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„ÊÏ ´μ¢ �. �., Šμ²Éμ¢ Ö �.�. E19-2015-98
‘· ¢´¥´¨¥ ³μ¤¥²Ó´ÒÌ ¸É·Ê±ÉÊ· £μ³μ¤¨³¥·  ¤¨±μ£μ É¨¶ 
¨ ³ÊÉ ´É´ÒÌ £¥É¥·μ- ¨ £μ³μ¤¨³¥·μ¢ Ëμ¸Ë É §Ò hITPA-P32T

„²Ö ¢ÒÖ¢²¥´¨Ö ±μ´Ëμ·³ Í¨μ´´ÒÌ ¨§³¥´¥´¨°, μ¡Ê¸² ¢²¨¢ ÕÐ¨Ì ¨´ ±É¨-
¢¨·ÊÕÐ¥¥ ¤¥°¸É¢¨¥ ³ÊÉ Í¨¨ �32’ ¨´μ§¨´ É·¨Ëμ¸Ë É ¶¨·μËμ¸Ë É §Ò Î¥²μ-
¢¥±  (hITPA), ¶·μ¢¥¤¥´  ´ ²¨§ ´¥¸±μ²Ó±¨Ì ³μ¤¥²Ó´ÒÌ ¸É·Ê±ÉÊ·. Šμ´Ëμ·³ -
Í¨Ö ³ÊÉ ´É´μ£μ ¶·μÉμ³¥·  μÉ²¨Î ² ¸Ó μÉ ±·¨¸É ²²¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò ³ÊÉ ´É-
´μ£μ  ¶μË¥·³¥´É  (PDB: 4F95),   ±μ´Ëμ·³ Í¨Ö ¶·μÉμ³¥·  ¤¨±μ£μ É¨¶  Å μÉ
±·¨¸É ²²¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò Ìμ²μË¥·³¥´É  ¤¨±μ£μ É¨¶  (PDB: 2J4E). Œ¥¦¤Ê ³μ-
¤¥²¨·μ¢ ´´Ò³¨ ¸É·Ê±ÉÊ· ³¨ Ë¥·³¥´Éμ¢ ¤¨±μ£μ ¨ ³ÊÉ ´É´μ£μ É¨¶μ¢ ´ ¡²Õ¤ ²¨¸Ó
· §²¨Î¨Ö ´  É·¥Ì ÊÎ ¸É± Ì: ¤¢ÊÌ ¶¥É²ÖÌ ¨ C-±μ´Í¥. �¥É²Ö ³¥¦¤Ê α1 ¨ β2 (28Ä
33  . μ.), ¢±²ÕÎ ÕÐ Ö ¸ °É ²μ± ²¨§ Í¨¨ ³ÊÉ ´É´μ£μ  ³¨´μ±¨¸²μÉ´μ£μ μ¸É É± 
Phe31-�ro32’hr-Cys33, ¢ ¶·μÉμ³¥· Ì ¤¢ÊÌ É¨¶μ¢ (¤¨±μ£μ ¨ ³ÊÉ ´É´μ£μ) ¨³¥² 
¤¢¥ ±μ´Ëμ·³ Í¨¨, Ì · ±É¥·¨§ÊÕÐ¨¥¸Ö · §´Ò³ ¶μ²μ¦¥´¨¥³ ¸μ¸¥¤´¥° ¡μ±μ¢μ°
£·Ê¶¶Ò Phe31. �É¨ ±μ´Ëμ·³ Í¨¨ ¸É ¡¨²Ó´Ò. ‚ ±·¨¸É ²²¨Î¥¸±μ° ¸É·Ê±ÉÊ·¥
³ÊÉ ´É´μ£μ £μ³μ¤¨³¥·´μ£μ  ¶μË¥·³¥´É  ´ ¡²Õ¤ ²μ¸Ó ¢Ò¢μ· Î¨¢ ´¨¥ ¢ · ¸É¢μ·
£¨¤·μËμ¡´μ£μ μ¸É É±  Phe31.
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Comparison of Modeling Structures of Wild-Type Homodimer
and Mutant Hetero- and Homodimers of Phosphatase hITPA-P32T

