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ABSTRACT: A conserved tyrosine plays a critical role in catalysis by mammalian glutati$orsnsferases
(GSTs) of the alpha-, mu-, and pi-classes, by forming a hydrogen bond to and stabilizing the thiolate
form of glutathione. The hydrogen bonding properties of this tyrosine in the rat A1-1 GST (Tyr-9), in
the absence and presence of ligands, have been studied by steady state and time-resolved fluorescence
spectroscopy. In order to achieve this, the single tryptophan (Trp 21) found in the rat Al-1 GST has
been replaced with the fluorometrically silent phenylalanine (W21F). Additionally, a double mutant lacking
this tryptophan and the catalytic tyrosine (W21F:Y9F) has been constructed, and these mutants have
been used as probes of ligand effects at Tyr-9. A comparison of the correlated excieati@msion

spectra of the W21F mutant and the W21F-Y9F indicates that a red-shifted emission component is
contributed by Tyr-9 with excitation bands at 255 and 300 nm, in the ligand-free enzyme. The pH-
dependence of the intensity of these spectral cross-peaks is consistent with an active site tyrosine with a
pKa of 8.1—-8.3. Upon addition of GSH, the red-shifted component is quenched. Multifrequency phase/
modulation fluorescence experiments qualitatively demonstrate that GSH causes a decrease in the average
excited state lifetime on the red-edge of the spectrum of W21F but not of the W21F:Y9F spectrum.
Steady state correlated difference spectra (W2MV21F:Y9F) have been used to obtain a model for the
excitation—emission correlated spectrum of Tyr-9, which indicates that Tyr-9 is heterogeneous at pH 7.5,
with properties of both tyrosinate and “normal tyrosine”. The tyrosinate fraction is eliminated, and the
blue-shifted component becomes more intense upon addition of GSH conjugates, indicating that the weak
hydrogen bond between Tyr-9 and thioethers has little charge-transfer characteS-nigtayl GSH

yields an “anomalous” spectrum at pH 7.5, which retains cross-peaks consistent with ionized tyrosinate.
These results indicate that, in the absence of ligand, Tyr-9 forms a strongly polarized hydrogen bond or
a fraction of the phenolic hydroxyl group is partially deprotonated. However, when a GSH conjugate
with a sufficiently large hydrophobic group occupies the H-site, Tyr-9 is fully protonated, with little
charge-transfer character.

The glutathioneStransferases (GSTsatalyze the nu- GSTs from each of these gene classes clearly provide a
cleophilic attack of glutathione (GSH) on numerous lipophilic GSH binding site within the N-terminal one-third of the
electrophiles (Rushmore & Pickett, 1993; Mannervik & proteins and a hydrophobic binding site (H-site) for elec-
Danielson, 1988; Armstrong, 1991). These reactions play atrophiles. The hydrophobic sites are composed of residues
critical role in the detoxication of carcinogens, drugs, and from this N-terminal portion of the protein and from the
the metabolism of endogenous compounds. The mammaliarremaining C-terminal portion. One active site feature which
cytosolic GSTs are represented by four gene classes, whichis completely conserved in the alpha-, pi-, and mu-class
are designated alpha, pi, mu, and theta (Ketterer & enzymes is a hydrogen bond between the thiol of bound GSH
Christodoulides, 1994). The primary amino acid sequence and the phenolic hydroxyl group of a tyrosine side chain.
homologies between proteins from different gene classesThe importance of this hydrogen bond in GST catalysis is
range from only 25% to 35%, yet X-ray crystallographic data clear, based on studies with site-directed mutants (Liu et al.,
from alpha-, pi-, and mu-class GSTs indicate that they share1992; Wang et al., 1992a; Kong et al., 1992). In addition,
similar overall folding topologies [see Dirr et al. (1994) for spectroscopic experiments have indicated that Kyopthe
review of structures]. thiol of GSH is lowered from~9.3 in solution to 6.56.9
at the active site of GSTs, and that the thiolate anion,,GS
is the predominant speces when bound to the protein at
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S0006-2960(95)03034-0 CCC: $12.00 © 1996 American Chemical Society



6746 Biochemistry, Vol. 35, No. 21, 1996 Dietze et al.

fluorescence titration of an alpha-class isozyme (Atkins et modifications, which were found to be necessary to obtain
al., 1993), UV-visible spectroscopic data (Bjornestedt et al., electrophoretically pure enzyme. The fractions eluted from
1995), and the chemical modification studies and electrostaticthe S-hexyl GSH column which contained GST activity were
calculations with a pi-class GST (Meyer et al., 1993; pooled, and ligand was removed by gel filtration on a
Karshikoff et al., 1993) indicate that, in the absence of GSH, Sephadex G-25 column equilibrated with buffer A (7 mM
as much as 25% of the active site tyrosine exists as thepotassium phosphate, 2 mM EDTA, pH 6.9). The GST was
unprotonated tyrosinate. These data suggest that this catagen chromatographed on a CM-cellulose column equili-
lytically important residue possesses a significant degree ofyrated with buffer A. The fractions which contained GST
anionic character (Tyr-O+-*°H) in both substrate-free and \yere |0aded, and the CM-cellulose column was washed with
GSH-bound states. Thus, a detailed picture of the hydrogen5 column volumes of buffer A. The GST was then eluted
bond between GSand the active site tyrosine remains with 5 column volumes of 50% buffer A/50% 250 mM

obscure, and the position of the shared proton in various . . :
X ' . o otassium phosphate (pH 6.7). The fractions that contained
ligand states has not been established. The possibility thatgs_l_ activity were concentrated and stored °C for

this hydrogen bond has “symmetrical” character, as in Tyr- : o .
O~0+--+0H+---SG, has been suggested (Meyer et al., 1993; future use. Mutant proteins purified by this method were

Ji et al., 1992). greater than 97% pure, on the basis of SIPAGE analysis.

