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Computational Study of IAG-Nucleoside Hydrolase: Determination of the Preferred

Ground State Conformation and the Role of Active Site Residues
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ABSTRACT. The mechanism of action of inosine-adenosine-guanosine nucleoside hydrolase (IAG-NH) has
been investigated by long-term molecular dynamics (MD) simulation in TIP3P water using stochastic
boundary conditions. Special attention has been given to the role of leaving group pocket residues and
conformation of the bound substrate at the active site of IAG-NH. We also describe the positioning of the
residues of an important flexible loop at the active site, which was previously unobservable by X-ray
crystallography due to higB-factors. Five MD simulations have been performed with the Enzyme
Substrate complexes: Enzyraati-Adenosine with Asp40-COOH [E(40HAde(a)], Enzymeanti-
Adenosine with Asp40-COO [E(40)-Ade(a)], EnzymesynAdenosine with Asp40-COOH [E(40H)
Ade(s)], EnzymesynAdenosine with Asp40-COO[E(40)-Ade(s)], and Enzymeanti-Inosine with Asp40-

COO [E(40)Ino(a)]. Overall, the structures generated from the MD simulation of E(48d€Xs) preserve

the catalytically important hydrogen bonds as well as electrostatic and hydrophobic interactions to provide
a plausible catalytic structure. When deprotonated Asp40 (Asp4-C@@resent, the active site is open

to water solvent which interferes with the base stacking between Trp83 and nucleobase. A calculation
using PoissofrBoltzmann equation module supports that Asp40 indeed has an ele\&igd $olvent
accessible surface area (SASA) calculations on all the five MD structures shows that systems with
protonated Asp40, namely, E(40tAde(a) and E(40HAde(s), have zero SASA. It is found that a water
molecule is hydrogen-bonded to the N7 of the nucleobase and is probably the essential general acid to
protonate the departing nucleobase anion. The N7-bonded water is in turn hydrogen-bonded to waters in
a channel, held in place by the residues of the flexible loop, Tyr257, His247, and Cys245. Using normal-
mode analysis with elastic network model, we find that the flexible loop explores a conformational space
much larger than in the MD trajectory, leading to a “gating”-like motion with respect to the active site.

Millions of people are affected every year by Trypano- or pyrimidine base (Scheme 1). On the basis of the substrate
somiasis, caused by protozoan parasites of the génus specificity, NH has been divided into three subgroups:
panosomawhich enter the bloodstream via the bite of blood- inosine-uridine (IU) 8), inosine-adenosine-guanosine (IAG)
feeding tsetse flies. Most of the parasitic protozoa lack a de (4, 5), and guanosine-inosine (GIp)( IU-NH has been
novo purine biosynthesis, and thus depend on purine salvageextensively studied using biochemic@H9) and computa-
from the hosts for their metabolic pathways and nucleic acids tional tools (0, 11). Schramm and co-workers have estab-
biosynthesis ). Nucleoside hydrolases (NHEC 3.2.2.-) lished the involvement of a ribooxocarbenium ion-like
are members of the purine salvage pathway that tend totransition state for NHs7). The transition states for IlU-NH
scavenge purines from their environment. Neither the NH and IAG-NH indicate that more bond order remains to the
enzymes nor the genes encoding them is found in humansJ)eaving group purine at the transition state of IAG-NH than
making it a very important target for antiparasitic chemo- of IU-NH, establishing an earlier transition state for IAG-
therapy (, 2). NH (8). This difference has been attributed to a stronger

The NH catalyzes the hydrolysis of theglycosidic bond ~ leaving group interaction in IAG-NH compared to IU-NH,
between the anomeric carbon atom of ribose and the purinesuch that half{ 8.8 kcal/mol) of the total activation energy

(~17.7 kcal/mol) is provided by leaving group stabilization

t Supported by the National Institute of Health-5R37DK9174-41. " IAG-NH (12). IU-NH derives only 4.6 kcal/mol from
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§ Current address: The Scripps Research Institute, 10550 Northjg gn important subject for further investigation.
Torrey Pines Rd, TPC 15, La Jolla, CA 92037, devleena@scripps.edu.

1 Abbreviations: NH, nucleoside hydrolase; IU, inosine-uridine; IAG, ~ The IAG-NH from Trypanosomavivax is a homodimer
inosine-adenosine-guanosine; MD, molecular dynamics, rmsd, root- of M; 36 000 subunitsg). Scheme 1 depicts the general acid

mean-squared deviation; SBMD, stochastic boundary molecular dynam- ; ; ; ;
ics: SD, steepest descents: ABNR, adopted basis NevRaphson: catalysis of departure of the leaving group with formation

PB, PoissorBolizmann; SASA, solvent accessible surface area; NMA, Of @ ribooxocarbenium ion-like transition state. The,pf
normal-mode analysis. the N7 atom of inosine is 2.3, and 8.5 in the product
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hypoxanthine. The general acid-mediated protonation of the COO™ [E(40)-Ade(a)], EnzymesynAdenosine with Asp40-
nucleoside base neutralizes the developing negative chargeCOOH [E(40H)Ade(s)], EnzymesynAdenosine with Asp40-
on the purine ring in the transition state and, thus, facilitates COO™ [E(40)Ade(s)], and Enzymeanti-Inosine with Asp40-
its departure. The pH profile d../Ky, for IAG-NH with COO [E(40)Ino(a)]. Here, we report the detailed analysis
inosine as a substrate shows an optimum near pH 5.0 andf our results.

involvement of two groups on the free enzyme witkug's

of 5.0+ 0.1 and 7.7+ 0.1 in protonated states, and a third MATERIALS AND METHODS

group with a fKapp0f 5.1+ 0.1 in a deprotonated state3).

. : . MD Setup. The starting coordinates of the substrate
In theT. vivax nucleoside hydrolase, however, no enzymatic

: . . e analogue, 3-deazaadenosine-bound IAG nucleoside hydrolase
general acid species has thus far been identified by crystal—homodimer (322 amino acid residues in each subunit) were

lographic s_tudies and mutagenesis experimen_ts. Initially, thetaken from the entry 1HPO (2.1 A resolution) in the Protein
gener_al acid was thought to be part of a flexible I_oop that Data Bank §). The CHARMM27 topology and parameters
has hlghB-factor and, thus,_could not_be observed in )_(-ray were used for protein, inosine, and TIP3P water motié). (
studies. HOW‘?Vef' an alamng scanning of the lOOP did not Hydrogen atoms were added to the X-ray structure via the
show a considerable drop ik anq, therefore, d'd. not empirical energy placement protocol H-BUILDY) in the
support the presence of an _operatlonal general acid in theCHARMM program (L6). Aspartate, glutamate, arginine, and
Ioop_(13). It should also be pomt_ed out thf"‘t the rate constants lysine residues were charged, and all the tyrosine residues
Obtf%l'%e_d fromt alamnte fcann:jnglg tstud_{es referredl tg t:]h(i were neutral, unless otherwise specified. The protonation sites
equiibrium rate constants, and fater, it was revealed that ¢ yistigine residues were based on the availability of H-bond
product release is the rate-limiting step in IAG-NH catalysis donors or acceptors nearby. Both the protonated and depro-
(14). On the basis of its location at the active site, the residue tonated form of the residue Asp40 were used for our

