for the mutants tends to be slightly higher than for
the wild-type during the simulations with the largest
observed for P32T, suggesting possible structural difference
upon mutations. This structural difference can also be signifi-
cant for the R178C as an abrupt increase in in the RMSD of
this mutant is visible around 600 ns.

The Rg characterizes protein structures compactness.
From Figure 1(b), we observed that the Rg of the wild-type
and the mutants fluctuate around stable values during the
simulations confirming the convergence of the simulations.

In order to understand the effect of mutations on the sec-
ondary structure of ITPA, we have visualized the final struc-
tures of the 1 ls simulations (Figure 2) and have examined
the variation with time of the secondary structure elements
in the trajectories (Figure S1). The secondary structure ele-
ments in the crystal structure (Figure 2(a)) are mostly
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observed in the final simulation structures of the wild-type
(Figure 2(b)) and the mutants (Figure 2(c,d)), except the loss
of the N-terminal helix (a1 in Figure 2(a)) in the final struc-
tures of the mutants. The secondary structures of the wild-
type and the mutants tend to remain stable throughout the
simulation and have comparable secondary structure compo-
nents for the most part (Figure S1), although noticeable dif-
ferences can be observed in the regions of helices 1. The
structure of the N-terminal helix 1 fluctuates between the a
and 3-helix in the wild-type while the structure of this a-helix
is lost in the mutants, confirming the results of the visualiza-
tion of the final simulation snapshots. Moreover, these results
rule out the possibility of structural and dynamical artifacts
due to the simulation process. We have also compared the
wild-type and mutants’ structures by aligning the final struc-
tures of the MD simulations (Figure S2). The alignment was
carried out using the Multiseq tool in VMD and the struc-
tures were colored using the structural similarity Qres
(Roberts, Eargle, Wright, & Luthey-Schulten, 2006). Blue indi-
cates high structural similarity and red indicates low struc-
tural similarity. The structure alignments show that the
mutant structures are similar to that of the wild-type, with
RMSD value of 0.27 for the WT-R178C pair and 0.24 nm for
the WT-P32T pair. Significant differences can be observed in
the regions of N- and -C termini, a-helix 2, and the loop after
beta strand 6. In addition, the structure alignments show
that the mutations cause a remarkable shift of the a-helix 2,
compared to that of wild-type (Figure S2).

3.2. Effect of R178C and P32T mutations on
ITPA dynamics

To assess the effect of mutations on the dynamic behavior
of ITPA, the root mean-square fluctuations (RMSFs) of back-
bone atoms within the equilibrated trajectories were calcu-
lated (Figure 3(a)). We have converted the RMSF values into
B-factor values (B-factor ¼ 8p2�(RMSF)2/3) that were used to
represent the structure of the wild-type and mutants (Figure
3(b–d)) on color scale for better visualization. As shown in
Figure 3(a), the wild-type protein exhibits high atom RMSFs
(values of more than 0.19 nm) in the regions of N- and C-ter-
mini (residues 1–4 and 191–194), a- helices 2 (residues 15–18
and 29–31), and the loops before and after beta strand 6
(residues 125–126 and 145–148). Other than the N- and -C
termini, the two most flexible residues are in the loops after
helices 2 (residue 30) and beta strand 6 (residue 146). It

should be noted that helix 7 has relatively large fluctuations
(Figure 3(b–d)). The RMSF profile of the mutants is for the
most part similar to that obtained for the wild-type (Figure
3(b–d)). However, we observed in the mutants an increase of
the flexibility in most of the regions described above, with
the R178C mutant showing the highest flexibility value (see
the maximum values of the labels and the legend in Figure
3). In addition, the B-factor average values are 197 for the
wild-type, 443 for P32T, and 450 nm2 for R178C. This sug-
gests that the overall flexibility in the mutant proteins is
higher than in the wild-type protein and the R178C mutant
is more flexible than the P32T mutant.