The modeling structures of human inosine triphosphate pyrophosphatase (hITPA)
were analysed to identify conformational changes induced by inactivation effects of
P32T mutations. The conformation of the mutant protomer differed from the crystal
structure of mutant apoenzyme (PDB: 4F95), and that of the wild-type protomer
differed from the crystal structure of wild-type holoenzyme (PDB: 2J4E). Mutant
model differed from wild-type model in three regions: two loops and a C-terminal
region. The loop between α1 and β2 (28Ä33 res.), including the site of localiza-
tion of mutant amino acid residue Phe31-�ro32’hr-Cys33, in wild-type and mutant
protomers had two conformations characterized by different positions of the Phe31
side group. These conformations were stable. In the crystal structure of the mutant
homodimer apoenzyme, the hydrophobic residue Phe31 was seen to go into solution.

The investigation has been performed at the Laboratory of Radiation Biology,
JINR.
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INTRODUCTION

Under physiological conditions nucleotides suffer chemical modiˇcations.
The main type of chemical modiˇcation of purines is deaminization of purine
bases. The C6 deaminization of adenine or C2 deaminization of guanine results
in the formation of hypoxanthosine or xanthosine, respectively. Hypoxanthosine
as a part of a nucleotide, i.e., hypoxanthosine riboside, is referred to as inosine.
In addition, non-canonical bases are synthesized during the purine metabolism.
Non-canonical nucleotides can accumulate in the pool of nucleotides and be in-
cluded in the DNA and RNA, changing the genetic information and structure of
nucleic acid. Living organisms have speciˇc enzymes (nucleoside triphosphate
pyrophosphohydrolases) for hydrolysis of these non-canonical nucleoside triphos-
phates to nucleoside monophosphates and pyrophosphates, thus removing them
from metabolic processes.

The structure of inosine triphosphate pyrophosphohydrolase has been studied
in several organisms among archaea, bacteria, and eukaryotes (Table 1). For
example, the enzyme is encoded by the RdgB gene in bacteria E. coli, the HAM1
gene in yeast S. cerevisiae, and the hITPA (human Inosine Triphosphate Py-
rophosphatAse) gene in human. These structures show a remarkable degree of
conservation of the tertiary structure. Structural similarities indicate that ITPA
and its homologs perform an important and evolutionarily conserved function. In
all cases the protomers in the dimer are related by a 2-fold symmetry axis. The
hITPA is a homodimer. Protomer is composed of 194 amino acids and consists
of a large central β sheet forming the 
oor of the active site, with two mainly
α-helical lobes 
anking the active site (upper and lower lobes). The substrate
binds in the cleft between the two lobes (Fig. 1). Each protomer has an indepen-
dent active site for the Mg2+ ion and the ITP substrate binding. The phosphatase
complex forms via hydrogen bonds of the upper lobes of each protomer.

The hITPA-P32T mutation rather often occurs in humans and can affect sen-
sitivity of patients to medicines [3]. The mutation is located in the lower lobe.
The mechanism for the inactivating effect of the mutation is not known. Two hy-
potheses were put forward [2, 4], which assume that the changes took place either
in the interaction of the upper lobes of the monomers, affecting the formation of
the dimer, or in the lower lobes in the mutant loop, which led to uncovering of
the hydrophobic site. However, the wild-type and P32T forms were dimeric in
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Table 1. List of nucleotide triphosphate pyrophosphatases in PDB

Code Object Resolution, �A Organism Reference

Inozine triphosphate pyrophosphatase

2CAR Apoprotein 1.09 Homo sapience (ITPA) [4]

2J4E 1 polymer, 4 ligands 2.80 Homo sapience (ITPA) [4]

2I5D Apoprotein 1.63 Homo sapience (ITPA) [8]

4F95 Apoprotein P32T 2.07 Homo sapience (ITPA) [2]

1K7K Apoprotein 1.50 Bacteria E.coli [9]
(RdgB ortholog ITPA)

2Q16 Apoprotein+ ITP 1.95 Bacteria E.coli [9]
(RdgB ortholog ITPA)

Xanthosine triphosphate pyrophosphatase/Ham1 protein homolog

1VP2 Apoprotein 1.78 Bacteria [10]
Thermotoga maritima

Nucleotide triphosphate pyrophosphatase

2E5X Polymer+ ITT 2.00 Anaerobic archaeon [11]
Pyrococcus horicoshi

1B78 Polymer 2.20 Thermostable bacteria [12]
Methanococcus jannaschii
(substrate ITP/dITP, XTP)