Aspd0 lin th§ Igatvit?]g %ougog?cket ;Naf (tjh;ug?t tr? be the simulations. Partial atomic charges for the substrate ribosyl
general acid, but the Asp a mutant did not snow any hydroxyls and the active site Thrl37 in the presence of

considerable drop n act|V|ty._ Steyaert and po—workers alcium cation were obtained using the Gaussian 98 program
suggested aromatic base stacking as an alternative to gener? 8) as described elsewher#lj

acid catalysisX5). They also made the important observation

8]]: f‘hgyrﬂ:g%%g;:end between a water molecule and the N7residues 246257 had highB-factor in X-ray structures and,
) ' ) _ thus, could not be crystallized. The subunit A had residues

The available crystal structures pose an important questionpgg— 258 missing, whereas subunit B had residues-248
regarding the orientation of thi-glycosyl bond [defined 252 mjssing from the crystal structure. Since subunit B had
by the atoms O4-C1'—N9—C4] of the substrate at the IAG-  only five missing residues, it was an obvious choice for
NH active site. The X-ray structures of the substrate carrying the MD studies. The initial structure for the loop
analogue, 3-deazaadenosine, bound to wild-type (PDByas built using the “Builder” module in the program SYBYL
code: 1HP0)§), and Asp10Ala mutant (PDB code: 1KIE) (19). Two initial structures (FAdenosinegyn) and E
(13) IAG-NH show that the base is disposed insgr Adenosinednti)) were generated using tryn and anti-
conformation with respect to the sugar. However, the X-ray conformer of adenosine docked at the active site. Two initial
structure of the substrate inosine-bound Aspl0Ala mutant siryctures were used since the flexible loop was within the
of IAG-NH (PDB code: 1KIC) (3) shows substrate to be  nonponded cutoff distance of the substrate. The enzyme
in ananti-conformation. This raises an important question: gypstrate system was solvated in an equilibrated TIP3P water
what is the preferred orientation of the substrate bound to sphere of 84 A diameter using the center of mass of the
the active site of IAG-NH? substrate as the origin. Any solvent molecule within 2.8 A

To study the IAG-NH catalysis in atomic details we have of a heavy atom of the enzyme or crystallographic water
performedfize MD simulation studies with different orienta- molecule was deleted. The 6508 added solvent molecules
tions of the glycosyl bond in the substrate and protonation (19 524 atoms) were minimized using the steepest descents
states of Asp40: Enzymenti-Adenosine with Asp40-COOH  (SD) method followed by adopted basis NewtdRaphson
[E(40H)-Ade(a)], Enzymeanti-Adenosine with Asp40-  (ABNR) minimization protocol in CHARMM. Stochastic

Modeling of the Flexible LoopThe loop containing
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Boundary Molecular Dynamics (SBMD) procedure was of 10 kcal mot? A~L The following MD simulations were
carried out for 3 ns using a 40 A reaction zonehnét 2 A carried out: Enzymenti-Adenosine with Asp40-COOH
buffer region 20). Eleven sodium ions were added to [E(40H)Ade(a)] and Enzymeanti-Adenosine with Asp40-
maintain the electroneutrality of the system. All the protein COO™ [E(40)}-Ade(a)] for 4.5 ns duration; Enzymsyn
atoms, substrate, crystal waters, and sodium ion wereAdenosine with Asp40-COOH [E(40HAde(s)], Enzyme
constrained to their minimized crystallographic coordinates. synAdenosine with Asp40-COO [E(40)-Ade(s)], and
Only the solvent water molecules and the atoms of the Enzymeanti-Inosine with Asp40-COO [E(40)-Ino(a)] for
flexible loop were allowed to move during dynamics. Both 5 ns duration.

the models, EAdenosinegyr) and EAdenosineénti), con- MD Analysis. The molecular dynamics analysis were
tained a total of~30 300 atoms. The same protocols for carried out after the initial 1 ns for E(40H)de(a), E(40)
energy minimization and dynamics were used for both Ade(a), E(40H)Ade(s), E(409Ade(s), and E(40)no(a). For
models. The structure averaged from the last 200 ps wasall our statistical analysis, only the B-subunit was considered.
used for further MD studies. The “correl” module in CHARMM program was used to

Modeling of Enzyme. Substrate CompleXése structure extract the data for time-dependent plots from MD trajec-
generated from the above loop building protocol were used tories. As a measure of structural stability, root-mean-squared
as starting structures for Enzyraati-Adenosine with Asp40-  deviation (rmsd) of the MD-simulated structures from the
COO™ [E(40)»Ade(a)] and EnzymasynAdenosine with starting structures were calculated on the basis of all the
Asp40-COOU [E(40)-Ade(s)]. The adenosine was replaced backbone heavy atoms. To reveal the most flexible regions
by inosine in E(40)Ade(a) to generate the starting structure of the protein structureB-factors were calculated for the
for Enzymeanti-lnosine with Asp40-COO [E(40)Ino(a)]. Ca atoms from the mean square fluctuation
A proton was added to the Asp40-COMf the above
systems to generate the corresponding carboxylic acids
Enzymeanti-Adenosine with Asp40-COOH [E(40H)
Ade(a)] and EnzymsynAdenosine with Asp40-COOH
[E(40H)-Ade(s)]. Calculation of pk, Shift. The K, is related to proton

SBMD simulation protocol Z0) was used for the above  affinity, AG, by
five systems. The reaction region around an active site was
the sphere of radius of 40 A; the buffer region was 4& pK, = __AG
r < 42 A, and the reservoir region corresponded to 42 kgT(In 10)
A. Similar protocols for energy minimization and dynamics .
were used for all models. Before the start of the dynamics, BY means of our employed force fields we cannot calculate
the systems were energy minimized using the SD method AG directly, partly because it involves the solvation energy
followed by ABNR methods for 5000 steps. All atoms in Of @ proton and partly because the employed force fields
the reservoir region were deleted after the minimization. All 1ack the description of (intrinsic) proton affinities. On the
five models contained a total 6f30 300 atoms after deletion ~ Other hand, the force fields are capable of describing changes
of reservoir region atoms. The Solvent mo|ecu|es were due to altered electI’OStatiC intel’aCtionS W|th the enVironment.
equilibrated at 300 K for 3 ps keeping the protein, ligand, ~ The fKashift of Asp40 was calculated using the “PBEQ”
and the crystallographic water molecules fixed to allow Module in CHARMM programAG is calculated by first
surface before the start of free dynamics. Another set of brief €nergy with and without a proton added to Asp40-COO
minimization was done before the start of dynamics using Using a PoissonBoltzmann (PB) equation module for
the SD protocol. During the molecular dynamics Simu'ation’ continuum eleCtrOSta“CS.t(-) describe the S-Olvatlon- of the
the system was gradually heated by coupling to a heat bath€nzyme. The proton affinity can be obtained using the
of 150 K for 5 ps, 250 K for the next 15 ps, and 300 K for following equation:
the rest of the simulation time using a frictional coefficient cal b U b U
of 250 ps on the heavy atoms of the enzyme. Heavy atoms AGT"=(E — E) — (B — F) 3)
of the protein in the buffer region were constrained using
force constants calculated from their average Deteller where, E; and E] are the energy corresponding to the
factors @0). Bonds containing hydrogen were constrained protonated side chain in structure and isolated Bfidind
using SHAKE algorithm 21). The nonbonded interactions E; are the energy corresponding to the unprotonated side
were updated every 20 steps and were cut off at 12 A by chain in structure and isolated. The unprotonated and
means of a force-shifting function. protonated states refer to Asp40-COénd Asp40-COOH,

