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Abstract: Ab initio molecular orbital theory was used to examine the role of active site tyrosine in glutathione
S-transferases by using appropriate model systems. The location of the key mechanistic proton of the-enzyme
glutathione binary complex, O- - -H- - -S, was predicted to be near the phenolic oxygen, which is in agreement with
experiments. However, the position of the proton can be manipulated by changing the acidity of the tyrosine, which
can be accomplished by either introducing a substituent group to the tyrosine phenol ring or changing the protein
environment. Thus, our study seems to have resolved previous confusion as to where the proton is located. The
hydrogen bonding between tyrosine and thiolate of glutathione is very strong. On the basis of our present study, we
propose that, in the Y6F (Tyr> Phe) mutant, a water molecule replaces the function of the hydroxyl group of the
active site tyrosine of the wild-type enzyme. Several lines of evidence in support of the above hypothesis are discussed.
The latter hypothesis is reminiscent of the notion of substrate-assisted catalysis.

Introduction conserved active site tyrosine residue has been implicated in

, . . catalysis. In solution, theky of GSH is about 9.87 whereas
Glutathione S-transferases (GSTs) are a class of detoxifying;, ihe enzyme (M1-1, class) complex, the Ka of the thiol

enzymes that catalyze the conjugation _of atrip_eptide glutat_r1ionegr0u|O of GSH is between 6.2 and 687.The tyrosine residue
(y-Glu-Cys-Gly, GSH, or HSG) to a wide variety of chemical g pejieved to stabilize the thiolate of GSH by hydrogen bonding
compou_nds that hav_e electrophilic groups, compo_unds including (TyrOH- - —SG). However, the question remains as to where
alkylhalides, arylhalides, lactones, epoxides, quinones, estersq proton is actually located. In principle, the location of this
and some activated alkents. TetrachIorop-hydroqumong important proton could be as follows: TyrOH-=SG (1),
reductive dehalogenase (TeCH-RD), an enzyme involved in the TyrO - - -HSG @), or (TyrO- - -H- - -SG) (3).” Armstrong and
_biodegradation pathway of pentachlorophenol_ by flavobacteria, -5 workers proposed that the proton is located near the oxygen
Is also a glutathione S-transferésedn the basis of sequence (1) 118\yhile others seem to believe that the proton is near the
similarity, GSTs can be grouped into five gene classesu, sulfur atom of the glutathione2).19-21 The K, of Tyr 9 in rat

7, 0, and 0. All known cytosolic isoenzymes of GSTs are 1.1 GST was measured using spectroscopic techniques to be
dimers with a combined molecular weight of about 50 kD; the in the range 8.38.5, which is about 1:82.0 K units lower

two subunits can be e|.ther |Qent|cal or nonidentical. than tyrosine in aqueous solutiéh. Studies of covalent
A number of three-dimensional GST crystal structures have

been solved, including complexes with substrate (GSH), sub- OI,(11% Sl&nlng, I-:,kGllglagd, G. LT AAer?JIroln%'Rl'1\19;9?2);;281%6‘2@’2126';

6 In, B.; Mannervik, b.; Jones, |I. . Mol. blol. .

Strat? analoQu_es’ O_r prOdUé@' Th_ese _CryStaI . structures (12) (a) Ji, X.; von Rosenvinge, E. C.; Johnson, W. W.; Tomarey, S. |.;

provide a detailed picture of the active site environment. A piatigorsky, J.; Armstrong, R. N.; Gilliland, G. Biochemistry1995 34,

5317-5328. (b) Lim, K.; Ho, J. X.; Keeling, K.; Gillland, G. L.; Ji, X,;

T Current address: Department of Chemistry, University of California, Ruker, F.; Carter, D. CProtein Sci.1994 3, 2233-2244. (c) McTigue,

