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Catalytic Mechanism of Guanine Deaminase: An ONIOM and Molecular Dynamics Study
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The catalytic mechanism dBacillus subtilisguanine deaminase (bGD), a Zn metalloenzyme, has been
investigated by a combination of quantum mechanical calculations using the multilayered ONIOM method
and molecular dynamics simulations. In contrast to a previously proposed catalytic mechanism, which requires
the bound guanine to assume a rare tautomeric state, the ONIOM calculations showed that the active-site
residues of the enzyme do not affect the tautomeric state of guanine, and consequently the bound guanine is
a tautomer that is the most abundant in aqueous solution. Two residues, Glutamate 55 and Aspartate 114,
were found to play important roles in proton shuttling in the reaction. The proposed reaction path is initiated
by proton transfer from a Zn-bound water to protonate Aspll4. This process may be quite complex and
rather dynamic in nature, as revealed by the molecular dynamics (MD) simulations, whereby another water
may bridge the Zn-bound water and Asp114, which then is eliminated by positioning of guanine in the active
site. The binding of guanine stabilizes protonated Aspl114 by hydrogen bond formation. Aspl114 can then
transfer its proton to the N3 of the bound guanine, facilitating the nucleophilic attack on C2 of the guanine
by the Zn-bound hydroxide to form a tetrahedral intermediate. This occurs with a rather low barrier. Glu55
then transfers a proton from the Zn-hydroxide to the amino group of the reaction intermediate and, at this
point, the C2-N2 bond has lengthened by 0.2 A compared to guanine, makirg\N2ond cleavage more

facile. The C2-N2 bond breaks forming ammonia, with an energy barrier® kcal/mol. Ammonia leaves

the active site, and xanthine is freed by the cleavage of the@hhbond, with a barrier~8.4 kcal/mol.

Along this reaction path, the highest barrier comes from-82 bond cleavage, while the barrier from the
cleavage of the ZzrO2 bond is slightly smaller. The 2102 bond can be broken without the assistance of
water during the release of xanthine.

I. Introduction SCHEME 1: The Deamination Reaction Catalyzed by
Guanine deaminase (GD), a Zn metalloenzyme, catalyzes theGuanlne Deaminase
hydrolytic deamination of guanine to xanthine (Scheme 1) and H\N/H o
plays a critical role in guanine catabolisrBecause the purine
. . : . Hne H,0 NH,  H L _H
salvage pathway is asymmetric, that is, only adenine derivatives H\N XN N7 2 N
can be converted to guanine nucleotide, not vice versa, the 1; 3 ;—4» 6 3
enzyme is believed to play an important role in regulating the = H o 7 _H
guanine nucleotide pod# Two families of GDs have evolved 7:7 7
in nature, one with~160 amino residues suchBacillus subtilis N=— N
GD (bGD) and the other with-400 residues such &scheri-
Guanine Xanthine

chia col and mammalian GD%:8 In mammals, the GD gene
expression is tissue-specific and development-deperidérit. _ ) _ i
Because of its near absence in normal human serum, erythro-molecule in each of the active sites (Figure 1B). The Zn
cytes, and lymphoid cells, the GD activity is a specific and coord!natlon chemistry is very S|mllar to .that of yeast cytosine
sensitive index for the diagnosis of liver disea3#5. deaminase (yCDY:'*The active sites are in a closed conforma-
The crystal structure of bGD has been determined at 1.17 A tion, each bound W|t_h_ an imidazole and three water molecu_les
resolutiont! The enzyme belongs to the cytidine deaminase (Figure 1B). A transition-state analogue has been docked into
superfamily, but, surprisingly, the two subunits form an the active site on t.he basis 'of the imidazole a.nd water
intertwined dimeric protein by domain swapping (Figure 1A). Moleculesit A catalytic mechanism with GIuS5 serving as a
The high thermal stability of bGD is attributed to the domain Proton shuttle has been propoehiut, in this mechanism, the:
swappingt! The homodimer contains two active sites, with a guanine must be in a tautomeric form that is a rare species

Zn atom coordinated with His53, Cys83, and Cys86 and a water Undetectable when it is in aqueous solutiéi ,
In this work, we performed a series of quantum chemical

*To whom correspondence should be addressed. H.Y.: Phone: 517- Calculations and molecular dynamics simulations to study the
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8 MSU Center for Biological Modeling. method allowing different levels of theory to be applied to
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Figure 1. (A) Ribbon representation of bGD according to the coordinates of the 1.17 A crystal strtdd@ime.subunit is drawn in magenta, and

the other in green. Both Zn atoms are drawn in orange spheresi-Fbéices angs-strands are labeled according to Liaw et al. (B) The active site

of bGD with the bound imidazol&. The amino acid residues are drawn in thin lines and the bound imidazole in thick lines. The Zn atom and the
three bound water molecules (Watl, Wat2, and Wat3) are drawn in black spheres. The hydrogen bonds involving the imidazole and water molecules
are indicated by dashed lines. The figure was prepared with Moltcaptl Raster3b*55

different parts of a molecular system. A variety of enzymatic transformations, which involve a tradeoff between the quality
reactions have been studied by the ONIOM method in recent (cost) of the quantum chemical part and the extent of configu-
years?~26 Molecular dynamics (MD) simulations, which can  rational sampling® 32 Some aspects of the catalytic mechanisms
efficiently provide important configurational properties of the of the related enzymes cytosine deamid4sand cytidine

protein and account for solvation effects, are used to complementgeaminas® 3¢ were recently studied by QM/MM methods.
the ONIOM calculations? Our ONIOM calculati  that the active sit id
Quantum chemical energetic based methods can only lead ur calcuiations suggest that the aclive Site resiaues