2MJP Pyrophosphatase+ 5'- 2.20 Thermostable bacteria [12]
Adenel-Imido- Methanococcus jannaschii
Triphosphate (substrate ITP/dITP, XTP)

Non-canonical purine NTP pyrophosphatase

4BNQ Polymer 2.28 Bacteria Staphylococcus [13]
aureus subsp. aureus

solution and in crystal structure [5]. This abolishes the previous speculation that
the P32T change disrupts dimerization as a mechanism of inactivation. Biochem-
ical analysis of enzyme activity gave ambiguous results. The observation that
individuals heterozygous for the P32T mutation retained 22.5% ITPase activity
and homozygotes have an undetectable activity [6] suggested that both protomers
of the physiological dimer need to be intact for catalytic activity. In vitro puriˇed
ITPA-P32T had enzymatic activity similar to the wild-type enzyme, indicating
that the loss of activity in erythrocytes in vivo was indirect [5]. However, in
another work the ITPase-P32T had 55% activity with ITP compared to wild-type
ITPase [7]. So, the question was left open.
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Fig. 1. Superpositions of relax (3 ns) structures of wild-type dimer (blue) with mutant
homodimer (a, red) and mutant homodimer (b, red). A zoomed view of the area near
mutant site P32/T32 is given in boxes

For hITPA, the PDB (Table 1) contains several high-resolution crystal struc-
tures of the so-called apoenzyme (active site free of bound molecules) and its
complexes with low-molecular ligands, for example, the apoenzyme with a reso-
lution of 1.1 �A (PDB code 2CAR; [4]) and 1.63 �A (PDB code 2I5D; [8]), and a
structure of the complex with the physiological substrate ITP with a resolution of
2.8 �A (PDB code 2J4E; [4]). For the mutant, a crystal structure of the apoenzyme
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with a resolution of 2.07 �A was obtained (PDB code 4F95; [2]). For the mutant
heterodimer, there is no crystal structure.

To verify the above hypotheses, we earlier simulated structures of three
forms of the enzyme (wild-type, mutant homodimer, mutant heterodimer) using
computer dynamic simulation [1]. In this paper, simulation techniques and the
changes in three forms of the enzyme during computer modeling were described.
The initial geometry of the complex was speciˇed in accordance with the lattice
obtained from the X-ray structure analysis (PDB code 2J4E). In the present
paper, we perform a comparative analysis of the simulated 3 ns forms of the
enzyme.

1. RESULTS

The results of the simulation and 3D images of the hITPA protein com-
plex were analyzed using the codes RasMol [14], MOLMOL [15], and Visual
Molecular Dynamics (VMD) [16].

Earlier the structure of mutant protein forms was simulated using the crystal
structure of the holoenzyme (PDB accession code 2J4E; [4]). Apart from two
protomers, the enzyme comprised the cofactor, two Mg2+ ions and substrate Å
two molecules of ITP. The protomers in the dimer were different in length and
termini. The left protomer began with Ala2 and ended with Phe185, while the
right protomer began with Ser0 Met1 Ala2 and ended with Ala193. Structural
changes that occurred during the simulation were described in [1]. Note that those
were dynamic molecules that 
uctuated with an average amplitude of ∼ 0.5 �A,
and we made comparison only for one of the possible (3 ns) conformational
states. Figure 1 shows superposition of the simulated ˇnal 3 ns structures of the
wild-type dimer and two mutant forms. It is seen that the structures generally
coincide.

To characterize the structural changes, we considered the positions of Cα

atoms in the main peptide chain and ‘z atoms in the side groups of the largest
amino acid residues Phe (11 × 1), Tyr (6 × 1), Trp (2 × 2), and Arg (8 × 1);
in parentheses, there is the number of the given residues in the protomer multi-
plied by the number of ‘z in the residue. Analysis of the Cα and ‘z relative
displacements along the polypeptide chain (Fig. 2) revealed three regions of large
distinctions: a loop between the helix α1 and the structure β2 (27Ä34 res., local-
ization of mutant residue), a loop between the structures β5 and β6 (120Ä130 res.),
and ‘-terminal amino acid residues. Since the protomers were different in length
(184 and 194 res.), featured deletion Gly Asp Pro Ser Gln (123Ä127 res.), and did
not have terminal amino acid residues Ser0, Œet1, Ser191, Leu192, and �la193,
we used the alignment and changed the numbering of amino acids in the shorter
protomer (left) in accordance with their numbering in the longer protomer (right)
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Fig. 2. Relative displacement of Cα and ‘z in relax form of wild-type homodimerÄmutant
heterodimer (d01) and wild-type homodimerÄmutant homodimer (d02). Left and right
protomers are shown separately