We have analyzed the distance fluctuations between the
Ca atoms to further evaluate internal rigid regions (lowest
distance fluctuation values), flexible regions moving together
(coordinated movements, representing relatively low distance
fluctuation values), and regions moving in opposite direction
(less coordinated movements, representing highest distance
fluctuation values). The matrices of the distance fluctuations
for the wild-type and mutants are shown in Figure 4. In gen-
eral, each monomer of the wild-type and mutants exhibit
rigid-body movements (blue blocks in Figure 4(a–c)).
However, regions of loops and helix 2 moving in coordin-
ation (green strips) are noticeable in each monomer of the
three systems. In the mutants, these mobilities are observed
for the whole helix 2 (17–28 residues) and also in the N-and-
C-termini. Further, less coordinated movement of intermono-
mer regions (orange to red color in the top left and low
right squares) are observed in the wild-type and mutants.
Nevertheless, significant increase in the intermonomer move-
ments is visible in the R178C (red dashes in Figure 4(b)).
These results agree with our RMSF analysis that the R178C
mutation is associated with a larger increase in structural
flexibility than the P32T mutation.

To further investigate the effects of mutations on the
structure of ITPA protein, RMSD conformation cluster analysis
were performed using the GROMOS algorithm (Daura et al.,
1999) in GROMACS program. The algorithm calculates RMSD
between all pairs of structures in a trajectory as well as the
structure with the highest number of other structures for
which the RMSD is within a chosen cutoff (neighbor confor-
mations) and is identified as the center of the first cluster.
The structures of the first cluster are removed from the pool
and the process is repeated until the pool of structures is
empty. Clustering calculations with different cutoff were per-
formed and the cutoff of 0.2 nm was found to capture more

Figure 1. Instantaneous backbone RMSDs from the starting structure (a) and radius of gyration (b) for the wild-type (WT) and the mutants.
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than 90% of the trajectories in fewer number of clusters. The
clustering analysis has identified 6 clusters for the wild-type,
15 clusters for R178C, and 11 clusters for P32T that cover
more than 90% of the total populations (Table S1). The align-
ments of the middle structures of the clusters are shown in
Figure S3. It can be observed that the structures of the wild-
type and the mutants diverge in the N- and C-termini, and
in the loops after helix 2 and strand 6. In addition, structural
differences can be also observed in the helix 7 for the wild-
type and in the helix 2 for both mutants, with the structures
of R178C showing most divergence in helix 2. The clustering
data (Table S1) indicate that the trajectories of the mutants
give a larger number of significant clusters and less

structures in the most populated clusters than the trajectory
of the wild-type, suggesting that both mutations led to the
increase of structural flexibility of the ITPA protein. In add-
ition, the R178C mutant has the highest number of clusters
and the lowest percentage of cluster members in the most
populated cluster (cluster 1) which supports our RMSF and
distance fluctuations analysis that the R178C structures are
more flexible than the P32T structures.

3.3. Essential dynamics

We have performed essential dynamics (ED) analysis of the
simulation trajectories to describe the dominant subdomain

Figure 2. (a) The secondary structural element of the ITPA monomer. All the alpha helices and the beta sheets are labeled except those with residues less than
four. Final simulation structures of the ITPA dimer (b) wild-type, (c) R178C, and (d) P32T. The point mutation residues (P32 and R178) are shown in black van der
Waals representations.