to the suggestion of possible mechanisms. In addition to the ©f the enzyme do not affect the tautomeric state of guanine and,
compromises of level of calculation that must be made for these cOnsequently, the bound guanine is the tautomer that is the most
large systems, results of greater accuracy would also require@bundantin agueous solution. The combination of the ONIOM
the incorporation of methods to obtain the free energy along calculations and the MD simulations allows us to propose a
the reaction pathway. Several quantum mechanics/molecularcomplete reaction path for the bGD-catalyzed reaction. Two
mechanics (QM/MM) protocols have been developed to incor- residues, Glutamate 55 and Aspartate 114, are found to play
porate configurational sampling while accounting for chemical key roles in proton shuttling in the reaction.
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Il. Methods site of subunit one, while it was mutated to guanine in the active
site of subunit two. Thus, subunit one is the apo form while
subunit two is the guanine-bound complex. All the crystal water
molecules were maintained. The protonation states of the
ionizable residues were set to their normal values at pH 7. The
protein was solvated by a layer of18 000 TIP3P* water
molecules, which extended 12.5 A from the outermost protein
atoms and resulted in a periodic box of the dimensions<72
96 x 85 A3 Twelve Na ions were placed by the Leap
progrant® to neutralize the-12 charge of the model system.
The parm94 version of the all-atom AMBER force fi#ldvas
used for all the simulations.

MD simulations were carried out using the SANDER module
in AMBER 7.0 The SHAKE algorithm was used to constrain
' the bond lengths of all bonds involving hydrogen atoms

permitting a 2-fs time steff A nonbonded pair list cutoff of

1B), where the prime signs indicate residues from the adjacenta_O A was used and the nonbonded pair list was updated every
subunit. An MD simulation shows that these residues contribute 25 steps. The PartickeMesh-Ewald method was used to

most of the interaction energies between ligand and surroundings;

the Result " T . divided into include the contributions of long-range electrostatic interac-
(see the esults sec |on)._ € system was divided It WO 4,547 The yolume and the temperature (300 K) of the system
layers. The inner layer, which was treated with a high level of

theory (the B3LYP functionadl* with the 6-31G* basis set), g%;erﬁgt%tgziged during the MD simulations by Berendsen et
consisted of the substrate, the intermediate, or the products, the Lo . S
The simulation time was 2 ns with a 500-ps equilibration

Zn, the imidazole ring (model for His53), GEH,COO™ (model . .
period. Coordinates were saved every 2 ps. All of the MD results
for Glus5), SCH (model for Cys83 and Cys86), GHOO were analyzed by using the PTRAJ module of AMBER 7.0. In

(model for Asp114), and the water coordinated to the Zn. The h I hvd bond ioned when the di
rest of system was treated with a lower level of theory (&R11 these analyses, hydrogen bonds were assigned when the distance
between two heavy atoms (O or N) is less than 3.5 A and the

Quantum chemical studies on model compounds show that the -
Zn—ligand distances are sensitive to their protonation stétés. anl?/llg(g?ri\l?lla?itg?l;ﬁﬁg;z:ti?rg-gtg&) dlsb%%atigt:irég_o
The Zn coordination in bGD is essentially identical to that in stand whether water assists the-Zn2 bond cleavage during

CD with very similar distances according to their crystal . i . h
)s/truct:/Jvrle§3vTh)</a fcl)url distalnces in bGD (ycl:Dg) are Zl@l 2 O)é xanthine release, an MD simulation of the xanthine-bound form

(2.07) A, Zn-ND 2.06 (1.99) A, Zr-SG 2.34 (2.30) A, and was performed. One xanthine was docked to each active site in
Zn—SG 2.28 (2.28) A. Therefore, the protonation states of the € PGD crystal structure, and the active sites were then
Zn ligands were set the same as’ in the yCD complex with SG minimized with ONIOM. In subunit one, the distance between

: Zn and O2 is harmonically restrained around 3.10 A using a
g}p E;{égué :;?g:()):;tgéézés‘ Cys8, and ND (the delta nitrogen) force constant of 100 kcal/(mol2§ which mimics the transition

In Morokuma and co-workers' terminoloay. the entire svstem state for Zr-O2 bond cleavage. In subunit two, the distance
. P . i 9y, Y was restrained around 3.80 A with the same force constant
is called “real” and is treated with the low level of theory. The

inner layer is termed “model” and is treated with both the low mimicking the xanthine-bound form with the £02 bond

ay NIOM broken. Both distances are obtained from the corresponding
and high levels of theory. The total ONIOM energ§ is ONIOM calculations
given byt6:42EONIOM = E(high, modelH+ E(low, real)— E(low, '

model). In the ONIOM procedure, the geometry of the inner h The fort(:jef conMs[t)anlts f(Ith.the er‘ t(;]omplex Wdere thg satr)ne aj
layer is optimized for all the species while the atoms of the 0se used for simufations of In€ apo and guaniné-boun

) . : - bGD. The RESP charges for xanthine were obtained by using
outer layer are fixed at their crystallographic positions, because - .
optimization of the outer layer might lead to an unrealistic the RESP program as for guanine but on the basis of BSLYP

: : - ; 6-31+G* calculations of ONIOM optimized active-site struc-
expansion of the prote#f. The MD simulation shows that the . . -
protein is quite rigid, especially, the active site in both the tures that were trimmed to only include His53, Glu55, Cys83,

reactant guanine and the product xanthine bound forms, which Ci)éS%ﬁ ’?‘nSplflﬁ’i 252 ?:nd 8x3antl;g%éCOné)g the \;:Vhﬁrge?hof tr:]er
suggests that freezing the outer layer is a reasonable approxima§ € chains 0T HiS5s, LysSes, and Lysch, as Well as the charges
f Zn and xanthine, were modified. Product ammonia was

tion (see the Results section). Energy barriers were estimate substituted by one water molecule in each active site, consider-

by scanning the desired reaction coordinates. Therefore, the; . . .
barriers are upper bounds to the true reaction barriers. ing that the release of ammonia should be easier than xanthine.