Santa Barbara, CA 93106. M.; Williams, D. R.; Tainer, J. AJ. Mol. Biol 1995 246, 21-27. (d)
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modification of humant1-1 GST by diethyl pyrocarbonafe
and electrostatic potential analysis of the active site ofial
GST 2 also indicate a lower i, for the active site tyrosine.
On the basis of the latter observations, an alternative role for
this tyrosine was proposed; under physiological pH, this residue

Zheng and Ornstein

could become a tyrosinate and function as a general base to

abstract a proton from the thiol group of GSH. However, in
the former casel]), the tyrosine acts like a surrogate solvent
molecule (e.g., water). Whether or not a “low barrier hydrogen
bond”22-26 plays a role in the GST-catalyzed reaction is not
clear. If the proton is centrally located between the oxygen of
the tyrosyl residue of GST and the sulfur of the cysteinyl residue
of GSH as in3, this would be consistent with involvement of
a single minimum hydrogen bond in the enzyn@&SH com-
plex.

In the present study, high-levab initio molecular orbital
methods are used to investigate the proton location in the
deprotonated glutathior€sST binary complex and the strength
of the hydrogen bond formed between the active site tyrosine
residue and the thiol group of glutathione.

Theoretical Method

All calculations reported here were carried out using either Gaussian
9227 or Gaussian 92 programs. Geometries were fully optimized
without any geometrical constraints. In @l initio molecular orbital

study, model compounds were used to mimic active site residues; the
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active site tyrosine is modeled using phenol, and the cysteine side chain

of glutathione was modeled by G8H. Chart 1 lists all of the model
compounds used in our study. To find the location of the intervening
proton, ab initio molecular orbital calculations were performed on
PhOH- - =SCH; (4), PhO - - -HSCH; (5), and the interconversion
barrier between them was located. First, structdrasd5 are energy

gas phase experimental interaction enthalpies and free energies between
water and thiolate and between water and metho¥%id€alculations

were also carried out to examine the strength of these hydrogen bonds.
The neutral complexes between PhOH and H(CHand 8) are also
investigated.

minimized and the transition state for the interconversion between them The interaction free energy was evaluated using enthalpies and

(6) is located at several levels of theory (RHF/6-31G*, RHF/6-
311+G**, and MP2/6-31G*). Subsequent single-point energies were
then calculated at higher levels of theory (MP2/6+&3*//6-311+G**

and MP4/6-3%G*//6-311+G**). We also did calculations at the MP2/
6-311+G** level of theory. However, since it gives essentially the
same results as the MP2/6-8G* level of theory, the results from the
MP2/6-31H-G** level are not reported. Electron correlation effects
were included by means of Mgller-Plesset perturbation theory up to
the fourth orde?® Only valence shell orbitals were included in the
correlation calculations. Diffuse functions were also included in the
basis set, since it is well-known that diffuse functions are important
for describing the electronic structure of anidhsPrevious work has
shown that the MP2/6-31G* level of theory is capable of reproducing

(22) Shan, S.; Loh, S.; Herschlag, Bciencel996 272, 97—101.

(23) Cleland, W. W Biochemistry1992 31, 317—319.

(24) Cleland, W. W.; Kreevoy, M. MSciencel994 264, 1887-1890.

(25) Gerlt, J. A.; Gassman, P. Biochemistryl993 32, 11943-11956.
Gerlt, J. A;; Gassman, P. @. Am. Chem. Sod993 115 11552-11568.

(26) Frey, P. A.; Whitt, S. A.; Tobin, J. BSciencel994 264, 1927
1930.

(27) Gaussian 92: Frisch; M. J.; Trucks, G. W.; Head-Gordon, M.; Gill,
P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.;
Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari,
K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J,;
Baker, J.; Steward, J. J. P.; Pople, J. A., GAUSSIAN, Inc.: Pittsburgh,
PA, 1993.

(28) Gaussian 94, Revision B.2: Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L. Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Gaussian, Inc.: Pittsburgh, PA, 1995.