Figure 3. (a) Distribution along the polypeptide of backbone atom RMSFs around trajectory average structures for the wild-type and the mutants. The horizontal
lines represent the X-ray crystal structure a-helices (magenta) and b-strands (orange). Graphical representations of the wild-type (b), R178C (c), and P32T (d) col-
ored using the B-factor values. The labels beside the color bar show the range of the values of the B-factor in nm2.
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motions of ITPA and the effects of mutations on these
motions. We have used the GROMACS program to calculate
the mass-weighted covariance matrix of position fluctuations
of the backbone atoms from the starting structures. The cal-
culations were done after removing the effects of the overall
translations and rotations of the protein (Amadei, Linssen, &
Berendsen, 1993). In previous work (Houndonougbo et al.,
2005, 2008), it was found that fewer eigenvectors with the
largest eigenvalues represent most of the collective motions
and the trajectory fluctuations. Thus, the collective motions
important for protein functions are separated from the local
fluctuations. The eigenvalues describe the extent of corre-
lated motions about each eigenvector. The principal compo-
nent analysis (PCA) consists of projecting the trajectories of
the molecular dynamics simulations on the eigenvectors
(principal components). The result of the covariance matrix
calculations indicates that the contribution of the first com-
ponent (PC1) to the variance of the motion is 19.2% for the
wild-type, 27.6% for R178C, and 24.4% for P32T. These values
indicate that PC1 has larger contribution to the overall
motion in the mutants than in the wild-type. Information
about the overall structural flexibility can be obtained from
the PCA by calculating values of the trace of the covariance
matrix for which larger value means larger flexibility. The val-
ues of the trace of the covariance matrix are 7.7735, 17.432,
and 17.1425 nm2 for the wild-type, R178C, and P32T, respect-
ively. These values are in agreement with the RMSF analyses
for the overall flexibility.

The 2D projections onto the first two eigenvectors (princi-
pal components PC1 and PC2) in Figures S4 and S5 illustrate
the motion of the wild-type and the mutants in phase space.
In these projections, a conformational region or subspace is
represented by a distribution of dots within a compact clus-
ter. It is clear that the structures of the mutants are generally
more flexible than the wild-type which sampled only one
conformation region, while the mutants visited several con-
formation regions. The simulation of the wild-type continu-
ously samples conformations that are very close to the
starting structure (Figure S4(a)). On the other hand, the
R178C mutant sampled a single state with conformations
fairly close to the initial structure (crystal structure) during

the first 600 ns of simulation but, then, transitioned to a dif-
ferent state with different structures (Figure S4(b)).
Additionally, In Figure S5, the P32T mutant samples a state
with conformations close to that of the crystal structure, but
the trajectory also visited different states (red and green in
Figure S5). These differences in the two mutants are charac-
terized by the loss of the secondary structure at the N- and
C-termini and the movement of the lower lobe subunits
including helix 2. However, the reduced presence of the blue
color in the representations in Figure S4(b) compared to
Figure S5 indicates that the degree of structural deviation in
the R178C is higher than in the P32T. For the R178C, the
transition around 600 ns to different state which is character-
ized by the loss of N- and C-termini structures and the
movements of the lower lobe subunits explains the cause of
the sudden rise in the RMSD around 600 ns.

We have calculated the inner products between the
eigenvectors of the mutants with the eigenvectors for the
wild-type to explore the similarity between the structural
subspaces. The inner product is positive for correlated sub-
spaces, negative for anti-correlated subspaces, and is close to
zero for poor overlapping subspaces (Mart�ınez-Archundia,
Correa-Basurto, Monta~no, & Rosas-Trigueros, 2019). For these
calculations, we have used the first 30 eigenvectors which
capture more than 80% of the overall motion. The resulting
overlap matrices are displayed in Figure S6. Both mutant pro-
teins share some similarities with the wild-type protein, with
overlapping values up to 0.657 for R178C and 0.573 for
P32T. Concerning the first two PCs of the wild-type, only PC2
is anti-correlated (dark blue square) with PC5 of R178C,
whereas, PC1 exhibits anti-correlation with PC3 and PC6 of
P32T and PC2 is correlated (red square) with PC7 in P32T.
These results suggest that the mutations lead to a significant
change of the motion of the protein. Moreover, Figure S6
shows that PC8 in wild-type is correlated to PC13 of R178C,
while, PC5 and PC7 of the wild-type display anti-correlation
with PC10 and PC11 in P32T, respectively. The results of the
inner product analysis seem to be consistent with the differ-
ent subspace exploration behaviors we observed in Figures
S4 and S5, i.e. the P32T mutant visited more conformation
subspaces than the R178C mutant. These data may also

Figure 4. Distance fluctuation maps between the Ca atoms within the equilibrated trajectories of the wild-type (a), R178C (b), and P32T (c).
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explain the largest average RMSD value noticed earlier
for P32T.