MD Simulations of the Apo bGD and the Guanine-Bound A 2-ns MD trajectory was obtained by using the same protocol

. : as described above for the simulations of the apo and the
Complex. In the MD 5|mylat|on§, the RE.SP charges of Zn, Zn- guanine-bound bGD, and the data were analyzed by using the
bound water, and the side chains of His53, Cys83, and CysSGPTRAJ program
as well as the bond, angle, and dihedral force constants of the '
Zn complex were taken from the yCD apo form simulation,
considering the similarity of the Zn coordinations in the two
crystal structure&!-13Atom-centered partial charges of guanine Reproduction of the Zn Coordination Chemistry with
were derived by using the AMBER antechamber program ONIOM . In the ONIOM calculations, the B3LYP functiodap®
(RESP methodolog¥j on the basis of an HF/6-31G* quantum  with the 6-31G* basis set was used for the treatment of the
calculation. inner layer of the system, while AM1 was used for the rest of

Starting coordinates for the protein atoms were taken from the systen$? To validate the ONIOM method used in this work,

the crystal structuré! Imidazole was removed from the active the Zn coordination in the imidazole-bound b&vas repro-

ONIOM Calculation. The initial models for the computa-
tional studies were based on the 1.17 A crystal structure of the
imidazole-bound bGDB! Guanine was docked to an active site
of bGD by superimposing the imidazole moiety of guanine with
the bound imidazole and O6 of guanine with a tightly bound
water molecule in a manner similar to that for docking a
transition-state analogue to the active site of b&Dhe missing
hydrogen atoms were built using Insight 1l (Accelrys, San
Diego).

The enzyme was modeled with 26 residues withi A of
the bound guanine, including Gly24, Pro25, Phe26, Gly27,
Ala28, Glu4l, Asn42, Asn43, Val44, Ala52, His53, Alab4,
Glu55, Val56, Thr78, Cys80, Glu8l1, Pro82, Cys83, Cys86
Alal07, Phell12, Asp113, Aspl14, TrpSand Tyrl56(Figure

Ill. Results
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TABLE 1: Comparison of the ONIOM Optimized Structure TABLE 2: Hydrogen Bonds between the Enzyme and
with the Crystal Structure of the Imidazole-Bound Complex Guanine in the Guanine-Bound bGD
internal coordinate ONIOM X-ray Structuré ONIOM MDP
Zn—0 (wat) 1.96 2.03 distance (&) distance (&) occurrence (%)
Zn—ND (His53) 2.03 2.06 Asn42-NDH---06 309 3.00(0.18) 97.3
Zn—SG (Cys83) 2.41 2.34
Ala54—NH---06 3.01 3.03(0.16) 99.7
Zn—SG (Cys86) 237 2.28 Glu55-OE%+-H—N1 284  2.88(0.16) 80°1
SG(Cys83)-Zn—SG(Cys86) 115% 130.7 _ ’ ’ ’ o
/ Glu55-OE2+-H1—N2 3.05 3.11(0.22) 86%
SG(Cys83)-Zn—ND(His53) 101.9 105.0 i T
. Glu81-0---H2—N2 3.46 3.16 (0.19) 74.1
SG(Cys86)-Zn—ND(His53) 105.9 112.7 — _
SG(Cys83) Zn-O(wat) 1105 106.8 Zn—WAT—OH---N3 3.05 3.07 (0.16) 98.3
’ ’ Aspl114-0OD1---H—N9 2.73 2.96 (0.16) 9820
aDistances in A. Tyrl56 —OH-:-N7 3.32 3.03(0.19) 92.3

aHydrogen bonds are assigned when the distance between two heavy

- - atoms (O or N) is less than 3.5 A and the angle (heavy atom
duced by the method. (Imidazole was treated at the high level, hydrogen-heavy atom) is greater than 20 In the MD, OD2 also

which confirms the assignment of the protonation state of the forms™a hydrogen bond with HN9 with distance 2.96 (0.18) and
imidazole ring.) The calculated distances and angles for the Znoccurrence 96.8%.Because of the rotation of carboxyl group,
complex are summarized in Table 1. The excellent agreementOE2(OE1) also forms hydrogen bond with#1(H1-N2).

between th(_a calculateql distances and angles_wit_h those measuregisiances between the heavy atoms. The amino group of guanine
from the high-resolution crystal structure indicated that the forms one hydrogen bond each with the carboxyl group of Glus5
ONIOM method and the level of theory are sufficient for the and the backbone carbonyl group of Glug1. These two hydrogen
treatment of the metalloenzyme. We then proceeded with the bonds can assist the positioning of C2 for nucleophilic attack
exploration of various possible catalytic mechanisms with by the Zn-bound water in the following steps. The carboxyl
ONIOM calculations. group of Glu55 also forms one hydrogen bond with the NH
. . . group of guanine at position 1 and another one with the Zn-
Substrate Binding. The substrate guanine was placed inthe ponq water molecule. In the ONIOM optimized structure,
active site of BGD as described in the Methods section. The guanine forms an additional four hydrogen bonds with Asn4z2,
polar interactions between the bound substrate and the enzymenja54, Asp114, and Tyr13Figure 2, Table 2). The interac-
are illustrated in Figure 2. The binding between the substrate tions between the substrate and the enzyme are essentially the
and the enzyme is stabilized by a hydrogen bond network with same as those between a transition-state analogue and the
all hydrogen bond donors and acceptors of the substrate satisfiec®nzyme except those caused by the chemical differences
except N3, which is protonated as the reaction progresses. Thedetween the substrate and the transition-state anafégue.
binding is also stabilized by-stacking interactions with the ~_Tautomerization of the Bound Guanine. As will be
imidazole ring of His53 and the phenyl ring of Phe26, which dlscu§sgq In section IV.' tautomerization of the bqund guanine
together with the guanine form a three-layered sandwich with has significant ramifications on the possible c_atalyt|c mecha_mlsm
o . . - - of bGD. In polar solvents, only the tautomeric form as depicted
the guanine in the middle, similar to the binding of imidazole