(29) Mgller, C.; Plesset, M. $hys. Re. 1934 46, 618-622. Binkley,

J. S.; Pople, J. Alnt. J. Quantum Cheni975 9, 229-236. Pople, J. A.;
Binkley, J. S.; Seeger, Rat. J. Quantum Chenl976 10, 1—19.

(30) Chandrasekhar, J.; Andrade, J. G.; Schleyer, P. y. Rm. Chem.

Soc 1981, 103 5609-5612, 5612-5614.

entropies determined from RHF/6-31G* harmonic vibrational frequen-
cies. Enthalpies were determined using the following formula:

AH %% = AEL + AE + A(AE,) 2+ AE?® + AE?® + APV

where the first term is the computed hydrogen bonding energy including
correlation, while the second term is the change in zero-point vibrational
energy. The third term is the change in vibrational energy on going
from O to 298 K. The fourth, fifth, and the sixth terms are due to
changes in rotation and translation energies,and pressure volume work,
respectively. Entropies were evaluated using a standard statistical
mechanical approach. All terms except the last one can be calculated
with Gaussian 92 and Gaussian 94 programs. The last term in the
present case isRT (—0.59 kcal/mol at 298 K).

Results and Discussions

Table 1 lists the calculated electronic energies of each species
at the various levels of theory. In the section that follows, the
presentation of the results will be organized into two parts:
locating the proton and determining the strength of the hydrogen
bond.

Location of Proton in the Complex. First, we sought the
location of the proton in the complex formed between tyrosine
and GSH. The geometries dfand5 are fully optimized at
RHF/6-31G* and RHF/6-31tG** levels of theory; vibrational
analysis demonstrate that both are minima on the potential
energy hypersurface at the Hartreeock level. The intercon-
version transition stateés) betweem and5 was also located at
both RHF/6-31G* and RHF/6-3HG** levels and character-
ized using vibrational analysis. The calculated structures for
4—6 at the RHF/6-311G** level of theory are shown in Figure
1. Calculated geometrical parameters are summarized in Table

(31) Zheng, Y.-J.; Merz, K. M., Jd. Comput. Cheml992 13, 1151-
1169.
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Table 1. Calculated Electronic Energies (in hartrees, 1 hartre@27.5

J. Am. Chem. Soc., Vol. 119, No. 7,182%/

kcal/mol) for Each Species Involved in the Present Study

RHF/6-31G*// RHF/6-31H1-G**// MP2/6-31G*// MP2/6-3H-G*// MP4/6-3H-G*//
compd RHF/6-31G* RHF/6-31HG** MP2/6-31G* RHF/6-31H-G** RHF/6-31HG**
HSCH; —437.700 319 7 —437.741 148 7 —437.952 668 4
“SCH; —437.114 863 4 —437.161 348 4 —437.365 9539 —437.384 4714 —437.412 156 3
PhOH —305.558 064 2 —305.639 895 2 —306.490 992 9 —306.508 808 8 —306.542 8411
PhO —304.968 948 4 —305.060 051 5 —305.911 427 3
4 —742.706 324 6 —742.830974 4 —743.903 907 4 —743.935 610 5 —743.995 098
5 —742.687 576 3 —742.816 577 3 —743.929 458 4 —743.988 707
6 —742.683 627 6 —742.810688 3 —743.9314455 —743.987 263 5
4F —841.7101811 —842.962 436 1

5F —841.700772 8
6F —841.692517 1
7 —743.263 826 2 -
8 —743.260792 2 -

—842.961 2114
—842.960 896 9
744.453 969 0
744.450 584 8

2.26
0974 7
179.3°
“b
(4)

0 kcal/mol

1.94 A 1.35

(5)
MP2 3.9 kcal/mol MP4 4.0 kcal/mol

(6)
MP2 2.6 kcal/mol MP4 4.9 kcal/mol

Figure 1. Calculated geometries fdr6 at the RHF/6-311G** level
of theory and relative energies at MP2 and MP4/6-Gt//RHF/6-
311+G** levels.

