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the pH dependence of the mutants are relatively unaffected by
fluorine substitution with the exception of the 2,3,5,6-tetrafluo-
rotyrosine mutant. The results are consistent with a previously
proposed hydrogen-bonding role for Tyr9 in human GST
Al1-1*7 and are compared with previous experiméhtahd
theoretical studiéof GSTs in which the 4, of the active tyrosine
residue is altered.

A series of fluorinated tyrosine analogues, 2-fluorotyrosine (
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A major detoxification pathway used by aerobic organisms

involves the enzymatic conjugation of the tripeptide glutathione
(GSH) to the electrophilic center of toxic substances by the

glutathione transferases (GSTs) (EC 2.5.118)hese enzymes
activate the cysteine thiol group of GSH for nucleophilic addition
to a variety of substrates, including aryl halideg3-unsaturated

rafluorotyrosine 4), was substituted for Tyr®l Due to
fluorine’s relatively small size (van der Waals radius of 1.35 A
relative to 1.2 A for hydrogeri¥ the steric perturbation resulting
from fluorine substitution should be relatively small. Incorpora-
tion of the fluorinated tyrosine analoguds-4, as well as
L-tyrosine ), at position 9 of human GST Al-1 was ac-
complished by in vitro suppression of a Tyr¢ TAG stop
mutation with a chemically aminoacylated suppressor tiMA
derived from yeast tRNA1314 Amino acids1—4 were incor-
porated with suppression efficiencies ranging from 15 to 25%
relative to that for in vitro expression of wild-type (wt) protein.
In contrast, when tRNA A was omitted from the in vitro reaction

aldehydes and ketones, and epoxides. However, despite a larg
number of biochemical and structural studidgse mechanism

by which GSH transferases catalyze these addition reactions
remains unclear. The three-dimensional structures have show

%r was not aminoacylated, less than 1% full-length GST was
produced in comparison to in vitro expression of wt GST. Wild-
type and mutant GSTs were purified to homogeneity from 5.0
"mL in vitro protein synthesis reactiof3.

that the hydroxyl group of an active site tyrosine residue (Tyr9

for human GST Al-1, class alpha), which is conserved among W

the majority of known GSH transferases, is within hydrogen-
bonding distance of the sulfur of glutathioheln solution, the
pK, of GSH is about 9.8,whereas in the GST Al-1 enzyme
GSH complex the I§, of the thiol group is 6.2. The tyrosine
residue of this complex is believed to stabilize the thiolate of
GSH through a hydrogen-bonding interaction (TyrOHSG)>
Alternatively, the abnormally low I§, of the tyrosyl hydroxyl

group may provide a tyrosinate anion which can act as a general

base (TyrO---HSGY to abstract the proton from the sulfhydryl

group. To investigate this issue, we have used unnatural amino
acid mutagenesis to site-specifically replace Tyr9 in human GST

Al-1 with a series of fluorinated tyrosine analogues wit, p
values ranging from 5.3 to 10. The observed valuek.gfind
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Steady-state kinetic analysis of the wt and mutant enzymes
as performed over a pH range of 6.:8.0 using previously
described assay conditioffs.Interestingly, the increased acidity
of the active site hydroxyl group significantly influences the
catalytic properties only of the Tyr9- 2,3,5,6-tetrafluorotyrosine
mutant (Figure 1). The limiting value é&f./K,°°® on the high-

pH plateau, which is postulated to reflect the reactivity of the
monoprotonated species of the complebeclines only an average

of approximately 2-fold for the Tyr9~> 1, Tyr9 — 2, and Tyr9

— 3 mutants. In contrast, tHe./K.°PNB of mutant4 is reduced
roughly 20-fold in the same pH range. The pH dependence of
log keafKm for the mutants is also very similar to that of wt
enzyme, again with the exception of 2,3,5,6-tetrafluorotyrosine,
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3.5 ; ; . — ; for the wild-type enzymesubstrate models. These results are
, Fo(@) 3 3 inconsistent with the expected behavior of a low-barrier hydrogen
Eo § % e ] bond” and suggest that increasing the strength of the TyrOBG
: § 2 E hydrogen bond leads to a slight decrease in the nucleophilicity
s : § of the thiolate anion.
E While our results indicate that the location of the proton can
] be shifted slightly by changing th&lgof the active site tyrosine,
. : the shift does not induce a significant change in the behavior of
1L 3 GST until 4 is introduced (Figure 1). This change may be
F attributable to formation of a tetrafluorotyrosinate GSH pair with
a concomitant change in mechanism to general base catalysis.
] Similar behavior was observed in a recent study in which
5.5 & 6.5 7 7.5 8 8.5 replacement of all the tyrosine residues in the rat GST M1-1
pH isozyme ((3-FTynsGST) with 3-fluorotyrosine resulted in the
formation of a tyrosinate anierGSH pair® Structural differences
] ’ ‘ ' between the two proteins may affect the degree of tyrosine
1000 L (&) - fluorination required to form the tyrosinate anion. The decrease
A ] in k.afKnCPNB at higher pH for the Tyr9— 4 mutant may result
3 / ] from formation of the thiolate anion, resulting in a repulsive
c I ] interaction with the tyrosinate anion and structural changes in

the active site. Alternatively, introduction of the fourth fluorine

/K
cat
[l 150

log k
»n
T
—a—
'y
I

i

/K
cat

R

[}

o

> substituent in the tetrafluorotyrosine mutant may alter the side
100 2.3.5.6-t6trafluoro-L-Tyr E chain conformation and the orientation of the hydroxyl group.
o ] Indeed, the recent crystal structure of the (3-FIy®ST suggests
L / ] that the 3-fluorine substituent on Tyr 6 may interact both sterically
] % 1 and electronically with the sulfhydryl group of GSHi.Finally,

: : : : P the specific activity o4 (4% wild-type) is similar to the Tyr—
Phe mutant, which displays-8% of wild-type enzyme activity,
depending upon the electrophife.In the latter case, the mutation
Figure 1. (a) kea/Km®®\® as a function of pH for wild-type and mutant  |ikely leads to an enzymeGSH complex in which the proton is

forms of GST A-1: (O) Tyr*—L-Tyr (5, wild-type); ) Tyr*—2-fluoro- located near the sulfur atom of GSH, requiring transfer of the
L-Tyr (1); (@) Tyr®—3-fluoro-L-Tyr (2); (4) Tyr®—3,5-difluoro-L-Tyr proton to an acceptor in the transition state.

(3); (m) Tyr*—2,3,5,6-tetrafluoro-L-Tyr 4). (b) Linear free energy
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