. N s in Scheme 1 with a proton on both N1 and N9 was observed
displayed in Figure 1B. The individual hydrogen bonds of the ¢4 neytra) guaniné*15The free-energy difference between this

hydrogen bond network are listed in Table 2 along with the taytomeric form and the tautomeric form with a proton on N3
and N9 was calculated to be 5.2 kcal/mol at’25*® However,
the active-site amino acid residues may affect the tautomeriza-
tion of the bound guanine. Thus, it is important to address which
Zn tautomeric form the bound guanine is. Tautomerization of the
bound guanine (Figure 3) was investigated with ONIOM
________ \ calculations. The result indicated that tautorbeis 5.8 kcal/
2N H mol less stable than tautomarin the active site, similar to
e Ny - O%Glum what was found in aqueous environmétthus, the tautomeric
o) \N/ state of the bound guanine is the same as that of free guanine
\ Asp114 in agueous solution.
\ (0N Protonation of Guanine. To activate the bound guanine and
NN o) the Zn-bound water molecule for the deamination reaction, a
1 proton must be transferred from the water molecule to N3 of
-~ 6 s e guanine. Although the OH of the water molecule and the N3
- 9 N/H of guanine are within a hydrogen bond distance, the orientation
7ﬁ of the OH vector is unfavorable for a hydrogen bond, which
N makes a direct proton transfer extremely difficult. Our ONIOM
| ! calculation indicated that the barrier for a direct transfer4
|.'| kcal/mol. Thus, this transfer is unlikely to occur. Alternatively,
S o) this proton transfer may be assisted by the carboxyl group of
Asn42 O Aspl14. However, the distance between the O of water and the
OD1 of Asp114 is quite far-4.2 A, when guanine binds, which
makes the proton transfer from water to Aspl14 also quite
Tyr156' difficult. However, the energy of the protonated Asp114 and
Figure 2. Hydrogen bonds between the bound-substrate guanine andZn-bound hydroxide is only 0.7 kcal/mol higher than that of
the active-site residues from the ONIOM calculation. the deprotonated Aspl144 and Zn-bound water (comflex
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Zn

/
Glu55 H—O—/" —H—N\Cy883
\
0, H
o N\ __,_—O%Glum
: H\N _H
A\ /L Asp114
\ o
\ 58
H—N] 2\3N @\;( —
6 -0
O gN/H’
a
Zn
/ /
Glu55 H_O’,,—H—N\Cy383
(o} \H
o N, - 0= Glus1
4 ™
Asp114

Figure 3. Tautomerization of guanine in the active site. Tautomer
is more stable by 5.8 kcal/mol than tautorbeaccording to the ONIOM
calculation.

complex2, Figures 4 and 5) when the substrate binds. So, from
a thermodynamic point of view, the Zn-bound water can transfer
its proton to OD1 of Aspl114. This process will be discussed
later.

After the protonation of Aspl14, OD1 of Aspl14 forms a
new hydrogen bond with N3 of guanine (compl2xn Figure
4) with the corresponding heavy atom distance at 2.81 A, while

other hydrogen bonds between the substrate and enzyme ar

maintained. This new hydrogen bond stabilizes protonated

Aspl14. The distance between C2 of guanine and the oxygen

of the Zn-bound hydroxide is shortened to 2.46 A, compared
with 2.78 A before the proton transfer from the Zn-bound water
to Aspll4. Apparently, this transfer favors the hydroxide
nucleophilic attack.

Then, Aspl14 transfers its proton to guanine (com3eéx
Figure 4) with a barrier of 4.5 kcal/mol (Figure 5) when the
OD1-H distance is 1.25 A. The barrier was calculated as
follows. The distance between OD1 and the proton was first
scanned by 0.1 A increments to locate approximately the

Yao et al.

is formed between them. The shortening of this distance
facilitates the next step of the reaction, the proton transfer from
the Zn-bound hydroxide to the carboxyl of Glu55.

The proton transfer from Zn-bound hydroxyl to Glu55 is
composed of two substeps: (1) rotation of the amino group of
the tetrahedral intermediate to orientNHA1 to other directions
so that OE2 of Glu55 can extract the proton from the hydroxyl
and (2) proton transfer to OE2 of Glu55. The energy of the
new complex (comple® in Figure 4) is 3.3 kcal/mol higher
than that of complex (Figure 5). Since the reaction coordinates
for this process are rather complicated, the barrier was estimated
on the basis of the stepwise procesd,2 kcal/mol from substep
2 with the OE2-H distance at 1.20 A. Considering that the
energy difference between complex@and4 is 3.3 kcal/mol
(Figure 5), the real barrier should be between 3.3 and 4.2 kcal/
mol.

After the proton transfer from the Zn-bound hydroxyl to
Glu55, the carboxyl group of GIu55 rotates30° to orient
OEZ2H to the amino group of the reaction intermediate and then
transfers this proton to the amino group. The barrier for this
step is 2.6 kcal/mol, with the distance between N2 and the proton
at 2.05 A. This new complex (comple&in Figure 4) is 4.1
kcal/mol more stable than compléx(Figure 5).

The bond length between N2 and C2 was monitored for these
reaction steps. Interestingly, this bond is lengthened significantly
after the nucleophilic attack as well as the protonation of the
amino group. The bond length is 1.37 A in complex.36 A
in complex2, 1.35 A in complex3, 1.44 A in complex4, 1.46
A'in complex5, and 1.56 A in comple®. The first significant
increase (from comple® to complex4) may be caused by the
hybridization change of C2 from 3o s, which weakens the
correlation between the N2 electrons and the purine ring

lectrons, while the second significant increase (from complex

to complex6) may be caused by the N2 orbital hybridization
change from spto sp. This 0.2 A lengthening of the G2N2
bond should make the GN2 bond cleavage much easier in
the next step.