In addition, the dielectric environment and the extent of  Steady State FluorescenceSteady state fluorescence
solvation of this hydrogen bond are likely to affect the rates measurements were performed on a SLM-Aminco 8100C
of reaction with hydrophobic electrophiles bound at the “H- fluorimeter thermostated at®&. All slit widths were 2 mm
site”. The magnitude of solvent kinetic isotope effects in the excitation channel and 8 and 4 mm in the emission
supports this hypothesis (Huskey et al., 1991). Indeed, thechannel. Samples were 0.281 GST in 50 mM Hepes-
X-ray structure of the mu-class and the pi-class binary Mes at pHs indicated throughout or 50 mM Capso for pH
complexes, GSTIGS, indicate that the thiolate and the 9.5 and were stirred throughout the data acquisition. Ap-
tyrosine hydroxyl form a partially solvated hydrogen bond propriate buffer “blanks” were subtracted from all spectra.
(Dirr et al., 1994; Ji et al., 1992). In contrast, structurally \when present, ligand concentrations were 1.25 mM. After
defined water molecules which solvate the Tyr-OH are not 4qgition of ligand, samples were equilibrated in the cuvette
observed in the presence $hexyl GSH orSbenzyl GSH, 51 2 min prior to data acquisition. It was demonstrated
and the hydrogen bond to glutathione conjugates is appar-g,nerimentally that this concentration of GSH®methyl

ently not solvated (Sinljing etal, 199_3)' Thus, it is likely GSH was sufficient to saturate the enzyme. Because the
that various hydrophobic substrates displace water from theOther ligands used in these studies have been shown to bind

H-site to varying degrees. Notably, in the absence of ligands, : )
the active site tyrosine of the human Al1-1 GST is hydrated more tightly than GSH to alpha cle}ss GSTs (Askeolf et aI:,
1975), we assume that the other ligands are also saturating

by a disordered water molecule, and it remains within . _ N
hydrogen-bonding distance of the amide backbone nitrogenat this concentration. The excitation wavelengths used for

of Arg-15 (Cameron et al., 1995). correlated spectra were at 5 nm intervals, starting at 245 nm

In order to further characterize the environment of this @nd ending at 305 nm. The emission wavelength range was
tyrosine and the extent to which various ligands modulate 305-400 nm. Each spectrum was corrected for the wave-
its relative solvation, we have used in our studies the length dependence of the lamp output. Difference emission
fluorescence properties of Tyr-9 in the rat A1-1 GST. The Spectra are the average of four separate difference spectra.
fluorescence emission of tyrosine side chains is remarkably The spectral center of mass, was calculated as = 3 vi(l)/
sensitive to the hydrogen-bonding environment, and it has Y vi, where | is the emission intensity at wavelengthThe
been established that the extent of charge-transfer in acenter of mass represents the average energy of emission.

hydrogen-bonded complex is dependent on the basicity of phase/Modulation FluorescenceMultifrequency phase
the acceptor and on the solvent polarity (Ratajczak, 1972; 3nd modulation experiments were performed at the Labora-
Wllll_s & Szabo, 1991)._ Here we _extend our previous studies tory for Fluorescence Dynamics (LFD) at the University of
(Atkins et al., 1993) with the gngmeered rat alpha 1-1 GSTs, lllinois, Urbana, IL. Samples were 1@n W21F or W21F:
W21F and W21F:YOF, which contain no tryptophans. vor iy 50 mm Hepes-Mes, pH 7.5. Excitation at 290 nm
Together these mutants allow for characterization of the local was achieved with a frequency-doubled, mode-locked Nd:

ovel Gombination of Sieady stae flurescence properies,/AC 18581 Synchonously pumping a caviy-dumped tho-
y prop 'damine 6G dye laser (Coherent Corp., Palo Alto, CA).

difference emission spectra, and ligand quenching has beer]Emission was detected with band pass filters (8 nm band

used to selectively characterize Tyr-9. Correlated excita- ) )
tion—emission spectra indicate that the Tyr-9 is either PasS). Intensity decay measurements employed polarizers

strongly hydrogen bonded to a basic acceptor in the substrate! the excitation and emission channels, with orientations
free GST or that it is partially deprotonated. Furthermore, Offsét at 53. The precision of the phase angle and
the extent of charge-transfer in the hydrogen-bonded Tyr-9 modulation ratio measurements wag.6> and <0.004,

changes differentially when various GSH conjugates are 'espectively. The decay data were analyzed with the

bound to GST. multivariable fitting program, Globals Unlimited, which
utilizes a MarquardtLevenberg nonlinear least-squares
MATERIALS AND METHODS analysis, as described in detail previously (Knutson et al.,
Site-Directed MutagenesisSite-directed mutants were 1983; Beechem et al., 1991). Decay data were fitted to a
obtained as previously described (Wang et al., 1991). sum of exponentals model. Attempts to fit the data to models