Porcupine plots are used to display the direction and magni-
tude of the eigenvectors of the first principal components for
the wild-type and the mutants. The dominant collective
motions of the wild-type protein observed in the first principal
component (color scale arrows from green to red in Figure
5(a)) are in the N- and C-termini (residues 1–9 and 188–194), in
the a-helices 2 and 7 (residues 15–17 and 169–175), in the
loops after a-helix 2 (residues 30–33) and before a-helix 7
(157–168) as well as the loops before and after beta strand 6
(residues 125–127 and 144–149), consistent with the high flexi-
bility areas of the RMSF analysis (see Figure 1(a) for the differ-
ent secondary elements). The trajectory projection on the first
eigenvector of the wild-type dimer simulation (Figure 5(a))
shows the top lobe subunits of one monomer moving outward
of the active site in opposite direction of the other monomer,
while the two a-helices in the lower lobe (helix 2) predomin-
antly move upward in the active site in the same direction.
Interestingly, such motion between monomers would not be
observable with a single monomer simulation. The first principal
component for mutants is illustrated in Figure 5(b,c). The most
prominent motions are in the N- and C-termini for the R178C
and in the N-terminal for P32T. The mobility amplitude of the
dominant motions is larger in the mutants as compared to the
wild-type and the largest amplitude is observed in the R178C
(see color scale in Figure 5) which indicate that R178C is more
unstable than P32T. This result was also supported by the
RMSF data. We note that the amplitude of the motions of
a-helix 7 of the top lobe and the a-helix 2 of the lower lobe
are considerably reduced in both mutants. The mutation at
position 178 has changed the direction of the prominent
motions observed in the wild-type, such as the top lobe
motions are reversed and the helix 2 of the lower lobe moves
laterally (see arrows in Figure 5(b)). The mutation at the pos-
ition 32 preserves in general the direction of the motion of the
top lobe, but has reversed the motion of the helix 2 of the
lower lobe (see arrows in Figure 5(c)).

3.4. Effect of R178C and P32T mutations on the
hydrogen bond interactions

In order to evaluate the effect of mutation on the hydrogen
bond interactions of ITPA, the total number of hydrogen bonds
formed along the simulation trajectories was calculated (Figure
S7). The number of intramolecular hydrogen bonds of the wild-
type is noticeably greater over the course of the simulation as
compared to the mutants with the average of 281, 261, and
265 hydrogen bonds for the wild-type, R178C, and P32T,
respectively. Thus, the hydrogen bond interactions were weak-
ened by R178C and P32T mutations. R178C has less intramo-
lecular hydrogen bond formations in the simulations,
suggesting that the hydrogen bond interactions of ITPA protein
are more altered by R178C mutation than the P32T mutation,
consistent with the RMSF, ED analyses.

To further assess the effect of mutation on the interac-
tions of key residues in the active site of ITPA and the
mutated residues, we have analyzed the hydrogen bonding