so that the same amino acids had the same numbers. And we have always com-
pared a short protomer with a short protomer and a long protomer with a long
protomer.

In the mutant homodimer, the peptide chain core shifted much more strongly
as compared with the mutant protomer in the heterodimer. The average displace-
ment of ‘α in comparison of the wild-type homodimer with the heterodimer
was 1.538 (0.176Ä8.848), and in comparison with the mutant homodimer, it was
2.323 (0.182Ä10.181). As is evident from Fig. 2, displacements of ‘α atoms
larger than 8 �A were observed in the region of the mutant loop and at the ends
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Fig. 3. Structure differences between initial and ˇnal (3 ns) states of the loop
(KF[P/T]CT Å res. 30Ä34) in wild-type homodimer (a−d) and mutant heterodimer (e−h)
and homodimer (i−l). a−b, e−f , i−j show initial and ˇnal (3 ns) states of left protomers;
c−d, g−h, k−l are initial and ˇnal (3 ns) states of right protomers. 1, 3 columns Å
initial states of the loop; 2, 4 columns Å ˇnal (3 ns) states of the loop. Aromatic groups
of Phe31 in different positions are shown

of the protein molecule: (left: A2, G189; right: K30, A193) in comparison with
the heterodimer and (left: D29; right: A193) in comparison with the homodimer.
The average displacement of ‘z in comparison of the wild-type homodimer with
the mutant heterodimer was 2.026 (0.490Ä6.397), and as compared with the mu-
tant homodimer, the displacement was 2.637 (0.584Ä5.685). Displacements of ‘z

atoms larger than 4 �A were observed in each of the subunits in comparison of
the wild-type homodimer and the heterodymer (left: F31, Y45, F188; right: F31,
R133, R139) and in comparison of the wild-type and mutant homodimers (left:
F12, F118, R130, F132; right: F31, R139).

Strong displacements of ‘z were also found to occur in the region of the
loop between β5 and β6 in comparison with the heterodimer (right: R133, R139
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(5.8 �A)) and with the homodimer (left: F118, R130 (5.0 �A), F132; right: R139
(5.7 �A)). In the short left protomer, there was a deletion in this region (123Ä
127 res.). But in the long right protomer the ‘α core also changed (L120, S121,
T122 (∼ 4.2 �A)).

A comparison of the wild-type homodimer and the heterodimer (Fig. 2)
showed strong shifts of the C-terminal end in both protomers (7.8 �A for Phe188
and 8.8 �A for Ala193). In the right protomer (8.4 �A for Lys30 in the α1 helix),
when wild and mutant homodimers are compared, i.e., if protomers are in dif-
ferent conformations, the distance between Ala193 is large (∼ 8−10 �A), and if
protomers are in identical conformations, the distance decreases to 4 �A. Cα atoms
shifted on average by 1.7 �A at a quite narrow oscillation band. A comparison of
Cα in the wild-type and mutant homodimers also showed a strong displacement
of the C-terminal end but only in the right protomer (10.1 �A for Ala193), while
in the left protomer a displacement of 5.1 �A was observed for Ala2.

Let us consider in more detail the changes in the region of the loop between
α1 and β2. Figure 3 shows conformations of the loop fragment KFP/TCN (30Ä
34 res.) well pronounced changes in the position of the aromatic ring for the
residue Phe31. A comparison of the 3 ns forms reveals strong difference in the
position of the aromatic ring in two groups (d, f) and (h, j, l), whose conformations
we denoted as ©
ipª (�) and ©
opª (‘).