6-311+G** level. Clearly, both 6-31G* and 6-3HG** give
similar results. Even though the geometries may be relatively
insensitive to the level of theory and calculated geometries at
the HF level are generally very reasonable, electron correlation
is very important in order to get reliable energies. We, therefore,
carried out single-point energy calculations at MP2/6-&F
and MP4/6-31G* levels using the geometries at the 6-313**
level of theory. Again, at the correlated levels (MP2 and MP4),
complex4 is predicted to be lower in energy th&n but the
differences are much smaller than those at the Hartfeek
levels. The calculated energy differences betwgéand5 are
—3.9 and—4.0 kcal/mol at MP2 and MP4 levels, respectively.
The interconversion barrier seems to have disappeared at the
MP2 level, but at the MP4 level, there is a smaller reverse barrier
(Table 2). We also performed geometry optimization at the
MP2/6-31G* level;4 is the only minimum on the potential
energy hypersurface at the MP2/6-31G* level. Taken together,
the proton is predicted to be located near the phenolic oxygen
atom, which is in agreement with previous work by Armstrong
and co-workerg:18

In a recent mutagenesis study, all 14 tyrosyl residues in the
M1-1 isoenzyme of GST were replaced by 3-fluorotyrosine and
the catalytic activity, UV-visible difference spectra, and solvent
deuterium isotope effects were investigatédrhe introduction
of a fluorine atom at the 3-position of the phenolic ring of
tyrosine causes a change in the proton location; the spectroscopy
results clearly ruled out comple%, but both2 and 3 are
consistent with the spectroscopy observation. However, the
solvent deuterium isotope results seem to feoin the GSH
bound tetradeca(3-fluorotyrosyl) mutant, the proton now seems
to be located near the sulfur atom of the cysteinyl residue of
glutathione. Therefore, it would be very interesting to see if
theory leads to a consistent result and can provide any new
insight. To elucidate the effect of the fluorine atom on the
position of the proton, we performexb initio molecular orbital

2. The calculated hydrogen bonding angles at RHF/6-31G* and calculations on the complexes formed between 2-fluorophenol

RHF/6-311G** levels of theory are very similar, differences
being less than2 The differences in calculatedO- - -H),
r(S- - -H), andr(O- - -S) distances at both levels of theory are
generally less than 0.02 A except fBrwhere the calculated
r(O- - -H) andr(O- - -S) distances differ by 0.09 A, indicating
that the geometry 05 is sensitive to the level of theory. The
calculated distances between the sulfur atom and the phenol
oxygen are consistent with the X-ray crystallographic value for
the enzyme-GSH complex (3.23 A from the 2.2 A resolution
crystal structurey.

Complex4 is predicted to be lower in energy tharby 11.8
and 12.7 kcal/mol at the RHF/6-31G* and RHF/6-313**
levels of theory, respectively. There is a small barrier for the
conversion of5 to 4; the calculated barrier is 2.5 kcal/mol at
the RHF/6-31G* level of theory and 3.7 kcal/mol at the RHF/

(due to the difference in the numbering system between tyrosine

and phenol, the 3-fluoro-4-hydroxylphenyl ring of tyrosine is

called 2-fluorophenol) and G3-. The starting geometries are

built from the optimized geometries ¢&f—6 at the RHF/6-

311+G** level of theory by replacing one of thertho hydrogen

atoms with a fluorine atom; geometries were then fully
icoptimized at the RHF/6-3HG** level (Figure 2). Single-

point energy calculations were then done at the MP2/6G1

level of theory using the RHF/6-3%#1G** geometries. The

calculated energy difference betweék and 5F at the RHF/

6-311+G** level is much smaller than that betwednand 5

(5.9 vs 12.7 kcal/mol). However, at the MP2/643&* level,

the energy of these two complexes becomes essentially the same

(32) Parsons, J. F.; Armstrong, R. NAm. Chem. So2996 118 2295~
2296.
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Table 2. Calculated Relative Energies (kcal/mol) and Some Geometrical Parameters (Bond Lengths in A and Angles in dedre6s) for

compd r(O- - -H) r(S---H) r(O---S) 6(0O—H-S) MP2/6-3%G* MP4/6-31+-G*
4 0.9766 2.2740 3.2508 180.¢
0.9709 2.261% 3.2323 179.3 o° o°
5 1.8520 1.3518 3.1834 166.9
1.944% 1.3483 3.266% 165.3 3. 4.0
6 1.3743 1.5118 2.882F 174.2
1.3500 1.5223 2.8697 175.® 2.6 4.9