The X-ray crystal structure places a nucleophilic crystal- respectively. Absolute K, values are obtained by adding
lographic water molecule Watl in position to occupy one the experimental value of 3.8 (for aspartic acid in aqueous
of the coordination sites of the octacoordinated calcium ion solution) to the calculatedi shifts.
and at 3.3 A from the ribosyl'4carbon of 3-deaza-adenosine The atomic radii used for PB calculations to define the
in subunit B (Scheme 1). Preliminary simulation results location of the solventprotein dielectric boundary were
showed that this water molecule does not exchange with taken from the work published by Roux and co-worke2 (
waters from the water pool. However, the calciumater 23). The PB calculations were done at different dielectric
distance increased from 2.483 A during the test dynamics.  constant ¢ = 2, 3, 4, 5, and 6) for the enzyme.

Thus, a distance constraint was placed between the active Sobent Accessible Surface Area (SASAhe solvent
site nucleophilic water and calcium ion using a force constant accessible surface area was calculated using the program

'(msf)using: B= 8%z(msf) (D)

(2)
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NACCESS ?4). The NACCESS program calculates the
atomic accessible surface area defined by rolling a probe of
given size (1.4 A= radius of water) around a van der Waals
surface of a macromolecule by implementing the Lee and
Richards method?6). The calculation makes successive thin
slices through the 3D molecular volume to calculate the
accessible surface of individual atoms. The SASA was
calculated for E(40HAde(a), E(40)Ade(a), E(40H)Ade-

(s), E(40)Ade(s), and E(40)no(a) using the 3-dimensional
coordinate sets from the average structure.

Correlated Motion and Normal-Mode Analysis.cova-
riance matrix, generated using the CHARMM program, was
used to determine the extent of correlated motion between
the Gu of the residues in E(40HAde(s). The color-coded
matrix was plotted using the program GMTRG. MD
trajectories were visualized using the program gOpenMol
(27, 28) to see the direction of the anti-correlated motion
between the desired residues.

Normal-mode analysis (NMA) was done using the elastic
network model 29). Several studies have shown that this
Hookean potential is sufficient to reproduce the low-
frequency normal modes of proteins as produced by more
complete potential energy function80j. Elastic network
model is an efficient way to study the character (directions)
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Ficure 1: Modeling of the flexible loop. Figure showing the
overlap of the average structures from the 3 ns MD simulations of
E-Adenosinegyr) and EAdenosineénti) in TIP3P Water. The
structure of thesynadenosine is shown in green with the enzyme
structure in blue. The structure of tlamti-adenosine is shown in
orange with the enzyme structure in red. The loop structure deviates
by ~ 1 A whensynconformer is present at the active site compared
to whenanti-conformer is the resident of the active site.

Protonation State of Asp40 at the AgiSite of IAG-NH.

of the low-frequency motion but cannot determine the The K, values for Asp40, as obtained from PB calculation,
absolute scale of normal mode eigenvalues (frequencies ofare shown in Table S1 (Supporting Information) together
the motion) correctly. Even though the absolute energy scalewith the AGe2<, In the enzyme dielectric range of-B, the

or time scale of the molecular motions is distorted in these pK, shifts ranges from 3.45 to 4.07 units. Therefore, the
calculations, the character (directions) of the low-frequency absolute K, value of Asp40 in the active site of IAG-NH
motions is unaffected, thus, providing an efficient way to would be~ 7.2—7.8. To rationalize the elevatedpvalue
study the nature of large conformational rearrangements ofof Asp40 and its role in catalysis, further MD studies were
biological systems that are not accessible via molecular done with both protonated as well as unprotonated Asp40
dynamics simulation. In our elastic network model, amino (vide infra).

acids were represented by theieGtoms. The Hessian Stability of Trajectory.The MD simulations of solvated
matrix was constructed using a force constant of 1 E(40H)yAde(a), E(40)Ade(a), E(40H)Ade(s), E(40)
kJ-A-2mol~ and the cutoff of 8 A. The plot showing the Ade(s), and E(48)no(a) systems were carried out for 4.5,
normal mode vectors was generated using the VMD program4.5, 5, 5, and 5 ns, respectively. As a measure of structural
(3D). stability, rmsd’s of the MD-simulated structures from the
RESULTS starting structures were calculated on the basis of all the

backbone heavy atoms of the five systems (Figure S1,
Modeling of the Flexible Loopviodeling of the flexible Supporting Information). The average rmsd values for the
loop was carried out using two initial structuresABenosine- backbone (excluding hydrogen atoms) for the simulations
(syn and EAdenosinegnti), with the syn- and anti- with anti-adenosine, E(40HAde(a) and E(40Ade(a), are
conformer of adenosine docked at the active site. The time-1.07 + 0.09 and 1.19+ 0.13 A, respectively. For the
dependent backbone heavy atoms rmsd for the modeledsimulations withsynadenosine, E(40HAde(s) and E(40)

residues of the flexible loop in ‘Bdenosinegyn) and
E-Adenosineént) are 0.6 + 0.07 and 1.9+ 0.5 A,
respectively. The superposition of the average structures
obtained from the MD simulations of-Edenosinegyr) and
E:Adenosinegnti) shows that the loop structure is dependent
on thesynanti-conformation of the nucleoside present at the
active site (Figure 1). The loop structure deviates-bg A

Ade(s), the average backbone rmsd values are +.8216
and 1.17+ 0.08 A, respectively. For the MD simulation with
anti-inosine, E(40)no(a), the average backbone rmsd is 1.05
+ 0.11 A. The values fluctuate very little, indicating an
equilibrated protein structure.

The B-factors display major peaks in the regions of
residues 175183, 248-258, and 298-305. The calculated

when thesyrrconformer is present at the active site compared fluctuations are compared to values obtained from experi-
to when theanti-conformer is the resident of the active site. mentalB-factors (Figure S2, Supporting Information). Over-
The average structures from the last 200 ps of both theall, the B-factors for all five MD simulations show a good
simulations were used for further studies and setting up the consistency with the experimentifactors from the X-ray
next set of simulations, Enzynanti-Adenosine with Asp40-  crystal structure. The temperature of the system with respect
COOH [E(40H)Ade(a)], Enzymeanti-Adenosine with Asp40-  to time remains steady within 36D 5 K over the course of
COO [E(40)Ade(a)], EnzymesynAdenosine with Asp40-  the simulations.