Protein Purification Mutant GSTs were purified as describing continuous distribution of decay parameters did
described previously (Wang et al., 1989), with the following not improve the “fits”.
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FiGURE 1: Excitation-emission correlated spectral contours for [Yrosine and tyrosinate absorb maximally~a295 nm ¢ =
W21F and W21F:Y9F at several pHs. Tyr-9 provides a spectral 2350 Mt cmt) and~245-255 nm ¢ = 11 000 Mt cm™).
component with emission at 340 nm and excitation at 255 and 305 The observed “cross-peaks” in the 2D contour plot of the
nm, which increases in intensity with increasing pH. W21F mutant are much more intense at pH 9.5 and
RESULTS completely absent at pH 5.5 (Figure 1), as expected for a
change in the ionization state of Tyr-9 with &gof 8.1—
Substrate-Free and GSH-Bound Glutathione S-Trans- 8.3, as measured by UV spectroscopy and fluorescence
ferase We have described previously the mutant rat A1-1 (Atkins et al., 1993; Bjornestedt et al., 1995). Individual
GST proteins W21F and W21F:Y9F, in which the single excitation spectra (emissioa 350 nm) also are shown for
tryptophan found in the wild protein has been replaced with the two proteins at pH 7.5 in Figure 2. These spectra clearly
the fluorimetrically silent phenylalanine (Atkins et al, 1993). demonstrate a red-shifted emission component arising from
In addition, the W21F:Y9F mutant has a phenylalanine Tyr-9, which has unique excitation bands. The spectrum of
substituted for the active site Tyr-9. Replacement of Trp- the W21F mutant has excitation bands centered at 257 and
21 with phenylalanine has negligible effect on the catalytic 305 nm, which are absent in the W21F:Y9F protein. These
properties of the enzyme (Wang et al., 1992b). Together, spectra represent vertical “slices” through the 2D contour
these proteins allow for the characterization of the active plots, at an emission wavelength 350 nm, as viewed along
site tyrosine (Atkins et al., 1993). The previous character- the excitation wavelength axis.
ization was specifically aimed at determining th€, pf Tyr- It has been appreciated that it is difficult to distinguish
9. Here the characterization is extended, in order investigatebetween tyrosinate, with a formal negative charge, and
the environment of the hydrogen bond to Tyr-9, and the strongly hydrogen-bonded tyrosine, and partial charge-
complete excitationemission correlated spectral contours transfer (Ross et al., 1992). Intuitively, it is reasonable to
are shown for both proteins, at several pH values. Direct propose that tyrosinate provides the cross-peaks which are
comparison of the correlated excitatioemission spectra of  observed for the W21F protein, rather than hydrogen-bonded
the ligand-free W21F and the W21F:Y9F mutant proteins tyrosine, because the recently published X-ray structure of
indicates that, at pH 7.5, the single mutant has a strongthe human Al-1 GST indicates that the only hydrogen-
emission “cross-peak” centered at 33%0 nm, coupled to  bonding partners within proximity to the phenolic hydroxyl
an excitation band at-255 nm and a much less intense group of Tyr-9 are the backbone amide of Arg-15 and a
excitation band at~-300 nm, which appears as a “lobe” on disordered water molecule (Cameron et al., 1995). The
the long-wavelength side of the peak at 280 nm along the possibility that this water acts as a strong hydrogen bond
excitation axis; both of these cross-peaks are due apparentlhacceptor is explored in the Discussion.
to a contribution from Tyr-9, because they are absent in the The possibility that Tyr-9 was hydrogen bonded to a buffer
correlated contours of the W21F:Y9F protein (Figure 1). component in the absence of ligand was also considered.
Because the emission maximum of tyrosine that is hydrogenFree tyrosine andN-acetyltyrosine in solution will form
bonded to “bulk” water (305310 nm) is insensitive to  hydrogen bonds with phosphate, imidazole, and other com-
changes in the dielectric constant of the environment [Willis monly used buffers (Ross et al., 1992; Willis & Szabo, 1991).
and Szabo (1991) and data not shown], we propose that theThus, it was reasonable to postulate that a buffer salt provided
cross-peaks in the correlated spectrum of the W21F mutanta good hydrogen bond acceptor for Tyr-9. However, varying
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30 100 Table 1: Global Analysis of Phase/Modulation Data
77 L g0 lifetime (ns), (fractional intensity)
§ emission wavelength
8 24 r e protein/ligand 320nm  330nm  340nm 350 nm
1] -
T 36 — 40 % W21F 3.45(0.22) 4.08 (0.23) 5.14(0.27) 5.35(0.38)
3 1.25(0.76) 1.24 (0.74) 1.30(0.70) 1.26 (0.58)
18 - 20 0.45 (0.02) 0.49 (0.03) 0.50 (0.03) 0.45 (0.12)
avg=1.73 avg= 1.89 avg— 2.46 avg—2.84
0 \ 0 W21F+ GSH 3.61(0.21) 4.12(0.24) 5.23(0.18) 5.21 (0.30)
c 500 1.40 (0.76) 1.41(0.75) 1.45(0.70) 1.41(0.53)
0.47 (0.03) 0.38 (0.01) 0.45 (0.12) 0.40 (0.17)
avg=1.82 avg= 2.03 avg=2.00 avg= 2.36
50 100 W21F:Y9F 3.51(0.15) 4.09(0.13) 6.25(0.14) 6.23 (0.30)
1.44(0.83) 1.48 (0.85) 1.61(0.79) 1.52 (0.65)
72 W21F:Y9F - 80 0.39 (0.02) 0.40 (0.02) 0.48 (0.07) 0.33 (0.05)
+/- GSH = avg=1.82 avg=1.80 avg=2.18 avg= 2.87
% 47 — 50 g W21F:Y9F+ GSH 3.91 (0.11) 4.59 (0.14) 6.51 (0.14) 6.38 (0.29)
2 £ 1.50 (0.08) 1.50 (0.84) 1.63(0.81) 1.56 (0.67)
o 3p - 40 = 0.37(0.01) 0.36 (0.02) 0.49 (0.05) 0.39 (0.04)
S avg=1.75 avg= 1.91 avg=2.25 avg= 2.91
18 ~ 20 @ Conditions as described in Materials and Methods. Precision of
2 individual lifetime values ist0.004 ns. The reported average values
0 g7 T T T 0 are weighted averages based on the fractional intensities.
5 50 500
Frequency (MHz) posable at each wavelength for the double mutant. The data

