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Abstract

The glutathione S-transferase (GST) isoenzyme Al-1 from rat contains a single tryptophan, Trp 21, which is
expected to lie within o-helix 1 based on comparison with the X-ray crystal structures of the pi- and mu-class
enzymes. Steady-state and multifrequency phase/modulation fluorescence studies have been performed in order
to characterize the fluorescence parameters of this tryptophan and to document ligand-induced conformational
changes in this region of the protein. Addition of S-hexyl glutathione to GST isoenzyme A1l-1 causes an increase
in the steady-state fluorescence intensity, whereas addition of the substrate glutathione has no effect. Frequency-
domain excited-state lifetime measurements indicate that Trp 21 exhibits three exponential decays in substrate-
free GST. In the presence of S-hexyl glutathione, the data are also best described by the sum of three exponential
decays, but the recovered lifetime values change. For the substrate-free protein, the short lifetime component con-
tributes 9-16% of the total intensity at four wavelengths spanning the emission. The fractional intensity of this
lifetime component is decreased to less than 3% in the presence of S-hexyl glutathione. Steady-state quenching
experiments indicate that Trp 21 is insensitive to quenching by iodide, but it is readily quenched by acrylamide.
Acrylamide-quenching experiments at several emission wavelengths indicate that the long-wavelength components
become quenched more easily in the presence of S-hexyl glutathione. Differential fluorescence polarization mea-
surements also have been performed, and the data describe the sum of two anisotropy decay rates. The recovered
rotational correlation times for this model are 26 ns and 0.81 ns, which can be attributed to global motion of the
protein dimer, and fast local motion of the tryptophan side chain. These results demonstrate that regions of GST
that are not in direct contact with bound substrates are mobile and undergo microconformational rearrangement
when the “H-site” is occupied.
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component of a mixture of fluorophores; MOPS, 3-(N-morpholino)pro-
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M before numbers such as 1-1 or 3-3 refer to the gene classes alpha, pi,
and mu, respectively. The numbers refer to the individual subunits that
comprise a particular isoenzyme within the classes. For example, the rat
Al-1 refers to the alpha-class isoenzyme 1-1, referred to previously as
the YaYa isoenzyme. The system referring to structural domains of these
proteins is that of Ji et al. (1992). Starting from the N-terminus, the first
and second «-helices are helix 1 and helix 2, and the first and second
B-sheets are 3-sheet 1 and 3-sheet 2. This makes helix-1 equivalent to
helix-A, according to Reinemer et al. (1991). See these references for
more detail.
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The glutathione S-transferases (EC 2.5.1.18) are a fam-
ily of conjugative enzymes that catalyze the nucleophilic
addition of glutathione to a wide range of endogenous
substrates, xenobiotics, and carcinogens (Mannervik &
Danielson, 1988; Coles & Ketterer, 1990). The cytosolic
isozymes represent four distinct gene classes, designated
alpha, mu, pi, and theta (Mannervik, 1985; Pickett & Lu,
1989; Meyer et al., 1991). The enzymes produced from
these gene classes are distinguished by their substrate spec-
ificities and primary amino acid sequence homologies.
Recently, X-ray crystal structures have indicated that
pi- and mu-class GSTs with different ligands bound have
nearly identical three-dimensional topologies (Reinemer



2086

etal., 1991, 1992; Jiet al., 1992). NMR studies also have
demonstrated the similarity in structure between these
classes of GSTs (Penington & Rule, 1992). Individual sub-
units of GSTs from both of these classes consist of two
distinct domains. The N-terminal domain (domain I) con-
tains both §-sheet and a-helical elements, whereas the
larger C-terminal domain (domain II) contains no 8-sheet
structure. The glutathione-binding site (“G-site”) lies nearly
completely within the N-terminal domain of each subunit,
yet includes a single salt bridge between GSH bound
to one subunit and an evolutionarily conserved aspartate
in the adjacent subunit (Wang et al., 1992a; Kong et al.,
1993). Notably, the GSH-binding site lies near the
N-termini of a-helices 1 and 3, and it has been suggested
that the resulting helical dipoles may play an electrostatic
role in GSH binding (Graminski et al., 1989; Reinemer
et al., 1991). The binding site for the electrophilic sub-
strates that are conjugated to GSH, the “H-site,” is also
localized partly within the N-terminal domain. However,
several residues within the C-terminal domain contribute
to this binding pocket. Construction of chimeric GSTs
has demonstrated that the H-site specificity reflects a
complex interaction between N-terminal and C-terminal
regions of the protein (Zhang & Armstrong, 1990). Al-
though a great deal of structural data concerning ligand-
bound GSTs are now available, no X-ray crystal structure
has been published for any GST in the absence of substrate.

Details of the chemical mechanism of GSH conjugation
have been obtained from site-directed mutants as well as
spectroscopic techniques (Graminski et al., 1989; Arm-
strong, 1991; Liu et al., 1992). Although the catalytic
roles of specific residues have been demonstrated, ligand-
induced conformational changes have not been charac-
terized in detail, and active-site reorganization may be
required as the reaction progresses from the substrate-free
form of the enzyme to the final product complex. Thus,
the conformational dynamics associated with ligand bind-
ing to GSTs remain undefined. Furthermore, the solu-
tion dynamics of GST proteins have not been studied,
although the crystallographically determined temperature
factors indicate that there are distinct regions of localized
side-chain mobility surrounding a relatively static protein
core (Jiet al., 1992). In order to interpret the free-energy
profile of the enzyme-catalyzed reaction in molecular
terms, and to effectively design class-specific inhibitors
of GST, it is necessary to document structural and dy-
namic changes that take place when the substrate-free
enzymes bind substrates, inhibitors, and products. The
objective of these studies was to determine whether such
conformational dynamics are important for the function
of GST.