26-31G* level of theory? 6-311+G** level of theory.© Single-point energies using the 6-31G** geometries.

Scheme 1Resonance Structures of 2-Fluorophenolate

o o o] o
F _ F F F
178.4° .-~
" 22369 A
\ a b c d

1.3224 é

since the X-ray crystal structure for the fluorotyrosyl mutant is
not available, it is unknown what the structure looks like in the
active site. Scheme 1 shows the resonance structure for
2-fluorophenolate. Because of its high electronegativity, due
to inductive effects, the fluorine atom makes 2-fluorophenolate
more stable than phenolate. The introduction of a fluorine atom
at theortho position reduces thely of tyrosine by 1.2 K,
units3® The ab initio molecular orbital calculations regarding
the effect of the fluorine atom on the location of the proton are
consistent with the recent mutagenesis stdy.

Whether the observed differences in bYVisible spectra is
solely due to the increased acidity of the tyrosine residue or
other steric/electronic factors is not clear; especially, since all
14 tyrosine residues are replaced by 3-fluorotyrosine, the protein
may suffer some structural perturbation. However, if acidity
is the predominate factor, since 2,3,5,6-tetrafluorotyrosine has
a lower K, (5.3 compared with 8.8 and 10.0 for 3-fluorotyrosine
and tyrosine, respectively},one can predict that replacing the
active site tyrosine by 2,3,5,6-tetrafluorotyrosine via site-specific
unnatural amino acid mutagene¥ishe proton should be located
near the sulfur atom of glutathione in the enzyn@&SH
complex as ir2.

Previous experimental studies gave conflicting results regard-
ing where the proton is located. Our study seems to provide a
rationale for this phenomenon. Since the experimental studies
were carried out on different subclasses of GSTs and since the
19926 A  1-3440 pKa of the active site Tyr is different for different GSTs, the
position of the proton could also be different. As discussed
before, the K, of the active site ir- andz-subclass GSTs is
relatively low. For instance, in ratl-1 GST, the [, of the

(4F, 0 kcal/mol)

(5F, 0.77 keal/mol) active site Tyr 9 was measured to be in the range-8.8, which
Figure 2. Calculated geometries fd—6F at the RHF/6-31G* level is about 1.8-2.0 K, units lower than tyrosine in aqueous
of theory and relative energies at the MP2/6+&*//RHF/6-31HG** solution!® On the other hand, theKp of the active site Tyr
level. for the u-subclass is normal (about 10). Especially, in view of

(the difference in energy being less than 0.8 kcal/mol), indicating the fact that introduction of a fluorine atom at ttvého position

that the proton is now probably located between the phenolatereduces the Ig, of tyrosine by 1.2 g, units, which is enough
and thiolate as would be expected for a low barrier hydrogen to shift the location of the proton in the hydrogen bonding
bond (or a single minimum hydrogen bond). The reverse barrier complex, one may speculate that,dn and z-subclass GSTs
(from 5F to 4F) is only about 0.2 kcal/mol. This finding is  (and possibly other subclasses of GSTs), the proton is also
consistent with the fact that 2-fluorophenol is more acidic than shifted to the sulfur atom as in the fluorotyrosyl mutant.
phenol. As shown in Figure 2, the structures #f and 5SF Strength of the Hydrogen Bond In aqueous solution, the
are very different, especially the orientation of the thiolate thjol group of glutathione has &g of 9,17 while when it binds
moiety. One may wonder whether this is possible in the enzyme
active site. However, it should be pointed out that the energy  (33) Thorson, J. S.; Chapman, E.; Murphy, E. C.; Schultz, P. G.; Judice,