Formation of Products. When the amino group is protonated
(complex6), the C2-N2 bond can be cleaved to form the Zn-
bound xanthine and ammonia. The distance between C2 and
N2 was scanned, and the maximum energy was found at the
distance 2.10 A with a barrier of 8.8 kcal/mol (Figure 5). The
product complex (compleX in Figure 4) is 5.9 kcal/mol less
stable than compleg& (Figure 5). The stationary position was

maximum energy. Then, 0.05 A increments were used for the found for ammonia at the distance 2.79 A where it forms two

more precise determination of the maximum. Comfdex 0.7
kcal/mol more stable than compléx(Figure 5). The proton

hydrogen bonds with OE2 of Glu55 and the carbonyl of Glu81.
The hydrogen bond distances are 2.97 A (between N of

transfer from Asp114 to guanine shortens the distance betweer@Mmonia and OE2 of Glus5) and 3.17 A (between N of

C2 of guanine and the oxygen of the Zn-bound hydroxide to
~2.29 A because of the positive charge of the protonated
guanine.

Formation of Tetrahedral Intermediates. After the proton
transfer from the Zn-bound water to N3 via Asp114, the resultant
hydroxide is well positioned for a nucleophilic attack on C2 of

ammonia and carbonyl O of Glu81), indicating that ammonia

is loosely bound in the active site, which should favor complex

7 more than comple% from an entropic point of view. Once

ammonia is released, this reaction will not be reversible.
Therefore, from complet to complex7, the overall reaction

is endothermic with~5.0 kcal/mol energy difference (Figure

the protonated guanine. The shortened distance between C2 0b), and the rate-limiting step is the EX2 bond cleavage with
guanine and the oxygen of the Zn-bound hydroxide makes the @ barrier of 8.8 kcal/mol (comple& to complex7).

nucleophilic attack facile. The barrier for this process is only
1.5 kcal/mol (Figure 5) with the distance between C2 of guanine
and the oxygen of the hydroxide at 1.85 A. The barrier was

Release of Xanthine After the release of ammonia, O2 of
xanthine is still coordinated with the Zn, and this coordination
bond has to be broken to release xanthine (com@iextigure

calculated by using the same method as described above. Th&). The Zn-O bond was scanned and the maximum energy was

new species (complekin Figure 4) is 0.1 kcal/mol more stable

found at the distance 3.10 A with a barrier of 8.4 kcal/mol,

than complex3 (Figure 5). This process also shortens the which is slightly smaller than the barrier for the €R2 bond
distance between the oxygen of the Zn-bound hydroxide and cleavage in the previous step. The complex becomes stabilized

OE2 of Glu55 from 2.88 A to 2.63 A, and one hydrogen bond

(complex9 in Figure 6) when this distance increases to 3.79 A
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Figure 4. Reaction mechanism proposed for the deamination of guanine catalyzed by bGD. All the species were labeled with numbers (see text).
The energy changes along the reaction path were calculated with ONIOM and the barriers (in parenthesis) were estimated on the basis of distance
scans.

with an energy 7.9 kcal/mol higher than that of comeRfter the Zn in either active site in a 1-ns simulation. All these
breaking the Zr-O bond, xanthine is free to leave, and then simulations suggested that the binding of water to the Zn is
water comes in and coordinates with the Zn to complete the more likely to occur after the release of xanthine or at least

catalytic cycle. after the relocation of xanthine in the active site.
Alternatively, water might gain access to the Zn and assist Protonation of Aspl114.As described earlier, the first step
the bond breaking, which would make the cleavage of-@n in the proposed mechanism is proton transfer from the Zn-bound

bond and the binding of water a concerted step. To identify water to the carboxyl group of Asp114. This may occur either
whether this is the case and the possible water path for thisbefore or after guanine binds to the active site. To investigate
process, an MD simulation of Zn-bound xanthine was performed this process, the crystal structure was optimized by ONIOM
with the Zn-0O distance restrained to 3.10 A in subunit 1 to without the bound imidazole but with keeping all the crystal
mimic the transition state for the cleavage of the-Zh bond water molecules and residues witlé A around the active site
and to 3.80 A in subunit 2 to mimic compl&with the Zn-0O (Figure 1B). One water molecule bridges the Zn-bound water
bond cleaved. During the 2-ns simulation, no water was and carboxyl OD1 of Asp114 by forming one hydrogen bond
observed to get within 3.5 A of the Zn in either active site. with the former as an acceptor and another with the latter as a
Though three water molecules are present in both active sites,donor (Figures 1B and 6). The bridging water also forms a
none can get access to the Zn, because the path to the Zn is©iydrogen bond with the carbonyl of Glu81. The heavy atom
blocked by xanthine (data not shown). Then, the distance distances are 2.64, 2.60, and 3.23 A for these three hydrogen
between Zn and O2 of xanthine was gradually reduced to 2.0 bonds, indicating that this bridging water should be quite stable.
A in subunit 1 (to mimic comple) and gradually increased  The Zn-bound water is also hydrogen-bonded to Glus5 (Figures
to 4.8 A in subunit 2. Again, no water was observed close to 1B and 7).
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Figure 5. Schematid°N'oM energy profile for the mechanism depicted

in Figure 4. The energy barrieg8, 34, 45, 56, and67 corresponds to

the transitions of the complex@— 3, 3 — 4,4 — 5,5 — 6, and6

— 7, respectively. They are the upper bounds to the true reaction barriers
as detailed in the text.
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Figure 6. Zn—0O bond cleavage during the release of xanthine.
Complex8 is formed after the release of ammonia from complex
Energies are in kcal/mol.