COOH [E(40H)Ade(s)], EnzymesyrrAdenosine with Asp40- Octacoordination of the Calcium Catiolhe average
COO [E(40)Ade(s)], and Enzymanti-Inosine with Asp40- calcium to oxygen distances of the amino acids ligated to
COO [E(40)Ino(a)]. the octacoordinated calcium ion in the MD simulations of
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Table 1: Comparison of the Average Calcium to Ligand Distance during the MD Simulations and X-ray Structure, B-subunit in BHPO.pdb
X-ray E(40HYAde(a) E(40)Ade(a) E(40H)Ade(s) E(40)Ade(s) E(40jIno(a)
Octacoordination of Calcium

Aspl0(OD2j--Cal 25 2.36+ 0.09 2.43£0.15 2.36+ 0.09 2.33£0.08 2.39+ 0.08
Asp15(0OD1)--Cal 2.4 2.45+ 0.15 2.41+ 0.16 2.45+0.15 2.45+0.18 2.48+ 0.17
Aspl5(0D2j--Cal 2.7 2.25+0.08 2.26+ 0.09 2.25+0.08 2.26+ 0.09 2.25+ 0.08
Asp261(0OD)--Cal 2.4 2.19+0.06 2.20+ 0.07 2.21+0.07 2.20+ 0.06 2.58+ 0.07
Thr137(0)--Cal 2.4 2.23£ 0.07 2.22+ 0.07 2.23+0.07 2.23+0.07 2.22+ 0.07
02---Cal 2.4 2.29+0.08 2.30+ 0.08 2.29+ 0.07 2.28+0.07 2.27+ 0.07
03---Cal 2.4 2.54+ 0.14 2.66+ 0.21 2.59+0.13 2.66+ 0.17 2.56+ 0.12
Ribose Binding Pocket
Watl(OH2):-C1 3.3 3.23+0.06 3.23+£0.11 3.30+ 0.06 3.23+0.11 3.31+0.10
Watl(OH2)--Asp10(OD1) 2.6 2.630.08 2.59+ 0.08 2.63+0.08 2.69+ 0.12 2.59+ 0.07
Wat1(OH2)--Asn186(0D1) 2.6 2.9%0.15 2.81+0.11 2.80+ 0.10 2.744+0.09 2.92+0.12
Glu184(OE1)--05 2.7 2.69+ 0.22 2.65+0.11 3.21+ 0.56 2.64+0.12 3.48+ 0.70
Asnl173(ND2)--0O5 3.0 3.29+0.36 3.13£0.28 3.89+ 0.53 3.31+ 0.35 3.84+ 0.53
Asp261(0OD1)--0O3 2.6 2.59+ 0.08 2.64+ 0.15 2.78+0.20 2.73+0.17 2.58+ 0.07
Asn186(ND2)--03 3.0 2.95+0.12 3.03£ 0.18 3.18£0.21 3.18+ 0.27 3.00+ 0.15
Asn186(0OD1)--O4 4.1 4.22+0.37 3.82+0.50 4.27+0.26 4.33+0.37 4.38+ 0.31
Aspl4(0OD2j)--02 2.7 2.96+ 0.33 3.99+ 0.87 2.65+0.11 3.84+ 0.80 2.83£0.25
Asp40(OD1)-- Asn12(ND2) 3.1 6.17% 0.85 6.49+ 0.88 3.28+ 0.87 471+ 1.34 7.19+ 0.54
Leaving Group Pocket
Trp83(CE3):-N9 43 5.97+ 1.33 7.21+1.30 432+ 0.34 457+ 0.32 7.36+ 1.02
Trp260(CE3)--N9 4.2 4.46+ 0.28 5.03+ 0.64 5.00+ 0.54 5.49+ 0.29 4.69+ 0.23
Asp40(OD1)--Phe79(CD2) 34 3.820.58 4.33+ 0.58 3.68+ 0.26 4.42+ 0.36 5.60+ 0.23
Trp257(0OH)--N7 4.3 3.36+ 0.24 7.03+ 1.06 3.98+ 0.41 4.75+0.72 3.44+ 0.28
Trp257(HHY--N7 - 3.01+ 0.30 6.91+ 0.80 4.06+ 0.57 4.44+ 0.78 3.34+0.30

aThe distances are shown in A. Note the similarity between the distances obtained from B@d) and X-ray structure.

Asn173 Asn173

% ~
\3\'9 Adenosine \3'\'9 Adenosine
Glui84 Glui84 N
: 12 29.4 12
)\A?u )\A;y14
4.6 1.6

4.?" 3¢

,{,-1'_ m; 10 ‘L 1.8 \_Asp261
—— .%éa}:;;-%}\f'
n186 2.3/0% >. erp 5

FiGuRE 2: Stereoplot showing the structure from the MD simulation of E(4BHg(s). The figure shows the ribose binding region in the
%\ctive site including substrate adenosine, calcium (magenta sphere), and nucleophilic water (Watl). The important distances are shown in
in cyan color.

E(40HYAde(a), E(409Ade(a), E(40H)Ade(s), E(40) The calcium-bound nucleophilic water, Wat1, maintains
Ade(s), and E(40)no(a) are close to that provided by the a stable distance from the electrophilic carbon centéro€1
X-ray crystal structure of the inhibitor bound IAG-NH (Table nucleoside. A hydrogen bond between Watl and the pro-
1). The octacoordination pattern of calcium is maintained posed general base, Asp10, is persistent throughout the MD
during the MD simulations by the following ligands: Asp10, simulation. A second hydrogen bond between Watl and
bidentate Aspl5, and the backbone carbonyl oxygen of Asn186 is also observed.
Thr137 and Asp261 (Figure 2). The remainder of the  Enzymatic contacts with the ribose ring include hydrogen
coordination sites of calcium is satisfied by- 2and 3- bonds with all the three hydroxyls, Q%3, and O2. The
hydroxyl of the substrate adenosine and the crystallographichydrogen bond between the OE1 of Glul84 and 66
water, Watl. The above calciunoxygen distances are stable nucleoside is found to be stable during the MD simulations
throughout the dynamics. (Table 1). This hydrogen-bonding distance is longer in case
Ribose-Binding Pocket of IAG-Ntseveral electrostatic  of E(40yIno(a) and E(40H)Ade(s) compared to E(40H)
contacts between the ribose ring of substrate and IAG-NH Ade(a), E(40)Ade(a), and E(4GAde(s). The O5of nucleo-
active site residues of E(40tAde(a), E(409Ade(a), E(40H) side is also found to hydrogen-bond to the amide oxygen of
Ade(s), E(403Ade(s), and E(40)no(a) are shown in Table  Asn173. A short hydrogen bond-(2.6 A) between the
1. The structural findings of enzymeubstrate contacts are  carboxylate group, Asp261, and the 'G¥ adenosine is
more easily followed by referring to the structure shown in observed during all five MD simulations. The residue amide
Figure 2. group of Asn186 maintains a hydrogen-bonding distance
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Ficure 3: Distance trajectories from the MD simulation of E(40/je(s). The plots correspond to the following distances: Trp83 (€E3)
Adenosine (N9) (A), Trp83 (CE3)Adenosine (N9) (B), Asp40 (OD1)Phe79 (CD2) (C), Tyr257 (OH)Adenosine (N7) (D), Solv6780

(OH2)—Adenosine (N7) (E), and Asn12 (ND2Adenosine (C8) (F).

from the O3 of the ribose ring. The OD1 of Asnl186 is
located adjacent to O4f the ribose ring. The O2f the

nucleoside is hydrogen-bonded to Asp14 throughout the MD |

simulations of E(40H)Ade(a), E(40H)Ade(s), and E(40)
Ino(a) and is found to be longer in case of E(4@e(a)
and E(40Ade(s). The Asp40-COOH is also found to make
contact with the amide group of Asn12 in E(4GAe(s).
This interaction is not observed during the other MD
simulations.