cost is less than 0.5 kcal/mol for reorienting the thiolat&fi J.K.J. Am. Chem. S0@995 117 11571158 and references cited therein.
.. . . . . ! 34) Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schultz, P. G.
to a similar orientation as idF. As a result, it should not Sci(engelggg 244 18}138.)'R0benson’ S. A.: Ellman, J. A.: Schultz, P.

seriously affect the calculated energy difference. In addition, G.J. Am. Chem. Sod 991 113 2722-2729.
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Scheme 2
AG

E,-Tyr-OH---GSH E,-Tyr-OH---'SG +H*

AG, AG,

E,,-Phe---GSH E,,-Phe---'SG + H*

AG,,

to GST, the [, of the same thiol group is reduced to a value
between 6.2 and 6178 More interestingly, when the active
site tyrosine is replaced by phenylalanine, th& phifts to a
value of 7.8, which is still lower than the aqueous,palue of

9. It is clear that GSTs can effectively lower th&pof the
thiol group of glutathione; the lowerHky indicates that at
physiological pH the thiol group of glutathione, in the active
site of GST, is deprotonated. Although other factors such as
thiolate stabilization by a helix dipole may contribute, the

hydrogen bond between the active site tyrosine and the thiolate

is assumed to be the leading factor. Previabignitio molecular
orbital calculations indicate that this hydrogen bond is very
strong, about 20 kcal/méP, however, the K, difference
between the wild-type enzyme and the Y6F mutant only
indicates a 2.2 kcal/mol free energy difference. Since removal
of the hydroxyl of tyrosine (Y6F mutation) causes no noticeable
structural change to the prot€lifi this free energy difference
should reflect the loss of hydrogen bonding between tyrosine
and thiolate. The question as to whether this discrepancy is
due to the inaccuracy of the previoab initio calculation or
some other factors has not been addressed.

Scheme 2 shows a thermodynamic cycle of the titration
experiment. AGy and AGp, refer to the free energy change
associated with the ionization of the thiol moiety of glutathione
in the binary complex for the wild-type enzyme and the mutant,
respectively. Since in the Y6F mutant phenylalanine cannot
form a hydrogen bond with GSH\G; refers to the loss of a
hydrogen bond in the neutral complex (the left-hand side of
the equation), whilAG; refers to the loss of a hydrogen bond
in the deprotonated complex (the right-hand side of the
equation). Since free energy is a state function, the suNGyf
andAG; is equal to the sum kG, andAG;, or AGy — AGn,
= AG; — AG,. Therefore AG; — AG; is equal to—2.3RTApK,,
which is about—2.2 kcal/mol. In the present stud§G; and
AG, are modeled by the hydrogen bonding free energies in
PhOH- - -HSCH and PhOH- - =SCH;, respectively.

For PhOH- - -HSCHpthere are two possible hydrogen-bonded
complexes 1 and 8), depending on which is the hydrogen
bonding acceptor.Ab initio molecular orbital calculations at
both RHF/6-31G* and MP2/6-31G* levels predict tias lower
in energy thar8. The hydrogen bond is calculated to bé.5
kcal/mol in 7 at the MP2/6-31G* level. Figure 3 shows the
optimized structures for and8 at the RHF/6-31G* level. As
expected, the S- - -O distances are much longét (8.54 A)
and8 (3.87 A) than that in PhOH- —-SCH; (4 in Figure 1); as
noted above, the S- - -O distancedr{Table 2) is in excellent
agreement with the X-ray crystal structural evidence. To
calculate the interaction free energy, we followed a standard
procedure using the vibrational frequencies calculated at the
RHF/6-31G* level of theory. The calculated interaction en-
thalpy and free energy fo? are —3.9 and 3.2 kcal/mol,
respectively. For PhOH- ~SCH;, the calculated interaction
enthalpy and interaction free energy ar25.2 kcal/mol (-26.6)
and —17.3 kcal/mol (15.9) at the MP4/6-3tG* (MP2/6-

(35) Liu, S.; Ji, X.; Gilliland, G. L.; Stevens, W. J.; Armstrong, R.N.
Am. Chem. Sod 993 115 7910-7911.