FIGURE 3: Phase modulation data for W21F and W21F:Y9F. Phase are also nearly superimposable at each wavelength for the
angles (phase) and modulation ratios (mod) at four emission double mutant. The data are also nearly superimposable for
wavelengths in the presence and absence of GSH. Phase angleshe \WW21F mutant at the shorter wavelengths. However, at

crosses, 320 nm; open squares, 330 nm; open triangles, 340 nm; _ o .
stars, 350 nm. Modulation ratiosx, 320 nm; open circles, 330 the red-edge of the emission spectrum, GSH shifts the

nm; hourglass, 340 nm; open diamonds, 350 nm. For the w21F: frequency response of the W21F mutant, and the data for
Y9F mutant GSH has no effect on the decay parameters. Forthe W21F in the presence and absence of GSH become easily
W21F, GSH induces a shorter average excited state lifetime at thedistinguishable. This further demonstrates that the red-
longer wavelengths (Table 1). shifted emission component is due to Tyr-9. Quenching of
) tyrosine by sulfhydryl groups is well documented (Cogwill,

concentration of the buffer salts used here (Hepes-Mes)1g76: Ross et al., 1992). The decrease in average excited
between 10 and 200 mM at constant pH had no effect on giate jifetime following GSH binding suggests that a dynamic
the steady sta_te_em|SS|on spectra of e|th_er mutant _pmte'”-quenching mechanism is, at least partially, operative (Eftink,
Moreover, emission spectra bfacetyltyrosine in solutions 1991 |tis impossible to determine from these experiments
of these buffers did not'lncl_ude red-shifted components \ynether a static guenching mechanism also contributes.
compared toN-acetyltyrosine in water alone (not shown). |, a4dition, these experiments provided critical information
Together, these observations indicate that the unique spectralpout the decay process. The excited state decay data
component of the W21F mutant is not due to a hydrogen jngicate that the red-shifted emission of W21F was not due
bond between Tyr-9 and a buffer component. to an excited state proton transfer from Tyr-9 which

Although the excitation spectra indicate that the Tyr-9 has subsequently affords a fluorescent tyrosinate. When excited
unique ground state features, it was possible, in principle, state decay processes occur, sharp changes in the decay
that the unique cross-peaks in the correlated spectra of theparameters with changes in emission or excitation wavelength
W21F mutant were due to fluorescence of tyrosinate formed are expected, corresponding to two states of the excited state
during the excited state. It is well established that tke p  reaction (Ross et al., 1992; Willis & Szabo, 1991). In
of tyrosine decreases from10.3 to~3.5 upon reaching the  addition, negative pre-exponential factors are recovered when
first excited singlet state (Rayner et al., 1978). In particular, excited state reactions dominate the decay pathway. Neither
it was necessary to consider the possibility that a proton wasof these diagnostic fluorescence properties was observed in
transferred during the excited state from Tyr-9 to a protein- any of the data fitting we attempted. Furthermore, the
derived base in the absence of ligand or to-G#en this  Globals Unlimited analysis software used for data fitting
cofactor is bound. These pOSSibi”tiES were examined with allows for testing models which include an excited state
multifrequency phase/modulation experiments. reaction. An explicit search for excited state reactions

The frequency responses of the W21F and the W21F:Y9F resulted in poor correspondence between the mathematical
mutant properties were determined in the presence andmodels and the data obtained for W21F in either the ligand-
absence of GSH, at pH 7.5 (Figure 3). Global Analysis of free or GSH-bound stateg?(> 6, not shown). On the basis
the phase and modulation data afforded three excited stateof the decay data and these modeling efforts, excited state
lifetimes at four emission wavelengths spanning the long- reactions do not make a significant contribution to the
wavelength side of the total protein emission spectra (Table tyrosine fluorescence observed in the rat A1-1 mutant GSTs,
1). The data indicate clearly that GSH had little effect on in the presence or absence of GSH. On the basis of results
the excited state decay parameters of the W21F:Y9F at anyreported by Willis and Szabo (1991) and others (Ross et al.,
wavelength, or on the W21F protein, at 320 nm (Figure 3). 1991), this is not surprising. Briefly, it has been demon-
The phase and modulation curves are essentially superim-strated that excited state transfer of the proton from the
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phenolic _oxygen of tyro_sme to a strong hydrogen bond Table 2: Distances and Angles between Tyr-9 and Other Tyrosines
acceptor is extremely unlikely due to excited state relaxation in Human A1-1 GST

rates that are fast relative to proton transfer. The phase/

modulation data, therefore, indicate that the red-shifted Tyrno. distance (A) dihedral angle (deg)

emission correlated to excitation bands at 255 and 305 nm gg:iggﬁ llig _11712'%

results from unique ground state properties of the active site  gg—132a 15.2 —124.2

tyrosine, Tyr-9, rather than excited state deprotonation. 9B—74B 17.6 -8.2
It should be stressed that, due to spectral overlap with other ~ 98—798 18.7 —143

tyrosines contained in the protein, these data do not allow gg:?gés, %g:é __1;1_'%

for deconvolution of a decay-associated spectrum of Tyr-9  gg—goB 21.0

(Beechem et al., 1991) or assignment of specific lifetime 9B—82A 22.7

components uniguely to Tyr-9. In fact, the reproducible 9B-132B 21.9

GSH-induced spectral changes are small, and when models gg:?i% ggg

are compared in which only the lifetimes change or only  gg—147a 31.9

the fractional intensities change, “fits” of the data to different —; = - - .