interactions of Asn16, Lys19, Asp41, Glu44, Lys56, Asp72,
Asp152, Lys172, His177, and mutated residues at positions
178 and 32. The calculated hydrogen bond occupancy, which
is defined as the fraction of frames where a hydrogen bond
is formed between two residues, are reported in Table S2 for
the occupancies greater than 30%. It can be observed that
these key residues in the active site of ITPA, including the
mutated residues in this study, are involved in very stable
hydrogen bonding in the wild-type with neighboring resi-
dues, supporting that they play an important role in ITPA
activity. However, the hydrogen bonding analysis shows that
the hydrogen bond interactions of residues 19, 32, 72, 152,
and 178 are affected by the mutations. Hence, we focused
on the details of these interactions (Table 1). The hydrogen
bond occupancy of the active-site residues in the wild-type
shows that Asp152 and Arg178 are engaged in three stable
hydrogen bonds and Lys19 makes five stable hydrogen
bonds (Table 1 and Figure 6). It is worth noting that three
out of the four strong hydrogen bond interactions (occupan-
cies greater than 75%) for the wild-type in Table 1 are associ-
ated with the active-site residue 178 which suggests that
Arg178 is essential for ITPA activity. In the active site, the
R178C mutation leads to the loss of three interactions,
Lys172-Asp152, Arg178-Glu22 and Arg178-Glu71, while the
P32T mutation caused a loss of the Lys19-Glu71 interaction
(Figure 6). The P32T mutation also resulted in the gain of
two stable hydrogen bonds in the active site, Lys19-Asp152
and Arg178-Ser176. These results suggest that the R178C
mutation has disrupted the hydrogen bonding in the active
site to a greater extent than the P32T mutation (loss of three
for R178C compared to no net change for P32T). Hence, the
degree of alteration found in this analysis of the hydrogen
bonding occupancy of the active-site residues in R178C and
P32T mutants is consistent with the relative decrease of ITPA
activity for the two mutants, that is, the R178C mutation
reduces the ITPA activity to a greater extent than that of
P32T mutation. These results also correlate well with the
level of increase in overall flexibility and the decrease in total
number of hydrogen bonds as presented above. The analysis
of the hydrogen bond occupancy for the active site suggests
that the Arg178-Glu22, Arg178-Glu71 and Asp152-Lys172 hydro-
gen bond interactions are important for ITPA activity. In the
wild-type, the hydrogen bonds occupancy of Arg178-Glu22,
Arg178-Glu71 and Asp152-Lys172 interactions are 77.7, 99.9
and 43.8, respectively. Based on the strength of the interaction,
we classify the residues Arg178, Glu22, Glu71 as essential for
ITPA activity while the residues, Asp152 and Lys172 are of inter-
mediate importance for ITPA activity. This classification agrees
well with a site-directed mutagenesis study which has catego-
rized Arg178 and Glu22 as essential and Asp152 as well as
Lys172 as intermediate (Gall et al., 2013).

3.5. R178C ITPA catalytic activity

The specific activity for wild-type ITPA prepared using the
standard and urea refolding purification scheme and
refolded R187C ITPA was determined. Side-by side specific
activity measurements for standard wild-type, refolded wild-
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type, and refolded R178C ITPA proteins were performed as
described in materials and methods. We observed that refolded
wild-type protein had approximately four-fold less activity than
wild-type prepared from our standard purification scheme (Gall
et al., 2013). Comparing refolded wild-type to refolded R178C,
we observed a nearly two-hundred fold reduction in activity for
the R178C mutant (Table 2). This is consistent with our previous
determination of Arg-178 as essential for enzyme activity (Gall
et al., 2013). In contrast, the P32T mutant was observed to
have a roughly two-fold reduction for the rate of catalysis and
specificity constant (Herting et al., 2010).

4. Discussion

Over the last decade, the pharmacogenetic significance of
ITPA status has been well established. Altogether, nine

clinically relevant ITPA polymorphisms/mutations have been
identified (Burgis, 2016; Handley et al., 2019; Kaur,
Neethukrishna, Kumble, Girisha, & Shukla, 2019). Two of
these, P32T and R178C, were investigated here. It has been
proposed, based on structural and biochemical data, that the
P32T is a homodimer in solution and shifts the position of
the a-helix 2 (Simone et al., 2013; Stenmark et al., 2007). The
structural features of the R178C mutant have not been
reported. Comparing this study to others (Gall et al., 2013;
Herting et al., 2010; Kevelam et al., 2015), indicates that the
R178C mutant has much less ITP hydrolyzing activity than
the P32T protein. To the best of our knowledge, this is the
first time that molecular dynamics simulation has been used
to better understand how these two mutations affect the
structural and dynamic behavior of ITPA and understand the
molecular basis for the degree of reduction of the activity of

Figure 5. Porcupine plot to visualize the first principle eigenvector of the wild-type (a), R178C (b), and P32T (c). The arrows attached to the Ca atoms show the direction of
motion and the length of arrows shows the magnitude of the eigenvector. The regions of dominant motions in the wild-type are highlighted in yellow color. The blue
arrows indicate the direction of motion of the top lobe subunits and the red arrows show the direction of motion of the a-helix 2 of the lower lobe.
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ITPA by R178C and P32T mutations. Moreover, this is the first
report we are aware of which investigates biochemical attrib-
utes of the R178C mutant protein.