To estimate the stability of these conformational states, we considered the
position of the amino acid residues surrounding the mutant residue, namely, the
distance between the carbon atom Cα of the neighboring amino acid residue
Cys33 and the carbon atoms Cα and ‘z of the residue Phe31 for each protomer
individually (Fig. 4).

In all protomers the distance between Cα did not change and was ∼ 5.5 �A,
in the initial crystal form it was 5.1 �A. However, the side group of the residue
Phe31 in the right wild-type protomer 
ipped soon after the beginning of the
simulation (∼ 250 ps), and the distance between Phe31 (Cα) and Cys33 (‘z)
increased to ∼ 9 �A, almost a factor of 2, and was maintained stable during the
entire simulation process. In the left wild-type protomer of the heterodimer, the
position of the side group Phe31 also changed, but at the initial point of the
simulation. Maybe this change occurred during the heating stage. Then this
distance of ∼ 9 �A remained unchanged over the entire 3 ns simulation stage.
In the mutant homodimer, the distance to the side group Phe31 changed slightly
and was ∼ 5.5 �A. In the region of the loop, ‘z atoms in the ‘�-dimers shifted
by 5.5 and 9.0 �A relative to the crystal, while the distance between them in the
dynamic models and for the ‘‘-conformation was ∼ 5.0 and ∼ 2 �A, respectively,
(Fig. 2).

A strong displacement of the main polypeptide chain was also observed. In
the right protomer (conformation P/C), as compared with the heterodimer, G28,
D29, Š30, F31, and T32 were shifted (max Š30 Å 8.5 �A), and in the left
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Fig. 4. Distance between Cys33 (Cα)ÄPhe31 (Cα, Cz) in left ( ) and right (b) protomers
of wild-type homodimer (P32/P32) (�), mutant heterodimer (P32/T32) (B), and mutant
homodimer (T32/T32) (C)

protomer (conformation C/C), as compared with the homodimer, L27, D29, R30,
F31, and T32 were shifted (max D29 Å 8.3 �A). Note that in the left protomer of
the wild-type dimer the distance was unstable and changed in the range of 4.5 to
8.0 �A. It can be assumed that the position of the neighboring residues prevents
the aromatic ring from taking the equilibrium position, but further simulation can
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lead to a ©windowª that will allow the protomer to take the stable P-conformation.
Two other wild-type protomers took this conformation, one possibly during the
heating and the other after 250 ps of the simulation.

Figure 5 depicts the position of the mutant loop and terminal sites. In
phosphatase, there are α helices at the terminal ends, i.e., the terminal ends are
structured. Spatially, they are localized near the mutant loop, and a change in the
state of the loop can affect the position of the terminal ends. It is evident from
Fig. 5 that in all three cases the terminal ends approach each other, as compared
with the initial state. Note that the terminal ends in the left and right protomers
are different (left: Ala2-Gly189; right: Ser0-Ala193). In the left protomer, the
terminal ends are ˇve amino acid residues shorter.

Fig. 5. Comparison of crystal and 3 ns structures of fragments of all protomers (a, b Å
protomers of wild-type dimer; c, d Å protomers of heterodimer; e, f Å protomers of
mutant homodimer). Fragments include short sequences in terminal regions (10 res.) and
mutant loop (20Ä39 res.) surrounded by the molecules of water. The distance between Cα

in the ˇrst and last amino acid residues (in the left protomer between CαAla2ÄCαGly189
and in the right protomer Å CαSer0ÄCαAla193) is shown
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The crystal structure of the mutant homodimer (PDB: 4�95) was also ob-
tained. Figure 6 shows superposition of the mutant apoenzyme lattice with the
computer model of the mutant holoenzyme. Strong differences are observed in
the region of the mutant loop. In the computer model of the holoenzyme, the loop
and the α1 helix formed by residues 16Ä27 were shifted to the substrate, which
is a characteristic feature of the holoenzyme distinguishing it from the apoen-
zyme [4]. Superposition of the apoenzyme 2I5D with the enzyme of the bacteria
M. jannaschii (2MJP, RMSD 1.3 �A) (Table 2) revealed the motion associated
with the ligand binding and including the α1 helix that incorporates residues 19
and 22 important for ligand binding. The position of Asn16, participating in
the orientation of the ribose ring of the substrate, is indicated in the ˇgure. In
addition, the position of hydrophobic Phe31 is strongly different. In the crystal
structure of the mutant homodimer apoenzyme, the hydrophobic residue Phe31
was seen to go into the solution [2]. However, in the computer 3 ns model
the aromatic ring is oppositely directed. As a result, the hydrophobic Phe31 is
inwardly directed and the polar Thr32 is outwardly directed.