J. Am. Chem. Soc., Vol. 119, No. 7,182%7

. 2704

0.95

A

b

(7, 0 kcal/mol)

Figure 3. Calculated geometries and relative energiesrfand8 at
the RHF/6-31G* level of theory.

147.5°

(8, 1.9 kcal/mol)

31+G*) level, respectively. Therefore, the calculated value for
AG; — AG; is —20.5 kcal/mol.

Why is there such a large discrepancy between the experi-
mental and calculated values? One possible factor is the
inaccuracy of the theoretical value, especially the error associ-
ated with entropy calculations. However, this disparity is
probably too large to be attributed to the inaccuracy of the
theoretical value alone. Another possible explanation is that a
water molecule in the active site of the mutant protein
participates in a hydrogen bond with the thiolate. The X-ray
crystallographic structure does indeed show that there are
crystallographic waters near the thiol sulfur atom of glutathione.
It is conceivable that when the thiol is deprotonated, a
crystallographic water moves closer to sulfur to form a stronger
hydrogen bond. If this is the case, the tei@, would represent
the free energy difference in hydrogen bonding strength between
PhOH- - =SCH; (wild-type enzyme) and HOH- —SCH; (mu-
tant enzyme). The calculated interaction enthalpy and free
energy for HOH- - =SCH; are—13.0 and—8.0 kcal/mol at the
MP2(full)/6-31+G* level;?! the experimental interaction en-
thalpy and free energy arel4.2 and—8.6 kcal/mol?® Now,
the calculated\G; is 8.7 kcal/mol. In the above calculation of
entropy, the two hydrogen-bonding partners are treated as
independent molecules; although this is reasonable for normal
simple hydrogen-bonded complexes formed between two iso-
lated molecules in the gas phase (or in solution), however, this
may not be appropriate for hydrogen bond formation within an
enzyme-substrate complex. Since in the enzynseibstrate
complex the freedom of each hydrogen bonding partner is
restricted, the entropic cost of hydrogen bond formation should
be smaller than in the gas phase. There is no easy way to
estimate the entropy in such a process, which is also dependent
on the strength of the hydrogen bond; for a weak hydrogen-
bonded complex (loose complex), the entropy of hydrogen bond
formation will be small, and for a strong hydrogen-bonded
complex (tight complex), it will be larger. The calculated
entropy value in this study is probably the upper limit especially
for the neutral hydrogen bond between Tyr-OH- - -HSG. By
following Guthrie and Kluge?; if we take theTAS term as
+2.42 kcal/mol (this still may be an overestimation), the
calculatedAG; (for PhOH- - -HSCH) is —1.5 kcal/mol. The
calculatedAG; — AG; is, therefore,—7.2 kcal/mol, which
differs from the experimental value by 5 kcal/mol. This

(36) (a) Meot-Ner (Mautner), MJ. Am. Chem. Sod.988 110, 3854
3858. (b). Gao, J.; Garner, D. S.; Jorgensen, WI.IAm. Cem. S0d 986
108 4784-4790.