The biochemical data presented here show that the
R178C mutant has very low enzyme activity. Because
Kevelam et al. (2015) had such a limited number of samples
(only one R178C patient), and assays were performed with
whole cell lysates, it is important to replicate their findings
in vitro using modern molecular biology/biochemistry techni-
ques. Considering that a cysteine residue is being introduced
into the native structure, it is possible that this could result
in improper disulfide bond formation and an altered struc-
ture. The difficulties we encountered during preliminary puri-
fication of the R178C ITPA using the standard protein
purification scheme were overcome by addition of 8M urea,
however, solubility was not altered by the addition of 2-mer-
captoethanol (unpublished data). This supports that the

mutant protein has a native-like fold, with reduced stability,
and no improper disulfide bond formation.

Molecular dynamics simulations offer useful insights into
protein structure and dynamics that often play important
roles in ligand binding (Durrant & McCammon, 2011;
Rosales-Hern�andez & Correa-Basurto, 2015). Our MD simula-
tions have been produced over a reasonably long time
period of equilibrated trajectories, which allows us to gain
insight into the structural basis of the reduction of stability
of ITPA R178C and P32T mutants. We have found by analyz-
ing the RMSD, the Rg, the variation with time of the second-
ary structure elements, as well as the molecular view and
alignments of the final simulation structures that the wild-
type and both mutated proteins maintained in general their
secondary structure elements during the simulations.
Considering the P32T mutant, the simulation results agree
with previously published structural data, namely that the
P32T alteration retains the dimeric structure of wild-type in
solution and causes the rearrangement of a-helix 2 (Simone
et al., 2013; Stenmark et al., 2007) (Figures 2(d), S1 and S2).
In addition, this study has shown that the R178C in solution
also retains the secondary structure of the wild-type (Figures
2(c), S1 and S2).

The RMSF, RMSD cluster and PCA analyses suggest that
both the R178C and P32T mutants exhibit larger overall flexi-
bility than that of the wild-type, with the R178C undergoing
the largest overall flexibility. Additionally, we have found in
the wild-type that the a-helices 2 and 7 exhibit significant
fluctuations (Figure 3). This is consistent with experimental
results, where residues of these helices close in upon

Table 1. Percentage of occupancy of hydrogen bond interactions in the equi-
librated simulation trajectories of wild-type, R178C, and P32T.

Donor Acceptor Wild-type R178C P32T

Lys19N Asn16O 36.3 32.3 38.3
Lys19N Asn16(OD1) (ND2) 51.8 55.0 37.9
Lys19NZ Glu22(OE1) (OE2) 55.0 34.5 50.9
Val23N Lys19O 80.9 92.0 68.2
Lys19NZ Glu71(OE1) (OE2) 49.7 84.6
Lys19NZ Asp152(OD1)(OD2) 91.9
Gly7N Pro32O 97.4 61.0
Thr32N Gln186(OE1)(NE2) N/A N/A 30.0
Thr32N Ser191OG N/A N/A 40.9
Thr32OG1 Ser191OG N/A N/A 62.5
Phe155N Asp152O 62.2 51.7 60.5
Ala165N Asp152O 72.8 80.7 78.8
Lys172NZ Asp152(OD1)OD2) 43.8 41.3
Arg178(NH1)(NH2) Glu22(OE1)OE2) 77.7 N/A 97.2
Arg178(NE)(NH1)(NH2) Glu71(OE1)(OE2) 99.9 N/A 100.0
Leu182N Arg178O 98.7 99.6 99.7
Leu182N Cys178O N/A 99.6 N/A
Arg178N Ser176OG N/A 66.4

Atom types in parenthesis are for side-chains that are capable of multiple
hydrogen bonds. Not available interactions that involved mutated residues are
indicated by N/A. The interactions with occupancy less than 30% are
left blank.

Figure 6. Illustration of the hydrogen bonding interactions of key residues in the active site. The red dotted lines represent the interactions that exist in the wild-
type. The green dotted lines represent new interactions. The point mutation residues (R178 and P32) are shown in orange licorice representations.