Fig. 6. Structure differences between 3 ns model on the bases of holoenzyme 2J4E and
crystal (apoenzyme 4F95) of mutant homodimer P32T-ITPA (3Ä122 res.). Modeling ITPA
is shown in red, crystal ITPA is shown blue. The loop containing T32 and N16 had shifted
towards the active site in computing model. Thr32 was directed in opposite sides
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Table 2. Comparison of RMSDCα for crystal and modeling structures

Structures RMSD (�A)

apo-hITPA 2CAR Å apo M. jannaschii 1B78 1.500
apo-hITPA 2I5D Å apo+ substrate M. jannaschii 2MJP 1.300
apo-hITPA 2CAR Å apo hITPA 2I5D 0.480
apo-hITPA 2CAR Å apo+ substrate hITPA 2J4E Å
apo+ substrate hITPA 2J4E Å apo mutant 4F95 1.400
apo+ substrate hITPA 2J4E Å comp. model wild-type 1.632
apo+ substrate hITPA 2J4E Å comp. model heterodimer 1.747
apo+ substrate hITPA 2J4E Å comp. model homodimer 1.648
comp. model wild-type Å comp. model homodimer 2.323
comp. model wild-type Å comp. model heterodimer 1.538
apo mutant 4F95 Å comp. model homodimer Å

The volume of protomer is 51.895 × 52.402 × 71.343 �A. Visualization of
the water molecules in a volume of 20 × 20 × 20 �A around the mutant amino
acid residue allows one to estimate the situation for the side group of the residue
Phe31. As is evident from Fig. 5, the number of water molecules in the loop
volume and surroundings of the hydrophobic residue Phe31 did not change.

2. DISCUSSION

During the computer simulation, pyrophosphatase atoms shifted as compared
with the crystal 3 ns structure; the RMSDCα values were 1.75, 1.8, and 1.5 �A
for the wild-type protomers in the wild-type homodimer and mutant heterodimer
and 2.0, 2.2, and 2.3 �A for the mutant protomers in the mutant homodimer and
heterodimer, i.e., the shift of the atoms was stronger in the mutant protomers.
These values are comparable with the average shifts in comparison of crystal
structures from different organisms (Table 2), e.g., a superposition between the
human apo-hITPA structure (2CAR) and the bacterial Methanococcus enzyme
(1B78) gives a root-mean-square deviation of 1.5 �A for ‘α positions (184 aligned
residues with 35% sequence identity) [4].

Earlier the superposition of wild-type and mutant apoenzyme crystal struc-
tures revealed changes in the loop between α1 and β2 (28Ä33 res.), the site of
localization of mutant amino acid residue Phe31-�ro32’hr-Cys33 [2]. Upon sub-
strate binding there was an upward rigid body rotation of the α1 helix around
residues 11 and 26Ä32. When the two structures were superimposed, the ‘α po-
sitions of residues 15Ä31 showed a root-mean-square difference of 4.8 �A between
the apo- (2CAR) and ITP-bound (2J4E) enzymes [4].
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A comparison of computer 3 ns models of the wild-type holoenzyme with
the mutant dimers revealed three regions of strong distinctions: a loop between
α1−β2, a loop between β5−β6, and ‘-termini. Protomers in the ternary struc-
ture exhibited two stable conformations of the neighboring hydrophobic residue
Phe31: ©
opª and ©
ipª. The analysis of the Phe31 position showed that ©
opª
conformation was typical of mutant Thr32 protomers, while ©
ipª conformation
was typical of wild-type Pro32 protomers. For these conformations, the distance
between the bordering residues Cys33 (Cα) and Phe31 (Cz) ranged between ∼ 4
and 8.5 �A. The simulation was performed for 3 ns, and those conformations
were stable, though they can probably change their positions in further simula-
tion. Though both positions of phenylalanine are very different, they do not bring
it beyond the interface of the simulated enzyme, unlike the case of the mutant
crystal structure.