Conformational Change in the Ribose Rifithe ribose

ring of the nucleoside undergoes a conformational change,

to O4-endoduring the MD simulations of E(40HAde(a),
E(40yAde(a), E(40H)Ade(s), E(403Ade(s), and E(40)
Ino(a) (Figure S3, Supporting Information). Thereafter, this
conformation is maintained for the rest of the simulation time.
The average phase angles in E(40kt)e(a), E(403Ade(a),
E(40HYAde(s), E(40)Ade(s), and E(40)no(a) correspond
to 100.24+ 27.46, 102.8'4 13.48, 104.54 25.11, 107.85
+ 9.66, 106.72t 16.02 deg, respectively.

Leaving Group Pocket of IAG-NHThe nucleoside base
shows specific interaction with the leaving group pocket

! 7 2 =
>

Trp83 )

Ficure 4: Figure showing the location of Asp40-COOH (drawn
in orange sticks) in the leaving group pocket during the MD
simulation of E(40H)Ade(a). Asp40-COOH is shielded from the
solvent sphere by the loefhelix consisting of residue 7635
(shown in green), which includes the tryptophan residue (Trp83)
involved in base stacking interaction with the nucleoside base. The
hydrophobic residue, Phe79, is also shown as a part of this loop.
The substrate adenosine is shown in blue.

(Table 1). The nucleobase is stacked between two tryptophanE(40H)}Ade(s), the residue Asp40-COOH is fully screened
residues, Trp83 and Trp260. The average distance betweerirom the solvent.

Trp83 and the nucleobase exhibits a wider range in the MD
simulations of E(40HAde(a), E(403Ade(a), E(40H)
Ade(s), E(40%Ade(s), and E(40)no(a). This average dis-
tance is shortest in case of E(40Hde(s). The average

To quantitate the solvent accessible surface area (SASA)
of Asp40 carboxylate oxygens throughout the MD simula-
tion, NACCESS program with a probe radius of 1.4 (radius
of water) is used (Figure S4, Supporting Information). The

distance between Trp260 and the nucleobase exhibits greateaverage SASA for the carboxylate group of Asp40 is 0 (no

stability (comparing the average deviations in Table 1) and
does not vary much in all the five MD simulations as

compared to the Trp83nucleobase distance. The important

distance trajectories obtained from the MD simulation of the
E(40HYAde(s) model is shown in Figure 3.

contact with a water molecule) throughout the MD simula-
tions of the systems with Asp40-COCE(40yAde(a), E(40)
Ade(s), and E(40)no(a), and>0 for the systems with
Asp40-COOH, E(40HAde(a) and E(40HAde(s).

The N7 of the nucleobase is hydrogen-bonded to a water

The Asp40-COO(H) is located in the base of the leaving molecule throughout the MD simulations in all the five
group pocket. When Asp40 is present as Asp40-COOH in models. The hydrogen-bonded water molecule is part of a
E(40HYAde(a) and E(40HAde(s), it is shielded from the  water channel that reaches to the N7 and is exchanged with
solvent sphere by the loefhelix consisting of residue 76 the other solvent molecules rapidly. However, in case of
85, which includes the tryptophan residue (Trp83) involved E(40HYAde(s), the N7 is hydrogen-bonded to a water
in base-stacking interaction with the nucleoside base (Figuremolecule from solvent pool, which is not exchanged with
4). The bulky phenyl group of Phe79 moves away when any other water molecule during the course of the simulation

Asp40 is present as Asp40-COQIn the models E(40)
Ade(s) and E(40Ade(a), a water opening is formed during
the simulation joining Asp40-COOto the solvent sphere
(Figure 5). In the MD simulations of E(40Hde(a) and

(Figure 3E). Another possible hydrogen bond donor is
Tyr257. A movement by about 3 A brings the Tyr257-

containing flexible loop closer to the N7 of the nucleobase.
However, the distance of the hydrogen on Tyr257 is not close
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FiIGURE 5: Figure showing rotation around tlgetorsion (O4—C1' —N9—C4) of adenosine. The snapshots were taken from the MD simulation
of Enzymeanti-Adenosine with Asp40-COQ E(40yAde(a). Each panel corresponds to a different simulation time. The starting structure
for the MD simulation has adenosine in anti, which undergoes gradual chargyertonformation. The two tryptophans are shown in
orange stick diagram. The calcium is shown in magenta sphere.

enzyme catalysis. A direct coupling might, for instance, be
through the existence of promoting vibrational modes. A
model that includes such a coupling is attractive because it
can explain how a local structural change can have a global
impact through perturbation of normal modes. A single
normal mode generally includes the motion of all of the
atoms in the enzyme, and a perturbation of such a mode
. ' . il 8 will therefore be of global character.

E4 1000 2000 3000 4000 5000 We present here two different computational approaches
with different levels of resolution and on different time-scales
to understand the structuring of the flexible loop at the active
T R site and to analyze the dynamics of this part of the protein.
100020003090 4009 jg‘i‘;s) . First, we quantitate the coupling between two residues by
Ficure 6 Plot showing the time dependent change in glycosy! calculat_ing the covariance bet_vveen the_ fluctuations of the
Chi(y)-torsion of the purine ring at the active site of IAG-NH. The two residues from the MD trajectory. Figure 8 shows the

results were obtained from the MD simulation of (A) E(40H) ~covariance matrix for the &€ atoms in E(40H)Ade(s).
Ade(a), (B) E(40)Ade(a), (C) E(40H)Ade(s), (D) E(403Ade(s), Second, we employ normal-mode analysis (NMA) based on
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and (E) E(40)no(a). elastic network model to get insights, at the atomic level,

enough for a direct proton transfer to N7 of the nucleobase 0n the mechanism of large-scale rearrangements of IAG-

(Ruw=-*N7 > 3 A) (Table 1). NH that occur upon ligand binding. Such large-scale motions
The MD simulations of E(40HAde(a), E(40%Ade(a), and are difficult to observe using classical MD simulation as they

E(40YIno(a) were started with nucleobasesitti-conforma- ~ occur at much longer time scales.

tion which gradually isomerized &ynlike structures (Figure The covariance matrix generated from the MD simulation