L : - e shortest distance between a carbon atom of the side chain of
models are statistically equivalent. Therefore, a detailed 1y;.g in subunit B to a carbon atom of the side chain of the indicated
physical model for the excited state decay of Tyr-9 was not tyrosine residue, in either subunit A or B, is reported. Some distances
obtained. This was not the goal of these experiments, andbetween Tyr-9 of subunit B and tyrosines in subunit A ae not listed
further comparison of different possible linkage schemes with Eﬁ;ﬁ“;fet;?gé’ig;i %\rlﬁﬁitﬁrztga'{\‘ §f5 é&a.lcI‘Iljlgt?lder?la?:Ellilsefzg'eytyngr;géoma“c
glObal Analysis was _nOt performed. Rath_er’ these da’Fa Tyr-165 of human Al-1 GST are not present in the rat isozyme used
emonstrate that excited state deprotonation of Tyr-9 is i the studies reported here.
unlikely.

Difference Spectra In principle, difference emission
spectra (W21F W21F:Y9F) will afford qualitative model
spectra of Tyr-9, assuming insignificant structural change
upon substitution of Tyr-9. The W21F:Y9F is presumed to
be structurally intact, because it retains completely its affinity
for the Shexyl GSH-agarose column. Furthermore, the
X-ray structure of the binary complex of the corresponding
Y6F mutant of the M3-3 GST, with GSH bound, is not
significantly altered compared to the wild type (Liu et al.,
1992). Thus, structural perturbation is not expected to limit
the use of difference spectra in this case. However,
difference spectra will provide useful models of the Tyr-9
properties only when energy transfer between Tyr-9 and
phenylalanines or other Tyr residues is minimal. Obviously,

moments (Eisinger et al.,, 1969). Indeed, some energy
transfer from Tyr-9 to Tyr-132 may take place. However,
Tyr-9 is not an efficient energy transfer acceptor, on the basis
of the lack of negative pre-exponential factors for the excited
state decay at longer wavelengths. From this comparison
of the location of tyrosine residues in the human Al1-1 GST
and the rat isozyme used here, the only tyrosine which is
likely to interact with Tyr-9 of the W21F mutant is Tyr-
132. The data presented below indicate that, even if some
energy transfer occurs, it does not eliminate the utility of
the difference spectra obtained. Because the effects of pH
changes and ligands on the spectra of the W21F mutant are
the same as the effects on the difference spectra (see below),

mutant proteins, and energy transfer from phenylalanines is prop :

usually inefficient, particularly at some of the longer excita- ~ On the basis of these considerations, it is possible to obtain
tion wavelengths used here-295 nm). Moreover, the  qualitative models for the emission spectra of Tyr-9, from
alpha-class 1-1 GST is naturally suited for minimal energy difference spectra of W21F minus W21F:Y9F. The cor-
transfer between Tyr-9 and other tyrosines. The X-ray related 2D spectral contour of Tyr-9 at pH 7.5 is shown in
structure of the human alpha-class 1-1 GST (Sinning et al., Figure 4, along with the corresponding 2D surface. Note
1993; Cameron et aL’ 1995) was examined for possib|e that the excitation Wavelengths increase from rlght to left.
interactions between Tyr-9 and other tyrosines. Each of the The cross-peaks observed in the absolute excitation
tyrosines contained within the rat A1-1 enzyme used here is €mission contour of W21F (Figure 1) become dramatically
present in the human A1-1 enzyme (the human A1-1 isozyme More apparent when the fluorescence of other tyrosine is
has two additional tyrosines, Tyr-49 and Tyr-165). The “‘subtracted”. For example, the cross-peaks in the difference
shortest distances between side chain carbon atoms of Tyr-gcontour at pH 7.5 (Figure 4) are nearly equal in intensity to
of one subunit (arbitrarily chosen as subunit B) and other the cross-peaks in the absolute contour of W21F at pH 9.5
tyrosines in each of the subunits are summarized in Table (Figure 1). Importantly, however, a significant peak remains
2, along with the dihedral angles between aromatic rings. in the difference spectra at excitation 280 nm and emission