In the crystal structure of the mutant, the position of the backbone for residues
near Thr32 was shifted, causing Phe31 and Thr32 to be 
ipped out into the
solvent [2]. The C-terminus was also disordered. The side chain of Phe189 had
shifted position and occupied the location of Phe31 in the wild-type structure.
The remainder of the C-terminus continues along a different trajectory, although
the ˇnal three residues (Leu192, Ala193, and Ala194) could not be modeled due
to lack of electron density. Both N- and C-termini appear to no longer form a
short α helix. Note that in this model (4F95) Met1, Ala2, Leu192, Ala193, and
Ala194 were deleted due to lack of electron density.

A comparison of computer models also showed that positions of C-termini
are greatly different in the wild type and the mutant. The distance between the
N- and C-terminus decreased during the simulation, and the decrease was larger
in the mutant protomers. However, in our simulation residues at both termini
were considered and α helices were formed at both termini. The termini were
localized beyond the loop and did not interfere in localization of Pro32Thr.

Thus, the computer models did not agree with the crystal models either for
the wild-type or for the mutant. In the apo-hITPA crystal there was lack of
well-deˇned electron density for residues in the region around Thr32 [2]. The
lack of electron density indicates that it is a region of internal disorder. Such
proteins have no unique tertiary structure in an isolated state and acquire it
after interaction with their ligands. Regions of internal disorder are typical for
polyfunctional proteins with several substrates that have to adapt to the substrates.
Indeed, pyrophosphatase has high afˇnity for several substrates (ITP, dITP, XTP),
and the active site thus has to adapt to them. This is possible due to 
exibility
of the loop between α1 and β2 in orientation, for example, of the α1 helix and
Arg16 that participates in substrate binding. It is probable that the loop was
structured during the binding with ITP. Mutation of �32’ affects the structure of
the loop and can affect the activity of the enzyme and afˇnity for substrates. The
crystal structure of the mutant apoenzyme exhibits internal disorder [2] but wild-
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type apoenzyme does not (Yu. I. Pavlov, personal communication); unfortunately,
the description of the holoenzyme crystal has no information on whether there
are regions with lower electron density. Further investigations, e.g., analysis of
holoenzyme structures with different ligands are needed for understanding these
processes.

A concordant idea about a mechanism for catalytic deˇciency in P32T mutant
ITPA was suggested [4]. Comparison of two crystal structures (apo and holo)
shows that lobe movement and rearrangement of the α1 helix are responsible for
nucleotide exchange. Located in the hinge region of the 
exible α1, Pro32 is a
key residue for positioning of the side chains involved in substrate binding and
catalysis. But they suggested that a disturbed nucleotide exchange or a partial
misfolding of the α1 helix is likely to be transmitted across the dimer interface,
rending the dimer inactive, e.g., in
uence on dimer formation.

In addition, we observed oscillatory motion of the enzyme structure with
amplitude of ∼ 0.5 �A and a period of ∼ 1 ns. It can be assumed that the oscillatory
motion facilitates substrate binding and disposal of PP and IMP reaction products.

Apart from the mobility of the loop and the shape of the enzyme (holoenzyme
with the ITP substrate was simulated, the 
op conformation of the apoenzyme
without substrate was crystallized), the differences observed in the structures of
the crystal and simulated enzyme probably arise from the conditions in which the
enzyme was. Our simulation was performed in water environment (27◦‘, ·� 7),
and crystallization conditions were also suboptimal for catalysis with respect to
pH and temperature (buffer 150 mM NaCl, ·� 8.5, 25◦‘); in vitro reaction
optimum is ·�∼ 10.

In addition to the loop where the mutation is localized, other regions of strong
changes were revealed. For example, when comparing the simulated structures,
we observed strong shifts in the region of loops β5 and β6. Other authors
also showed that in the case of superposition of ‘α between the human crystal
apoenzymes 2CAR and 2I5D obtained in different laboratories the RMSD was
0.48 �A, with the greatest differences (> 5 �A) in loop 124Ä127 between sheets β5
and β6 (Porta et al., 2006). When this loop was removed from the superposition,
the RMSDCα was only 0.2 �A.

Thus, structural changes caused by the Pro32Thr mutation were found in
the computer models. However, further investigations are needed for clarifying
functional consequences of these changes.
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