6). The y-torsion, used to differentiate thenti- and syn of E(40HYyAde(s) shows the presence of local motions

conformers, is defined as the torsion angle joining four atoms between active site residues (Figure 8A). The residue Asp40-
of the nucleobase in the order: BGA1—-N9—-C4. The COOH shows positive correlation with residue Trp83 for
averagey-torsion in the MD simulations started witmti- 48% of the average time. Trp83 is a part of the heloop
nucleoside in E(40HAde(a), E(403Ade(a), and E(40)no- that shields Asp40-COOH from the solvent (Figure 8B). The
(a) are 59.35+ 24.16, 51.32+ 14.04, and 80.42 9.33 residues that show substantial.25) positive correlation
deg, respectively (Figure 7). The averggéorsion in the coefficient with the catalytic residue Trp260 are 13438,
MD simulations started witBynnucleoside in E(40HAde- 214-217, and 314321. The flexible loop containing
(s) and E(40)Ade(s) are 27.72 18.82 and 32.64 16.16 residues 247257 shows substantial positive correlation with
deg, respectively. two helixes 99-101 and 156-157 which are>20 A from
Correlated Motion and Normal-Mode Analysidere, we it. The residues that show negative correlation (Figure 8C)
have searched for a coupling between protein dynamics andwith Asp40-COOH are 174182, 226-246, and 287#293.
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FIGUrReE 7: Figure showing snapshots of water entry at the active site using a CPK model. The snapshots were taken from the MD simulation
of EnzymesynAdenosine with Asp40-COQ E(40yAde(s). The two tryptophan residues (Trp83 and Trp260) are shown in gray, Asp40-
COO in wheat, and calcium ion in magenta. The substrate and water atoms are colored as carbon (green), nitrogen (blue), oxygen (red),
and hydrogen (white). The waters are shown in stick diagram with dot surface representating their van der Waals surface.

The base-stacking residue Trp83 shows anti-correlated mo-of ribose and the nucleobase (Scheme 1). On the basis of
tion with two other residues 195 and 226 for20% of time. the substrate specificity, NH has been divided into three
The helix 54-65 shows anti-correlation with the flexible loop  subgroups: inosine-uridine (IU), inosine-adenosine-gua-
242—257. For example, the residue 62 shows anti-correlation nosine (IAG), and guanosine-inosine (Gl). The IU-NH has
with 247 for 42% of simulation time. The residues 86  been extensively studied experimentally by Schramm and

195 also show negative correlation with residues-2227. co-workers, and computationally by our grou§, (10).

The residues 262269 show negative correlation with the Involvement of a ribooxocarbenium ion-like transition state
residues 5864. in the catalytic mechanism has been proposed for both IU-
The starting structure for NMA is taken from the coor- NH and IAG-NH. As a continuation of our work on
dinates generated from MD simulation of E(40Mde(s), nucleoside hydrolase enzyme, here we discuss results from

averaged over the final 300 ps duration, followed by five long-term MD simulation studies on IAG-NH: Enzyme
minimization with tolerance gradient of 1¥. Elastic anti-Adenosine with Asp40-COOH [E(40H)de(a)], Enzyme
network model was chosen for NMA calculations since our anti-Adenosine with Asp40-COO[E(40)-Ade(a)], Enzyme
primary goal was to study the character (directions) of the synAdenosine with Asp40-COOH [E(40rAde(s)], Enzyme
low-frequency motion and not determine the absolute scalesynAdenosine with Asp40-COO [E(40)-Ade(s)], and
of normal-mode eigenvalues (frequencies of the motion). For Enzymeanti-Inosine with Asp40-COO [E(40)-Ino(a)].
our analysis, we have focused primarily on the large-  The octacoordination pattern of calcium in IAG-NH is very
amplitude/low-frequency normal modes, which might be similar to that of IU-NH (Chart 1). The ribose binding pocket
relevant to function. is essentially superimposable in all five MD simulations. The
The normal modes obtained were visualized individually enzymatic residues that coordinate to calcium are Aspl0,
using the program VMD31). The frequencies of the first ~ Asp15 (bidentate), Thr137, and Asp261. The rest of the
six normal modes were close to zero and correspond to theoctacoordination is satisfied by thé-@H and 3-OH of
rotational and translational modes. Using NMA, we find that sypstrate and a crystallographic water molecule, Watl. The
the flexible loop explores a conformational space much larger distances between calcium and its coordinating ligands
than in the MD trajectory, leading to a “gating”-like motion  remain steady throughout the MD simulations (Table 1). The
with respect to the active site (Figure 9). One consequencecrystallographic water, Watl, maintains a steady and a
of this motion is the closure of the cleft between the two reasonable distance-(3 A) for a nucleophilic attack on the
domains in which the substrate binding site lies. This closure C1' of the substrate (adenosine or inosine) and is held in
of the active site brings the flexible loop containing the place by two hydrogen bonds to the enzymatic residues,
residues Cys245, His247, Tyr257, and Tyr258 closer to the Asp10 and Asn186. The residue Asp10 is proposed as the
leaving group of the nucleobase. Such a motion can possiblygeneral base that abstracts the proton from Watl for the
help to structure the loop over the active site and transfer anucleophilic attack 13).
proton to the water channel that hydrogen-bonds to the N7 £n7ymatic contacts with all three ribose hydroxyl groups
atom of the nucleobase. were observed. The hydrogen bond between the ribosyl 02
and Aspl14-COOQiis present in all five MD simulations. The
DISCUSSION 03 is held strongly by a short hydrogen-bonding interaction
The nucleoside hydrolase (NH) catalyses the hydrolysis with Asp261. The O3is also hydrogen-bonded to the amide
of theN-glycosidic bond between the anomeric carbon atom —NH of Asn186. The O5is found to hydrogen-bond to the
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Ficure 8: Correlation of motion. (A) Covariance matrix generated from the production phase of the MD simulation of B@é(d)

system. The scale showing the positive and negative coefficient of correlation is shown on the right. (B and C) The position of the residues
with respect to the active site from the MD simulation of E(40kt)e(s). Positions of some of the residues displaying positive and negative
correlations are shown in B and C, respectively. The residues showing correlated motions with each other are marked with similar colors.
For example, in B, the residues-381 and 69-86 show anti-correlated motion with each other and are marked with magenta. The calcium

is shown in magenta sphere, and the substrate adenosine is shown in green stick diagram.

=== . Chart 1: Schematic Representation of the Active Site of
: < Flexible Loop IAG-NH during MD Simulations

Trp83

Asn186
B
NHZ‘\\ Tyr257

o —HQ 7
FicurRe 9: Normal-mode analysis on E(40tAde(s) system using 'eo-—\(:aﬁ'
elastic network model. Each arrow represents the direction vector TN TS0
for motion of the corresponding enzymatic residues. The two Asp261 O | ‘o
tryptophans, Trp83 and Trp260, are shown in green spheres. The r N, Aspl0
yellow spheres represent Tyr257 and Tyr258. The substrate Thri37
adenosine is shown in sticks diagram. Aspl5

carboxylate of Glu184. This hydrogen bond is found to be than the other systems. The ‘@§also hydrogen-bonded to
a little more flexible in MD simulations of E(40HAde(s) the side-chain amide of Asn173.
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The amide group of Asn186 is within-4.3 A from the
04 of the ribose ring of the substrate in all five MD

Mazumder-Shivakumar and Bruice

IAG-NH active site would dispose it to syn prior to cataly-
Sis.