The MD simulation of apo bGD also shows a bridging water
molecule with similar interactions as observed in the ONIOM
calculation and exhibits a dynamic character. During the first
150 ps of the MD simulation, one (the first) water molecule
bridges the Zn-bound water and OD1 of Asp114, the same as
seen in the ONIOM calculation, but during the next 175 ps,
another (the second) water comes in and forms a two-water

Yao et al.
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Figure 7. Proton transfer from the Zn-bound water to Asp114 through
a water bridge. Energies are in kcal/mol.

migrates from solvent to the active site. Overall, a one-water
(two-water) bridge exists during 70% (10%) of the 1.5-ns
simulation.

Since a similar water bridge was observed in both ONIOM
and MD calculations, this water bridge should be stable and
might assist the proton transfer from the Zn-bound water to
Aspll4. The distance between the Aspl114 carboxyl OD1 and
the water proton which is involved in the hydrogen bond with
OD1 was scanned in an ONIOM calculation; the maximum
energy occurs at distance 1.20 A with the barrier 7.0 kcal/mol
(Figure 7). In the end, the bridging water transfers its proton to
OD1 and extracts one proton from the Zn-bound water. The
energy barrier 7.0 kcal/mol should be considered an upper bound
for the two-proton-transfer process, because only the distance
between OD1 of Asp114 and the water proton involved in the
hydrogen bond with OD1 was varied. The energy of the complex
with protonated Asp114 and deprotonated Zn-bound watr (
is 5.20 kcal/mol higher than that of the complex with depro-
tonated Aspl114 and Zn-bound wat&f). Therefore, it is more
likely that the proton stays with the Zn-bound water instead of
Aspll4 in the apo enzyme. However, from the previous
calculations, we know that after guanine binds, the energy
difference between these two states is only 0.70 kcal/mol in
favor of the Zn-bound water. So, the binding of guanine shifts
the equilibrium to the right side of Figure 7. It stabilizes the
protonated Aspll4 probably by formation of two hydrogen
bonds between N3 and OBH and between N9H and OD2.
However, the question comes up as to whether it is possible
that the proton transfer from the Zn-bound water to Aspl14
through the water bridge occurs after the binding of guanine.

To answer this question, we first tried to insert a water
molecule between Asp114 and the Zn-bound water after guanine
binds in the ONIOM calculation. After the energy minimization,
the bridging water forms one hydrogen bond with the Zn-bound
water as an acceptor and another hydrogen bond with N3 instead
of OD1 of Asp114. Different orientations of the inserted water
were tried, but the same minimized structure was obtained. Thus,
it is more likely that the proton transfers through the water

bridge. Then, in the next 680 ps, the one-water bridge resumes girecily to N3 instead of to Asp114 in this case. The proton of

and this second water molecule moves away to form a hydrogen
bond with OD2 of Aspl14. This one-water bridge is broken
during the next 370 ps and the first water moves close to and
hydrogen bonds with the carboxyl group of Glu55. Thereafter,
this second water moves back to OD1 and recovers the one-
water bridge, and at the same time, a new water molecule

the Zn-bound water was transferred to the N3 of guanine by
shortening the distance between N3 and the proton of the
bridging water. At the distance 1.20 A, one proton transfers
from the Zn-bound water to the bridging water. The barrier for
this reaction is 14.7 kcal/mol and the end state is 8.2 kcal/mol
higher than the starting state. This large barrier makes the proton
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Figure 8. Proposed alternative mechanism with protonated Asp114.

transfer through the water bridge unlikely to happen compared An Alternative Mechanism with Protonated Asp114.After
with the previous proposed process. Furthermore, the insertedinvestigating the catalytic mechanism and its variations with
water molecule makes the region quite crowded such that thethe Zn-bound water and deprotonated Aspl14 as described
distance between O of the bridging water and the carbonyl O above, we also explored the possibility of protonating the bound
of Glu81 is only 2.31 A, making the van der Waals interaction guanine with protonated Asp114, as depicted in Figure 8, where
very unfavorable and the bridging water less stable. only the thermodynamic energies are evaluated, as summarized
Since the outer layer residues are fixed in an ONIOM in Figure 9. First, Asp114 transfers its proton to guanine, which
calculation, which makes the space around guanine tight, theincreases the energy by9.6 kcal/mol (compled’ — complex
motion of these residues, especially Glu81, might be able to 2', Figures 8 and 9). Second, Glu55 extracts a proton from the
accommodate one water molecule in-between the Zn-boundZn-bound water and forms a hydrogen bond with the guanine
water and Aspl14. However, the MD simulation shows that amino group. At the same time, the Zn-bound hydroxide attacks
the water bridge does not exist when guanine binds to the activeC2 to form a tetrahedral intermediate, which increases the energy
site. Though two water molecules are seen around the carboxylby ~7.4 kcal/mol (comple2’ — complex3', Figures 8 and 9).
group of Aspl14, none of them forms hydrogen bonds with Alternatively, first Glu55 extracts a proton from the Zn-bound
the Zn-bound water because the presence of guanine makes theater, which increases the energy£$3.6 kcal/mol (complex
space too small for water molecules. 1' — complex2"”, Figures 8 and 9); second, Aspl114 transfers
Therefore, all these results suggest that it is unlikely that the its proton to N3 and the Zn-bound hydroxide attacks C2, which
proton transfers to Asp114 (or to guanine) after guanine binds. gives the same intermediate (compl&x Figure 8) as above,
Instead, it is more likely that proton transfer to Asp114 occurs which increases the energy by 3.4 kcal/mol (Figure 9). Third,
through the water bridge right before the positioning of guanine GIu55 transfers its proton to the guanine amino group, and the
in the binding pocket, as seen in ONIOM, which then pushes energy goes up by another 1.2 kcal/mol (complexigures 8
away the bridging water and stabilizes the protonated Aspl14 and 9). Fourth, Glu55 extracts the proton of the Zn-bound
by forming two hydrogen bonds with it. After this, the hydroxide and at the same time the €22 bond breaks
subsequent reactions occur as described above. automatically, which drops the energy byl14.0 kcal/mol
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TABLE 3: Hydrogen Bonds in Complex 8
ONIOM MD
16 distance (A) distance (A) occurrence (%)
Asn42-NDH-+-06 3.06 2.90 (0.14) 97.8
3 124 Ala54—NH---06 3.15 3.15(0.16) 95.2
£ Glu55—-0OE1---H—N1 2.73 2.79(0.12) 83.2
S Aspl114-0OD1---H—N3 2.68 2.96 (0.18) 78.8
£ g Asp114-0D2---H—N9 2.69 2.78(0.10) 100
S Tyrl56—0OH:--N7 2.82 2.94 (0.17) 97.8
%Lu 4 aHydrogen bonds are assigned when the distance between two heavy
i atoms (O or N) is less than 3.5 A and the angle (heavy atom
hydrogen-heavy atom) is greater than 120
01 TABLE 4: Hydrogen Bonds in Complex &
- - ONIOM MD
] ] Reaction Coord_lnate ) distance (A) distance (A) occurrence (%)
Figure 9. Schematid=°N'M energy profile for the alternative mech-
anism depicted in Figure 8. Only thermodynamic energies were ASN42-NDH:--O6 3.20 2.92(0.14) 99.7
calculated for this alternative mechanism. Ala54—NH---06 3.11 3.20(0.15) 91.9
Glu55-OE1+-H—N1 2.77 2.79 (0.09) 100
. . Asp114-0D1---H—N3 2.64 2.79 (0.09) 100
(complex5', Figures 8 and 9). Finally, we forced the proton to Asp114-OD2---H—N9 2.73 2.81(0.11) 100
bind to ammonia by using a constraint. However, once this Tyr156—0OH---N7 2.99 2.89 (0.16) 99.2