Table 2. Specific activity measurements.

Enzyme
Specific activity

(pmol ITP/(pmol ITPA min))

Wild-type standard prep 1689 ± 571
Wild-type urea prep 473 ± 49.9
R178C urea prep 2.53 ± 0.49

Differences between each prep are statistically significant (p< 0.05).
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substrate binding (Porta et al., 2006; Stenmark et al., 2007)
which implies a degree of flexibility of the subunits. a-helix 2
includes active-site residue 19 and a change in the flexibility
of this helix may affect enzymatic activity. Interestingly, both
mutations increase the flexibility of the helix 2. The analysis
of the distance fluctuations revealed that each monomer of
the wild-type and the mutants move in rigid-body manner.
Nevertheless, the motions between monomers are less coor-
dinated in the wild-type as well as in the mutants and sub-
stantial increase of these motions are observed in the R178C
protein. Additionally, the analysis of principal components
overlap suggests a major change in ITPA motion due to the
R178C mutation. Porcupine plots based on the first principal
component analysis show that both mutations significantly
reduced the motions in a-helices 2 and 7. Note that a-helix 7
includes active-site residue 172. The dominant collective
motions in the mutants are located in the N-and-C-termini
and the R178C displays the largest amplitude. Hence, these
analyses support the experimental finding that the catalytic
activity is more reduced in R178C than in P32T.

Additional information concerning the effect of mutations
on molecular interactions was gained by analyzing the
hydrogen bonding interactions in the wild-type and mutants.
The R178C and P32T mutations have impacted the total
number of intramolecular hydrogen bonds formed in the
simulation trajectories (Figure S7) which may affect substrate
binding and in turn lead to a reduction of enzyme activity.
In our simulations, the results of the total hydrogen bond
analysis are consistent with the conclusion of the fluctuations
analysis in that the R178C mutant could experience more
diminution of the enzymatic activity than the P32T protein.
Moreover, the hydrogen bond occupancy analysis found that
the R178C mutation has suppressed the active-site interac-
tions of Lys172 with Asp152 as well as residue 178 with
Glu22, and Glu71, while the P32T mutation leads to the loss
of the interaction of Lys19 with Glu71 in the active site
(Table 1 and Figure 6). We have categorized, based on
hydrogen bond occupancy, the residues with reduced inter-
actions as essential (more than 75% occupancy) and as inter-
mediate (less than 75% occupancy) for ITPA activity. We
have thus classified Arg178, Glu22, and Glu71 as essential
and Asp152 and Lys172 as intermediate in importance for
ITPA activity. Interestingly, this classification is in good agree-
ment with the classification for Arg178, Glu22, Asp152 and
Lys172 in Gall et al. (2013). Note that residue Glu71 had not
been investigated in Gall et al. (2013). Hence, the hydrogen
bonding occupancy analysis of the residues in the active site
indicates that the two mutations have modified the electro-
static interactions between donor and acceptor atoms which
may explain the loss of enzymatic activity of the two
mutants with the larger reduction in the R178C mutant. This
result agrees with the total number of intramolecular hydro-
gen bonds analysis.

In conclusion, we have used extensive MD simulations to
investigate the structural and dynamics features of ITPA
dimer and two of its clinical mutants, namely R178C and
P32T. Maintenance of wild-type secondary elements and the
shift of helix 2 were observed in the simulations of the

mutants. We have found that both mutations change most
of the properties investigated and R178C shows the largest
change, which could explain the experimental report that
the R178C mutation decreases more the catalytic activity
than the P32T mutation. The MD simulations reveal that
R178C and P32T mutations alter the direction and the ampli-
tude of the motions of the upper lobe as well as the lower
lobe helix 2. Additionally, we have classified key hydrogen
interactions found in the active-site. These data underscore
the contribution of protein stability to the development of
clinical symptoms for affected patients. Our study will be
useful for developing therapeutic aptamers to improve
in vivo stabilization of ITPA proteins in affected patients.
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