simulations. The residue, Asn168, occupies a similar location To find out whether the syn/anti conformational change

in the IU-NH active site in previous MD studig40). In

is a feature specific to the nature of the substrate at the active

this published work, the average structures of the ground site, we also performed a MD simulation when a different
state- and the transition state-bound 1U-NH were used to link substrate, inosine, is bound to the IAG-NH active site. The
the residue Asnl68 to transition state stabilization. The results from the MD simulation of Enzyrraosine complex,
residue Asn168 migrated closer to the' @4 the ribooxo- E(40YyIno(a), also support the similar observation as obtained
carbenium transition state than in the ground state in IU- with EnzymeAdenosine complexes. The starting structure
NH enzyme. Since Asn186 in IAG-NH occupies a similar for the MD simulation of E(40)no(a) has inosine imnti-
position in the active site compared to Asn168 in IU-NH, it conformation. However, during the MD simulation, a gradual
may also be looked upon as a catalytic residue contributing conformational change disposes the nucleobase in a more

toward transition state stabilization. Such an electrostatic syrtlike orientation. Therefore, the MD simulation of E(40)

interaction contributing toward the stabilization of the

Ino(a) supports that this syn/anti conformational change is

ribooxocarbenium ion TS may be looked upon as a generalnot nucleobase-specific, but rather a general feature of the

feature for this class of enzymes.

The difference in the MD structures primarily arises from
the leaving group pocket. In the MD simulations with
E(40HYAde(a) and E(40Ade(a), the starting structure has
the purine nucleobase in amti-conformation (Figure 7).
Theanti-nucleobase in both E(40Hde(a) and E(40Ade-
(@) undergoes conformational change to adopsya
conformation during the simulations (Figure 6). Theti-
adenosine is favored over tsgrrconformation in aqueous
solution by about 45 kcal/mol 32). However, even with
the presence of a moderate energy barrier, bpthandanti-
forms are present in dynamic equilibrium in aqueous solution.
From our MD simulations, it would appear that the enzyme
can bind bothsyn andanti-conformations of its substrate.
However, it prefers to bind the substratesimconformation.
When theanti-conformation is bound to the active site, it
gradually changes to a mosgnlike conformation (Figure
6).

Large isotope effects for the-8H [1.051] of inosine have
been reported previously for this class of enzyn@sS{uch
a high isotope effect is surprising since'G% four bonds

active site of IAG-NH enzyme. Computational study on the
TS-bound IAG-NH can be done as a future work to validate
this observation.

On the basis of the X-ray crystal structures of IAG-NH,
it was proposed that Asp40 is positioned to act as a general
acid to protonate the purine leaving group. However,
replacing Asp40 with a neutral residue, Ala, did not have
any major effect ok.rand a 3-fold increase iy, [Keat (wWild-
type) = 20.81+ 0.63 s%, Ky, (wild-type) = 35.71+ 3.77
UM; ket (Asp40Ala)= 12.16+ 0.91 s'%, K, (Asp40Ala)=
113.30+ 21.38uM], (13) making Asp40's role in catalysis
guestionable. Keeping these observations from the prior
studies in mind, we designed a computational experiment
to calculate the Ig, of Asp40 at the active site of IAG-NH.

It is well-known that the microenvironment of enzyme can
modulate K, of ionizable groups corresponding to aqueous
systems 85). To find out the effect of the protein microen-
vironment on the proton affinity of Asp40, we calculated
the energies for both Asp40-COOand Asp40-COOH
models, using the state-of-the-art PB equation module for
continuum electrostatics to describe the solvation of the

removed from the reaction center where the bond breakingenzyme. The absolutekp value of Asp40 is calculated to

and making happens. A high isotope effect’attbmay arise
from a net loosening of the C5H5' bond in the transition
state. This, in turn, could be realized by decreasing tHe-C5
H5' bond or by placing H5in a less crowded environment
in the transition state. A plausible explanation to this high

be~ 7.2—7.8 in the enzyme active site in the dielectric range
of 2—6. Aspartates with elevatedkp have been reported
earlier for enzymes such as ketosteroids isome2&eafid
human thioredoxin37). To rationalize the elevate&pvalue

of Asp40 and its role in catalysis, the structures generated

5'-%H isotope effect can be given on the basis of the presentfrom the MD studies with both protonated as well as

MD studies on IAG-NH. The syn/anti conformational change
resulting from they-torsion angle variation between the

unprotonated Asp40 were scrutinized.
The solvent accessible surface area calculations with the

bound and free nucleoside can affect the environment of theNACCESS program (Figure S4, Supporting Information)

H5'. Also, in thesynground state, the environment of H5
will be more crowded than the transition state. At the
transition state, the elongation of the’€N9 bond insyn
adenosine would dispose the nucleobase away from the H5

thus making its environment less crowded (Scheme 1).
Recently, Schramm et al. have shown that in purine nucleo-

side phosphorylase enzymes, half of the rembfiiGsotope
effect is due to the-torsion and the other half is due to the
transition state distortior3@). The ricin toxin chain-A and

using a probe radius of 1.4 A show that the neutral Asp40-
COOH is virtually inaccessible to the solvent (Figure S5,
Supporting Information) compared to the negatively charged
Asp40-COO at the enzyme active site. During the MD
simulations of E(40)Ade(a) and E(40Ade(s), when Asp40

is present as Asp40-COQthe loop-helix consisting of
residue 76-85 drifts away slightly exposing the electroneg-
ative carboxylate oxygens of Asp40-COGand as a result,

an opening to water occurs at the active site (Figure 5). This

nucleoside hydrolase both catalyze similar reaction via the water opening is formed right between Trp83 and the
ribooxocarbenium ion TS. It has been proposed recently thatnucleobase, resulting in the distancing of Trp83 from the
the glycosidic bond of the susceptible adenosine in the nucleobase by about 6:®.9 A. However, during the MD

substrate is anti and a base flipping on binding to ricin toxin
A-chain would dispose it in asynorientation prior to
catalysis 84). Similarly, it can be proposed that even
if the substrate is bound in aanti-conformation, the

simulations of E(40HAde(a) and E(40HAde(s), when

Asp40 is present as Asp40-COOH, the phenyl group of
Phe79 screens the neutral Asp40-COOH perfectly (Figure
4). As a result, the water opening is not formed. Thus, the
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average distance of Trp83 is closer to the nucleobase in theChart 2: Role of the Water Channel and the Residues
MD simulations of E(40H)Ade(a) and E(40HAde(s) Surrounding It

compared to the MD simulations of E(48fe(a) and E(40) Trp83

Ade(s). This, in turn, may explain why the catalytic activity nd

is not affected by Asp40Ala mutation. Upon mutation of =
Asp40 to a neutral residue (Asp40Ala mutant), it resembles @

the systems E(40HAde(a) and E(40HAde(s), where the -

. ) : 432 N__NH
neutral Asp40-COOH form is present. It is likely that, in /f S 2 o H /H
the mutant enzyme, the water opening separating the H N 23 _d Q/\ _&
nucleobase and Trp83 is not formed. Hence, the catalytic N\//\I:'H no M \V
rate constant remains unaffected by the mutation. Even 39800 Ne__His247
though Asp40-COOH is a good proton donor, it is not <‘f]/
involved in any hydrogen-bonding interaction with the ring HQ  OH N
nitrogens of the nucleobase in the ground state. Therefore, ‘e H
from the present MD studies, Asp40-COOH may be ruled Tyr257