Two of the tyrosines in the human Al-1 GST which are 315 nm, as expected if some of Tyr-9 is protonated. This
closest to Tyr-9. model indicates that Tyr-9 is “heterogeneous”, with proper-
Tyr-166 and Tyr-74 in the same subunit, are not oriented ties of “normal” tyrosine as well as deprotonated or strongly
well for energy transfer with Tyr-9 and therefore are unlikely hydrogen-bonded tyrosine. This result is examined in more
to provide energy transfer partners for Tyr-9. Tyr-132 of detail in the Discussion.
the adjacent subunit is close enough to Tyr-9 to expect some In order to challenge the model provided by the “difference
energy transfer, assuming a Forster distance-df8A (Wu surface”, the effects of GSH on the spectra were determined.
et al., 1994; Eisinger et al., 1969), and the orientation may Specifically, the results described above led to the prediction
be favorable, on the basis of the data presented below andhat the cross-peaks associated with the red-shifted emission
in Table 2. The optimal dihedral angle for energy transfer should be quenched upon addition of GSH if the “difference
between tyrosine residues4s180 ° or when the aromatic  surface” accurately reflects the properties of Tyr-9. Addition
rings are coplanar with oppositely oriented transition dipole of GSH at pH 7.5 caused a nearly complete elimination of
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§ 044 § Ficure 5: Effect of Salkyl GSH conjugates on the absolute
2 024 5 emission spectrum of W21F (A) and W21F:Y9F (B). Results
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shown are for pH 6.5, at which the ligand-free Tyr-9 is completely
protonated. The GSH conjugates cause an increase in intensity
and slight blue-shift in the spectrum of W21F. They have negligible
effect on the spectrum of W21F:Y9F. Excitation wavelength was
290 nm. (C) The spectral centers of mass (nm) and peak intensities
FIGURE4: Top: Difference spectral surface of the ligand-free Tyr- are plotted against increasing alkyl chain length of the conjugates.
9. The surface shown was obtained at pH 7.5. When the With larger alkyl groups, Tyr-9 becomes less solvent exposed, as
contribution from other tyrosines is subtracted, the relative spectral indicated by the increase in intensity and shift to shorter wave-
density at emission 340 nm, excitation 305 and 255 nm, increaseslengths. SMe, SEt, SPr, SBu, and SHx refer to Smethyl,
compared to the absolute spectra of W21F. Bottom: Difference S-ethyl, Spropyl, Sbutyl, andShexyl GSH conjugates, respec-
spectra of the GSH complex at pH 7.5. Addition of GSH quenches tively.

nearly completely the red-shifted emission component. In addition . . .
the peak intensity of the component at emission 315 nm is quencheddetermine the effects of several GSH conjugates on the active

slightly. site tyrosine. In particular, Tyr-9 fluorescence provides a
probe of the extent of solvation of the hydrogen bond to
the cross-peaks corresponding to emission at 345 nm andhis residue, as well as its protonation state. As pointed out
excitation at 255 and 305 nm. This is consistent with the below, these GSH analogues led to a completely protonated
phase/modulation experiments, which indicated that the red-Tyr-9, so the “base line” for comparison of GSH analogues
shifted emission component was quenched by GSH, and itwith differing alkyl chain length should be the protonated
further supports the qualitative accuracy of the difference Tyr-9 in the ligand-free GST. Therefore, the results with
spectra. Importantly, the quenching of these cross-peaks byGSH analogues are reported for experiments at pH 6.5, where
GSH was accompanied by only a small change in the cross-Tyr-9 is completely protonated in the ligand-free GST.
peak corresponding to “normal” tyrosine, with emission at Similar results were obtained at pH 7.5 and 9.5.
315 nm. The peak intensity of this component is quenched Two experimental probes were employed to determine the
by only 6%. That is, GSH quenches the fraction of Tyr-9 effects of GSH conjugates on the fluorescence of Tyr-9. The
which has “tyrosinate” character, but GSH does not cause afirst was to compare directly the changes caused by ligands
spectral shift of this component to the other region of the in the correlated spectra of W21F vs W21F:Y9F. In the first
spectrum. This is in contrast to what is observed when GSH case, a series of GSH conjugates with increasing alkyl chain
conjugates are added (below). This result was observed alsdength was added at saturating concentration to each protein.
with the absolute correlated spectra of the individual W21F Essentially no changes were observed in the spectrum of the
protein, but no spectral perturbation was observed for the W21F:Y9F mutant, whereas the W21F mutant exhibited an
absolute spectra of W21F:Y9F. increase in emission intensity and a modest blue-shift in the
Effects of GSH ConjugateDifferential solvation of the  spectral center of mass. This is most clearly evident in
active site in the presence of varying H-site ligands is likely overlaid individual emission “slices”, rather than in the
to contribute to observed differences in reaction rates. correlated spectra, because the changes are relatively small
Therefore, the model spectrum of Tyr-9 was used to (Figure 5). The spectral center of mass and peak emission

(=]

285 275 265
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intensity are plotted vs alkyl chain length in Figure 5C. The
increase in intensity and the blue-shift in the spectral center
of mass with increasing alkyl chain length is directly
analogous to the spectral changes that occur when tyrosines
in proteins, or other phenolic fluorophores, are placed in
solvents with decreasing dielectric constants or when their
hydrogen-bonding partners become more anodic (Li et al., - 7.2
1993; Zhao et al., 1995). These data demonstrate that, as’ ‘@
the length of the alkyl chain of the conjugate increases, the
apparent solvent accessibility of the Tyr-9 decreases
(Ratacjzak, 1972; Zhao et al., 1995), assuming that each of 8
the thioether analogues provides a hydrogen-bonding partner §
of similar strength. Interestingly, tf®methyl GSH complex g
yielded a spectrum which was unexpectedly like the ligand- 0
free GST at pH 7.5 but not at pH 6.5 as shown in Figure

5C. A possible rationalization for this is provided in the
Discussion.

The second approach for determining the effects of GSH +
conjugates on the environment of Tyr-9 was to determine S'MEthyl GSH
the ligand-induced changes on the correlated difference
surface rather than the individual absolute correlated surfaces. -
As described above, if other tyrosines are unaffected by these
ligands, then the difference surfaces (W21PN21F:Y9F) M 5
should reveal specific ligand-induced changes at Tyr-9.