ConStral.nt IS rem.oved, the proton Jumps.baCk to Gluss, aHydrogen bonds are assigned when the distance between two heavy
suggesting that this proton prefers to stay with GIuS5. So, the 4ioms (O or N) is less than 3.5 A and the angle (heavy atom

final products are xanthine, ammonia, and protonated GIluS5. hydrogen-heavy atom) is greater than 120

The overall energy change for this mechanism-i4.2 kcal/

mol endothermic (Figure 9), which is comparable with th20

kcal/mol from the previous mechanism (Figures 4 and 5). 26 residues compared with 3.54 3.62 kcal/mol between
However, all the intermediates have much higher energies. Theguanine and the rest of the system (including the solvent). Thus,
complex4' is 18.2 kcal/mol less stable than complexFigures it is sufficient to include those 26 residues in the ONIOM
8 and 9) compared with its analogue compbakat is 0.9 kcal/  calculations.

mol more stable than complekin the previous mechanism _ ) _

(Figures 4 and 5). This 18.2 kcal/mol difference would make V. Discussion and Conclusion

this reaction far less efficient. A catalytic mechanism reminiscent of that of yCD has been
Dynamic Properties of bGD.Our MD simulations suggested  proposed for bGD! In that mechanism, the bound guanine is
that bGD is a relatively rigid protein. The all-atom mass- a tautomer with a proton attached to N8ii Figure 3) instead
weighted root-mean-square fluctuation (RMSF) of the 26  of to N1 (ain Figure 3). While this tautomer is not detectable
residues in the active site (which were included in the ONIOM in aqueous solutiot15 it is possible that the enzyme may
calculations) is quite small: only 0.45 A for compléx0.41 stabilize the rare tautomer over the most abundant one. Thus,
A for complex 8, and 0.44 A for complexd. Thus, it is e first investigated the tautomeric state of the bound guanine
reasonable to fix the outer layer in these ONIOM calculations. with ONIOM. The result showed that tautormeeis more stable
The rigidity is also reflected by the high thermal stability of than tautomeb in the active site of the enzyme. The energy
the enzyme and the rather low average B-factor values of the difference (5.8 kcal/mol) is similar to that (5.2 kcal/mol) found
crystal structuré (9.4, 12.9, 13.5, 12, and 6.8&4or main chain  for free guanine in agueous soluti#fsuggesting that the bound
atoms, side chain atoms, water molecules, imidazole atoms, ancjuanine is tautomea just as free guanine in aqueous solution,
Zn atoms, respectively). Therefore, fixing the outer layer of the and the enzyme does not alter the tautomeric state of guanine.
model system in the ONIOM calculations is a reasonable This result is consistent with the interactions between the bound
approximation. Furthermore, the hydrogen bond network of the guanine and the active-site residues (Figures 2 and 3). The
guanine-bound enzyme complex (Figure 2 and compléx hydrogen bond patterns of the two tautomers are the same except
Figure 4) was maintained in the MD simulation (Table 2). The those at positions 1 and 3 that undergo the tautomerization. In
hydrogen bond patterns between xanthine and the enzyme intautomera, NH at position 1 forms a hydrogen bond with GIlu55,
complexes8 and 9 (Figure 6) observed in the ONIOM  whereas in tautomdy, NH at position 3 forms a hydrogen bond
calculations were also maintained in the MD simulations of the with Asp114. Thus, there is no net hydrogen bond gain or loss
two complexes (Tables 3 and 4). Generally, the distances during the tautomerization. The tautomeric state of the bound
between heavy atoms in the MD were quite consistent with the guanine is determined by the intrinsic chemical property of
quantum results, and most distances from ONIOM could be guanine rather than by the active-site residues of the enzyme.
covered by the corresponding MD numbers within their fluctua- ~ The “new” tautomeric guanine demands a new catalytic
tion ranges (Tables2 4). mechanism, because Glu55 can no longer serve as a proton
The outer layer of ONIOM has to be large enough to cover shuttle for the proton transfer from the Zn-bound water to
most of the environmental effect but has to be as small as guanine for the formation of the tetrahedral reaction intermediate
possible to minimize the computational cost. To check whether (complex4 in Figure 4). The combination of the ONIOM and
26 residues in ONIOM are sufficient, the interaction energies MD studies that we carried out leads to a new mechanism for
between guanine and its surroundings were calculated fromthe bGD-catalyzed guanine deamination reaction as depicted
snapshots of the 1.5-ns MD simulation. The average interactionin Figure 4. The first step in this mechanism is the transfer of
energy is—103.9+ 4.42 kcal/mol between guanine and those a proton from the Zn-bound water to Asp114. This process may
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be quite complex and rather dynamic in nature. In the apo form, the protein. Therefore, the outer layer was fixed in the ONIOM
proton transfer is possible through a bridging water but is not calculations, which will influence somewhat the energetics along
favorable (the energy increases by 5.2 kcal/mal). In the guanine-the reaction coordinate. In this regard, it is reassuring that our
bound form, it is much less unfavorable (the energy only MD simulations of the protein with explicit water molecules
increases by 0.7 kcal/mol) but difficult because no water bridge do lead to the same hydrogen bond network in the active site
was found to be present. Water entry in the location that was as in the ONIOM calculations, for both the reactant and product
observed in the ONIOM and MD might happen just before the complexes, with consistent distances between heavy atom pairs.
positioning of guanine. The positioning of guanine breaks the Therefore, the interaction between the ligand and its surround-
water bridge and stabilizes protonated Asp114 by forming two ings is well-defined and quite stable. The constraint on the outer
hydrogen bonds with it (compleXin Figure 4). Second, Asp114 layer residues did not introduce artifacts in the hydrogen bond
transfers its proton to N3. The first two steps shorten the distanceanalysis of the active site. Other evidence for the validity of
between C2 and the Zn-bound hydroxide and favor the this approach for bGD is found by examining the flexibility of
nucleophilic reaction. Third, Zn-bound hydroxide attacks C2 active site in the MD simulations. The all-atom RMSFs of those
to form a tetrahedral intermediate with a rather low barrier, 26 residues are only-0.4 A in both reactant and product
which also moves the Zn-bound hydroxide closer to OE2 of complexes. The rigidity of the active site can explain why MD
Glu55. Fourth, Glus5 transfers a proton from the Zn-bound produces similar active-site interactions compared with the
hydroxide to the amino group by rotating its dihedral-GBG— ONIOM results and also suggests that it is a reasonable
OE1—H by ~30°. At this point, the C2-N2 bond (complexé approximation to freeze the outer layer in these ONIOM
in Figure 4) has lengthened by 0.2 A compared to guanine, andcalculations.