out as a possible general acid. However, Asp40-COOH might
play an important role in substrate binding by maintaining simulations (Figure 3E). The water molecule is a part of a
the overall electrostatic complementarities (Figure S6, Sup- channel that reaches to the N7 of the nucleobase. The water-
porting Information) between the active site of IAG-NH and  channel wall is lined with polar residues from the flexible
the substrate without negotiating the catalytically crucial base |oop, such as Cys245, His247, Tyr257, and so forth (Chart
stacking interaction between Trp83 and the nucleobase of2). Alternative to an enzymatic general acid, this water
the substrate. molecule can also act as a proton donor with assistance from
During the catalytic cycle, the flexible loop of the enzyme  the polar enzymatic residues of the water channel and transfer
cycles through different conformations. The conformation a proton to the N7 of the electronically activated nucleobase.
of the loop is dependent on the conformation (syn vs anti) Therefore, a mechanism can be proposed wherein the N7
of the substrate at the active site (Figure 1). The NMA shows apstracts a proton from the solvent water that is hydrogen-
that the loop exhibits significant “gating” motion (Figure 9). bonded to it, which in turn is assisted by other solvent
The low-frequency vibrational motion in the flexible loop molecules of the water channel and the enzymatic multiple

disposes the residues of this loop, such as Tyr257, Tyr258,

proton donor sources from the flexible loop, such as His245,

His247, and Cys245, closer to the N7 of the substrate. SuchTyr257, Tyr258, and so forth.

a motion can help to structure the loop over the active site
and possibly transfer a proton to the water channel that
hydrogen-bonds to the N7 atom of the nucleobase.

This brings us to the question: What is the general acid
that protonates the leaving group (“AH” in Scheme 1) at
N7? The experimentally determindg, versus pH profile
shows that deprotonation of a first group withl&.p, of 5.6
+ 0.2 leads to a decrease k3 by a factor of 10, and
deprotonation of a second group with Egp, of 8.6 + 0.2
completely abolishes the IAG-NH enzymatic activity; the
later may correspond to the required general agig).(A
clever computational work by Steyaert et al. suggests that
the base stacking interaction between Trp260 and the
nucleoside base of the substrate might play a crucial role in
modulating the electron distribution of the nucleoside leaving
group (@5). This base stacking interaction is proposed to be
involved in electronically activating the leaving group. But
there is still a need of a proton donor to neutralize the
negative charge of the leaving group. In case of the MD
simulation studies on IU-NH, a Tyr residue has been
proposed to act as the general aci@)( In the present MD
simulations of IAG-NH, Tyr257, a member of the flexible
loop, is in contact with the N7 of the nucleobase occasionally.

The Trp83Ala mutation increases the value Ky for
guanosine by 3 orders of magnitude, but has a negligible
effect on the catalytic step in IAG-NH18). A possible
explanation for no effect oke,: can be explained from our
MD studies. The nucleoside base rotates from anti to syn
from the side facing Trp83 (Figure 6). On mutation of Trp83
to Ala, the steric strain experienced by the nucleoside base
during this rotation is released. However, the catalytic rate
does not increase upon mutation, and a possible explanation
can be the absence of the energetically favorable stacking
interaction between Trp83Ala mutant and nucleoside base.

CONCLUSION

The catalytic mechanism of IAG-NH from. vivax has
been computationally studied using five MD simulations on
the EnzymeSubstrate complexes: Enzyraati-Adenosine
with Asp40-COOH [E(40H)Ade(a)], Enzymeanti-Adeno-
sine with Asp40-COO [E(40)Ade(a)], EnzymesynAd-
enosine with Asp40-COOH [E(40HAde(s)], Enzymesyn
Adenosine with Asp40-COO[E(40)-Ade(s)], and Enzyme
anti-Inosine with Asp40-COO[E(40)Ino(a)]. We have now
described the positioning of the residues of an important

However, on examination of the average distance betweenflexible loop at the active site, which was previously

the phenolic hydrogen (HH) of Tyr257 and NZ @ A), the
direct proton transfer seems to be unlikely. This observation
explains previous experimental results, where the Tyr257Ala
mutant did not show any considerable drop in the steady-
state kinetic constant&g.: andky, (14).

unobservable by X-ray crystallography due to higjfactors.
Overall, the structures generated from the MD simulation
of E(40HYAde(s) (withsynadenosine and Asp40-COOH)
preserves the catalytically important hydrogen bonds as well
as the electrostatic and hydrophobic interactions crucial for

Apart from occasional contacts with the Tyr257 residue, the formation of the competent Michaelis complex. Through-
the N7 of the nucleobase is also hydrogen-bonded to a waterout the simulation, adenosine maintaggtconformation.
molecule (crystallographic or solvent) throughout the MD The base-stacking interaction is maintained between the
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nucleobase and the two active site catalytic tryptophan
residues, Trp83 and Trp260, similar to that observed in the
X-ray crystal structures. A solvent water molecule from a

water channel is found to be persistently hydrogen-bonded

to the N7 of the nucleobase in the structures obtained from 5.

the MD simulation of E(40H)Ade(s) and is in position to
play a crucial role in the general acid-catalyzed departure

of the leaving group. A similar water channel is presentin 6.

all the MD simulations and is lined by the residues from the
flexible loop involving Tyr257, His247, Cys245, and so forth.
A normal-mode analysis using elastic network model identi-
fies one single normal-mode vibration in the protein that can
promote catalysis by a “gating” motion of the flexible loop.
A water opening is formed in the structures with Asp40- ¢
COO [E(40)yAde(a), E(40)Ade(s), and E(4G)no(a)], and

this opening reaches to Asp40-COQIhis water opening
interferes with the base-stacking interaction between the

nucleobase and the residue, Trp83. When Asp40 is modeled 1g.

as Asp40-COOH in E(40HAde(s), it has zero solvent
accessible surface area, and the water opening separating
Trp83 from the nucleobase is not formed. The elevategp

of Asp40-COOH, as predicted from the MD simulations, is
also supported by a set of PoissaBoltzmann calculations.

The preferred conformation of the nucleobase is found to
be syrtlike in the structures generated from the five MD
simulations. Theanti-nucleobase isomerizes to its corre-
spondingsynconformers during the MD simulations.
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SUPPORTING INFORMATION AVAILABLE

The Kapp 0f Asp40-COOH as calculated from Poisson
Boltzmann (PB) equation module in CHARMM forcefield;
backbone heavy atoms rmsd obtained from the MD simula-
tion, comparison of the positional fluctuations of thet C
atoms of subunit B from the X-ray and the average structures
from MD simulations, plot showing conformational change
in the ribose ring during MD simulations, and SASA
throughout the MD simulations of E(40H)de(a), E(40)
Ade(a), E(40H)Ade(s), E(40)Ade(s), and E(4G)no(a);
structural alignment of Asp40-COOH in E(40tAde(s); and
electrostatic potential at the active site of E(40&te(s).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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