Essentially the same trend was observed, as for the individual 5. 124 @ — i
W21F mutant. For example, the effect ®hexyl GSH is ~
demonstrated in Figure 6 (top). The red-shifted emission
component is shifted to 315 nm, with a single excitation peak
at 283 nm. The difference surface and the contour plot
clearly demonstrate that the intensity of the peak emission
at ~315 nm increases relative to this component in the
difference surface for the ligand-free Tyr-9 (Figure 4). Thus,
in contrast to the effect of GSH, tt&alkyl analogues cause

a shift of the long-wavelength spectral component to the

spectral region of the ottler normal tyrosines. Th'.s Ficure 6: Top: Difference excitatioremission surface of the
component is added to the “normal” component of Tyr-9in  ghexyl GSH complex. S-Hexyl GSH causes a spectral shift of
the difference spectrum. It is added to this component and the long-wavelength emission component of Tyr-9 to 315 nm, where
all of the other tyrosines in the absolute spectrum of W21F. iéigﬁnginst%[l)?rusiasrlsam% rfcra()g:;(r)r:gﬁg itr)]/rquéngiSﬁ-ergrl]% :ffsepfgfcﬁirae?\);\lml':
Thus, the observed affect is more dramatic with the differ- - ! .
ence spectrum than the absolute spectrum. This is true als%e\;\iﬁll';_gf;)dthﬁ‘gr'gégg %ﬁs?é?éi;?)?c;u%gf \évlzlen(n'q:'ge”rﬁsi)ibﬁ
of the blue-shift in the spectral center of mass and the peakcomponent is observed, relative to the ligand-free Tyr-9, at pH 7.5.
intensity with increasing alkyl chain length, as shown in Bottom: Difference surface of th&methyl complex. The red-
Figure 5C for the absolute spectra. That is, the total changeshifted component is not quenched at pH 7.5.
in each of these parameters is greater for the difference
spectra compared to the absolute spectra, although thehioether of theSalkyl analogues. The Ku of Tyr-9,
changes are still modest (not shown). This provides ad- therefore, is=9.5 in the presence &alkyl GSH analogues.
ditional support for the utility of the difference spectra as That is, no tyrosinate component was observed in the
models for the spectra of Tyr-9. The difference surface, presence of th&alkyl analogues, even at pH 9.5. Above
W21F — W21F:Y9F, of the complex witls-methyl GSH is pH 9.5 other tyrosines are likely to deprotonate partially, so
also shown in Figure 6 (bottom). At pH 7.5 the red-shifted the K. of Tyr-9 has not been determined. Furthermore, the
spectra| component which is present in the |igand_free data indicate that the Tyr-9 has fluorescent properties much
enzyme remains Wh@.methy] GSH is added at Saturating like other tyrosines in GST, with an emission maximum at
concentrations. Th&ethyl GSH yields a complex which ~ ~315 nm and a single broad excitation band~@80 nm,
is nearly completely lacking this component and which is When it is hydrogen bonded to thioether analogues. In
similar to the complex witt-hexyl GSH (not shown). Thus,  contrast, the hydrogen bond formed to the thiolate of GSH
atpH 7.5 thes.methy| Comp|ex appears “anomalous”. results in nearly complete quenching of this tyrosine, but
Information about thelg, of Tyr-9 in the presence of these  the remaining emission is red-shifted with the excitation
GSH conjugates is also available from these experiments.pands on either side of 280 nm.
Even at pH 9.5 the spectral shift of the long-wavelength  In order to determine whether the spectral changes induced
emission component which is induced by alkyl GSH by GSH conjugates were due to occupation of the H-site,
conjugates is complete (not shown). Presumably, each ofH-site ligands were added to the mutant proteins in the
these ligands leads to protonation of any tyrosinate-9 which absence of GSH, and emission spectra were recorded. For
is present in the ligand-free enzyme, and a hydrogen bondexample, addition of the H-site ligand 2-octenal at a
is formed between the phenolic oxygen of Tyr-9 and the concentration of 100M (K; = 1.5u4M in the CDNB assay)

* S-Hexyl Gsy

nsity
N
!

rerrrrrrri

ce Intel

25 275 peg

2 255
Excitation Wavelength (n e

m)

pury
1

0.8 ~

0.6 ~f
0.4
0.2 <

Fluorescence intensity

285 75 265
Excltation Wavelength (n

255
m)



6752 Biochemistry, Vol. 35, No. 21, 1996 Dietze et al.

caused no detectable spectral change in the absolute emissiopartner which is evident in the structure is a disordered water
spectra of W21F, W21F:Y9F, or their difference spectrum molecule. Typically, bulk solvent water molecules do not

(not shown). form hydrogen bonds with tyrosine with significant charge-
transfer character (Willis & Szabo, 1991; Ratajczak, 1972).
DISCUSSION The inability of the X-ray data to clearly identify a potential

strong hyrogen bond acceptor, along with the spectroscopic
data presented here and elsewhere (Atkins et al., 1993;
Bjornestedt, 1995), supports the possibility that a fraction