that makes the C2N2 bond cleavage more facile. Fifth, the The calculations we carried out can only provide a suggested
C2—-N2 bond is broken and ammonia forms, which gives the reaction mechanism that needs to be verified by experiment,
highest barrier8.8 kcal/mol so far. Sixth, ammonia leaves the since several compromises between computational cost and

active site and xanthine is freed by the cleavage of the@a accuracy must be made. As usual in ONIOM, the enzyme is
bond with a barrier8.4 kcal/mol (Figure 6). Therefore, along truncated to include only important regions such as the active
the reaction path the highest barrier comes from the- K2 site, 26 residues withi6é A of thebound substrate guanine in

bond cleavage (Figure 5), while the barrier from the cleavage this study, which necessitates freezing of the outer layer. In our
of the Zn—02 bond is slightly smaller. Then, xanthine leaves calculations, reaction coordinates were chosen on the basis of
the active site and water moves in and binds to the Zn to the chemical and biochemical evidence, and the energetics were
complete the catalytic cycle. The deamination reaction is evaluated by scanning the relevant distances. As noted in the
endothermic and is driven by the dissociation of products Methods section, this provides upper bounds to the transition-
ammonia and xanthine. state energies. While the MD provided different configurations
This reaction path is different from those proposed for jeD  ©f the enzyme for the ONIOM method, our calculations do not
and cytidine deaminas®$lin an important respect. In the latter, ~incorporate the effect of averages over different configurations
only one residue, Glu64 in yCB'3 and Glu104 inE. coli and, therefore, cannot provide free energies of the various
cytidine deaminas® which is structurally equivalent to Gluss ~ reaction steps. Studies using QM/MM methods have been
in bGD, serves as the proton shuttle throughout the reaction Performed on some aspects of the catalytic mechanisms of the
paths. In bGD, in contrast, two residues, Glus5 and Asp114, 'elated enzymes cytosine deamirfdsand cytidine deami-
are involved in the general acid and base catalysis. Asp114 plays?@s€*>*°More definitive results on the catalytic mechanism of
an important role in the transfer of a proton from the Zn-bound PGD may be obtained using these QM/MM approaches.

water to N3 of guanine to facilitate the formation of the reaction _ In conclusion, a new catalytic mechanism has been proposed
intermediate (complexes — 4 in Figure 4), whereas Glus5 for bGD on the basis of both ONIOM quantum chemical

plays an important role in the proton transfer from the calculations and MD simulations. The mechanism is different
Zn-hydroxide to the amino group of the reaction intermediate from the previously proposed one in that the bound guanine in

to facilitate the cleavage of the amino group (complekes 7 the new mechanism is in the most abundant tautomeric form
in Figure 4). Thus, two proton shuttles are needed for the  S€en in aqueous solution and two residues, GlusS and
deamination of guanine by bGD. Aspll4, act as proton shuttles in catalysis. The reaction is

initiated by the protonation of N3 of the guanine via Aspl114.
The catalytic mechanism of bGD is unique in comparison with
those of yCB! and cytidine deaminas®$in that the former
requires two proton shuttles and the latter requires only one
proton shuttle.

An alternative mechanism with the proton for the protonation
of guanine from protonated Aspl14 rather than from the Zn-
bound water (Figure 8) was also investigated. Even though the
overall reaction energy difference between the product and
reactant complexes is comparable to that with initially depro-

tonated Aspl14, the energies of various intermediates along this .
reaction path are much higher. Furthermore, on the basis of the Acknowledgment. This work was supported by the Quan-
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