(37) Guthrie, J. P.; Kluger, RI. Am. Chem. S0d 993 115 11569~
11572.
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remaining difference is probably due to factors such as inac- cupring the N-terminal Tyr residues are too far away from the
curacy in the theoretical calculations (especially the uncertainty sulfur atom of the GSH to participate in hydrogen bonding, and
associated with the entropies) and absence of protein environ-the crystal structure also indicated the possible involvement of
mental effects in the present study. Indeed, in a previous studyan N-terminal Ser residu@?

of substrate binding to a tRNA synthetase, Lau and Karplus

found that the free energy difference in the interaction of the Conclusion

ligand with mutant (Phe) and wild-type (Tyr169) protein-i8.6 . . . . .
kcal/mol28 which corresponds most closely to loss of a single ~ 1© €xamine the mechanistic role of the active site tyrosine
interaction between methyl ammonium (substrate) and Waterre&due.ln glutathione S-transferaa® initio molecular orbital .
(Tyn). In the gas phase, the interaction free energy between cglculaﬂons were performeq on quel systemg of the active
methyl ammonium and water is11.9 kcal/moRsathe calcu- site. The location of the intervening proton in the (Tyr-
lated value is betweer10.6 and—13.6 kcal/mol depending ~ ©H---SG)” complex and the strength of the ensuing hydrogen
on the level of theor§! which is within the uncertainty of bond were investigated. According to the present calculations,

experimental value. Clearly, the simulated resui8(6 kcal/  the proton is attached to the phenolic oxygen in the enzyme
mol) from Lau and Karplus is smaller than the gas phase result9lutathione complex, which is in agreement with results of

(—11.9 kcal/mol), suggesting that the interaction is not optimal Armstrong and co-workers® However, the proton location
in the protein. can be shifted by changing th&pof the active site tyrosine

The replacement of the hydroxyl group of the tyrosine residue (e_.g., by introducing fluc_)rine atoms); this again is consistent
of the wild-type enzyme with a water in the Y6F mutant is with a recent mutagenesis study on the M1-1 isoenzyme _ofGST
reminiscent of the notion of substrate-assisted catalyskhere ~ Where all tyrosines are replaced by 3-fluorotyrosiffest is
are several lines of evidence in support of this hypothesis that Predicted that, when the active site tyrosine is replaced by
the role of the active site tyrosine can be replaced by a water 2:3,2,6-tetrafluorotyrosine, the proton will be located near the
or a Ser residue. First, this hypothesis seems to provide anSulfur atom, which is yet to be confirmed experimentally. Our
explanation for the observed anomalous Brgnsted behhitior. Study also seems to provide a rationale for the previous
is also in line with a recent crystallographic study on a plant confusion about where the proton is located. Since changing

glutathione S-transferade. Although the active site tyrosine  the Protein environment can alter th&zpof the active site
seems to be invariant in almost all published sequences oftyrosine residue, for dlffe_rent subclasses of GSTs, the position
glutathione S-transferases and the involvement of this tyrosine ©f the proton could be different.

in catalysis has been confirmed by numerous stutdies, The strength of the hydrogen bonding interaction between
surprisingly, in the newly solved crystal structure of a plant tyrosine and the thiolate has also been investigated in the present
glutathione S-transferase, there is no corresponding tyrosinestudy. We propose that, in the Y6F mutant, there is an active
residue; instead, a serine residue seems to have replaced thgite water that hydrogen bonds to the thiolate. Indeed, a recent
role of the tyrosine. Recent studies also demonstrated thatcrystallographic study on the Y96F mutant with bound GSH
N-terminal Tyr residues if-subclass GSTs are not essential (neutral form) does indicate that there is a water near the thiol
for catalysis; however, in these cases, since the crystal structuredroup of GSH® This hypothesis is consistent with the observed
is not available, it is not clear whether other residues such asanomalous Brgnsted behaviand that serine can functionally
Ser, or even water, are involved in the catalysis as a replacementeplace the active site tyrosiA&!®-43 The replacement of the

for tyrosine?04! Protein engineering studies of a dichloro- hydroxyl group of tyrosine, in the wild-type enzyme, by a water,
methane dehalogenase/glutathione S-transferase Kieth- in the Y6F mutant, is reminiscent of the notion of substrate-
ylophilus sp. strain DM11 have revealed that Ser 12 but not assisted catalys.

Tyr 6 is required for enzyme activitl?. The work by Coleman
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