. . f Tyr-9 is ionized as tyrosinate, at physiological pH, in the
spectra, time-resolved fluorescence spectroscopy, and ligan bsence of ligand. Alternatively, the water molecule which

guenching experiments. An engineered rat A1-1 GST, which is observed in the X-ray structure is “activated” to a strong

forlfa't'p]s not_tryptfipr;ans,_ and a doublz tmutant, V\;h'Ch aIZOFase and hence to a strong hydrogen bond acceptor. It is
acks the active site tyrosing, were used to generate a mode nteresting to speculate that this water molecule has hydrox-

of th_e correlated spectrum of Tyr—9. Toget.her: the results ide ion character, as a result of the electrostatic field provided
prqwde a thorough spectroscopic charag:tenzanon of Tyr-9, by the side chain of Arg-15, which lies within 5.7 A of the

which .W.'" be “S?f“' n f“t!”e expgnments aimed at phenolic hydroxyl group in the apo-enzyme. It has been
determining the active site residues which modulate the p suggested previously that this electrostatic field stabilizes the

of Tyr-g and bound GSH. In addition, this chz_iracteriza_\tion thiolate anion of the binary complex, G&ST (Bjornestedt
provides the necessary data base to determine the klnetlc%t al., 1995). In the absence of GSH, the Arg-15 side chain

of bmdmg and react|o.n, as well as characterization of ENZyme hes not rearrange significantly, and it may similarly stabilize
species present during steady §tate, for spectroscoplcallythe anionic hydroxide form of water, which lies between the
silent ligands. These data provide evidence also that theArg-lS side chain and the hydroxyl group of Tyr-9. This,

extent of charge tra_nsfer of_ the hydrogen bond to Tyr-9 in turn, would provide a very strong hydrogen-bonding

changes as a function of ligand state. Presumabl;_/,. thepartner which affords the “tyrosinate” species contributing
deta!led struct.ure of hydrogen bonds to T_yr—9 play a critical to the spectrum of Tyr-9. However, if such an activated
role in catal¥5|s by GSTs of th? alpha-, pi-, and mu—clgsses.water molecule was strongly hydrogen bonded to Tyr-9, then

Our previous results (Atkins et al., 1993) provided i would be anticipated to be “well-ordered” in the X-
spectroscopic evidence that the active site tyrosine of ligand-strycture. Therefore, it is likely that the red-shifted emission
free cytosolic GSTs had an unusually loWpas suggested  component observed in the ligand-free enzyme is due to
by the chemical modification studies (Meyer et al., 1993) tyrosinate which is present in the ground state and maintained
and the electrostatic calculations (Karshikoff et al., 1993). in the excited state (Figure 7). The distinction between
In addition, our previous results included characterization tyrosinate vs tyrosine which is hydrogen bonded to hydroxide
by UV—visible spectroscopy of the Tyr-9 absorption proper- may be mechanistically important, if one of these species
ties, which are completely consistent with the fluorescence g¢ts as a base which directly deprotonates GSH to yield GS
results reported here (Atkins et al., 1993). The complete 5 the active site. Of course, these species may be in
spectroscopic description of Tyr-9 provides a detailed profile gquilibrium with each other as well as with the protonated
(_)f the hydrogen-bond_ing c_haracter of this residue in various Tyr-9 which yields the “normal” spectroscopic component.
ligand states at physiological pH. Addition of GSH conjugates, other tha&methyl GSH,

An important finding of the fluorescence charaterization |eads to a hydrogen bond to Tyr-9 with much less charge
is that, in the ligand-free enzyme at pH 7.5, Tyr-9 is transfer character than the apo-enzyme. The hydrogen bond
heterogeneous (Figure 4). A fraction of the active site Tyr-9 petween Tyr-9 and these alkyl GSH conjugates leads to a
side chains exhibit “normal” spectroscopic properties, with tyrosine which is indistinguishable spectroscopically from
an emission maximum at-315 nm that arises from an  other tyrosines in the protein. Moreover, the data demon-
excitation band centered a280 nm. The other fraction of  strate that GSH conjugates with varying alkyl chain length
Tyr-9 residues, however, clearly has absorption and emissiondifferentially desolvate the immediate environment of Tyr-
properties which are due to either tyrosinate or strongly 9. The increase in emission intensity and the concomitant
hydrogen-bonded tyrosine, with significant charge-transfer. plue-shift (Figure 5) are indicative of a hydrogen-bonded
Presumably, these states are in dynamic equilibrium. DueTyr-9 which becomes less solvent exposed in a more
to the limitations of the difference spectra described, the hydrophobic environment as the alkyl substituent becomes
fractional contribution of each state cannot be accurately Jonger.
determined from the difference spectra. Notably, this TheSmethyl GSH affords a complex with spectroscopic
heterogeneity at pH 7.5 is predicted from the experimentally character like the ligand-free enzyme, at pHs abere0.
determined K, of ~8.1, but no spectroscopic evidence has Below this pH,Smethyl GSH causes the “expected” changes
previously documented such heterogeneity for Tyr-9. in spectral center of mass and intensity, and the spectral

With regard to the chemical species which provides the parameters for this complex fit the trend shown in Figure
red-shifted emission component of Tyr-9, these data can not5C. However, at higher pHs, where a significant fraction
differentiate between strongly hydrogen-bonded tyrosine, of Tyr-9 exhibits the unique spectral component, &reethyl
with some charge-transfer character, and formal tyrosinate. GSH complex is more like the ligand-free enzyme. This is
The recently published X-ray structure of the ligand-free because&s-methyl GSH does not efficiently quench the red-
human Al1-1 GST (Cameron et al., 1995), however, indicates shifted spectral component, which is absent at the lower pHs,
that no strong hydrogen bond acceptors are within 4 A of as the analogues with longer alkyl chains do. That is, the
the phenolic oxygen of Tyr-9. The amide nitrogen of Arg- S-methyl complex is “anomalous” at pHs which include the
15 lies within 2.8 A and likely is a hydrogen bond donor to  red-shifted spectral component but not at lower pHs where
the oxygen atom. The other possible hydrogen bonding this component is absent. This interesting result indicates

The environment and hydrogen-bonding characteristics of
Tyr-9 of the rat Al-1 GST have been studied by a
combination of steady state correlated excitatiemission
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