Tryptophan residues provide valuable intrinsic probes
of localized protein motion and of protein-substrate in-
teractions (Lakowicz, 1989; Royer et al., 1990; Harris &
Hudson, 1991). Indeed, steady-state fluorescence studies
have demonstrated that a tryptophan residue is involved
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directly in binding of GSH to a pi-class GST (Caccuri
et al., 1991; Nishihara et al., 1992). These results are con-
sistent with the X-ray structure of the pi-class enzyme,
which indicates that Trp 38 is in direct contact with GSH
analogues bound at the G-site (Reinemer et al., 1991,
1992). In contrast to many mu-class and pi-class GSTs,
which contain two or more tryptophans, the rat isoenzyme
A1l-1 has a single tryptophan residue. This is Trp 21,
which is conserved only in alpha-class GSTs and is there-
fore not expected to contact GSH directly at the active site
(Mannervik & Danielson, 1988). Trp 21 of the Al-1 iso-
enzyme would be expected to lie near the C-terminus of
«-helix 1, based on the available crystal structures. Be-
cause this is the only tryptophan contained within this
isoenzyme, it provides a specific spectroscopic probe of
conformational dynamics of an alpha-class GST, and in
particular, of the «-helix that begins near the GSH-binding
site. We report time-resolved and steady-state fluorescence
experiments which demonstrate that this side chain exhib-
its fast rotational motion and that «-helix 1 undergoes a
microconformational change when S-hexyl GSH binds to
the substrate-free A1-1 GST isolated from rat. This is an
initial characterization of the relationship between dy-
namics and function of the GST family of proteins.

Results

Steady-state fluorescence and
lifetime measurements

The steady-state emission spectrum of rat A 1-1 GST
exhibits a maximum at 329 nm at pH 7.4, 25 °C, in the
absence of substrate, when the excitation wavelength is
295 nm. Addition of saturating concentrations of GSH
(400 M) has no detectable effect on the steady-state in-
tensity or emission wavelength maximum. However, ad-
dition of saturating S-hexyl GSH (200 uM) results in a
modest increase in intensity (13%, Fig. 1). This is note-
worthy because Trp 21 is not expected to contribute di-
rectly to the GSH-binding site or the H-site, based on
the crystal structures of the pi- and mu-class enzymes.
This result suggested that when ligands bind to the H-site,
or during formation of the transition state for GSH con-
jugation to electrophilic substrates, the enzyme under-
goes a conformational change that does not occur when
GSH binds to the active site. Because this isoenzyme
has a single tryptophan, this spectroscopic change can
be correlated to structural changes within the region of
Trp 21. This prompted a more detailed examination using
time-resolved, frequency-domain, excited-state lifetime
measurements. The phase and modulation data for 12
modulation frequencies of excitation light are shown in
Figure 2. There is a clear shift in the frequency response
of Trp 21 toward lower frequencies when S-hexyl GSH
is added, indicating a longer average excited-state lifetime.
This is observed at each of the emission wavelengths stud-
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Fig. 1. Steady-state emission spectra of rat Al-1 GST. A: 5 uM
substrate-free enzyme. B: After addition of 200 uM S-hexyl GSH.
C: Substrate-free protein after addition of 150 mM acrylamide. Ex-
citation wavelength was 295 nm.

ied. Several physical models for the excited-state fluores-
cence decay were tested to determine which best described
the data. A sum of exponentials is the assumed decay
scheme. Global analysis of the phase and modulation data
indicated that Trp 21 exhibits at least three excited-state
lifetimes in both the substrate-free protein and in the pres-
ence of S-hexyl GSH; single and double exponential-
decay models afforded significantly higher x? values and
weighted residuals that were dispersed nonrandomly.
Similarly, analysis of the data as continuous distributions
of lifetime values did not significantly improve the fit of
the data to the model. Complex combinations of discrete
lifetime components and distributed components does not
improve the x? value or the distribution of weighted re-
siduals. Thus, although tryptophans in many proteins
have been shown to be described by distributions of ex-
cited-state lifetimes, we have treated Trp 21 of rat Al-1
GST as having three discrete lifetimes (Alcala et al.,
1987). The recovered lifetime values and fractional inten-
sities are summarized in Table 1. The upper and lower
limits of the recovered lifetime values determined by rig-
orous error analysis (Globals Unlimited®) are indicated
by the + entries. In the model shown, the lifetime value
of each component is constrained to remain the same at
each emission wavelength, and the observed heteroge-
neous decay kinetics are assumed to result from ground-
state heterogeneity. When the lifetime values are allowed
to vary as a function of emission wavelength, the global
x? does not change significantly even though there are
fewer constraints. The physical model in which the het-
erogencous decay kinetics of single tryptophan proteins
result from ground-state heterogeneity has been accepted
widely (Beechem et al., 1983; Hutnik & Szabo, 1989;
Royer et al., 1993). Furthermore, negative preexponen-
tial factors were not recovered, and nonexponential de-
cay kinetics were not observed under any conditions.
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Fig. 2. Phase and modulation data for A1-1 GST in the presence and
absence of S-hexyl GSH. The phase angles (squares, crosses, triangles,
stars) and modulation ratios (circles, x’s) were measured at 12 modula-
tion frequencies as described in the Materials and methods. Data for
three emission wavelengths are shown. Top, 320 nm; middle, 330 nm,
two data sets for phase angles and two data sets for modulation ratios;
bottom, 340 nm. In the top panel, curves 1 and 4 correspond to data
in the presence of S-hexyl GSH (+S-H-Glu). Curves 2 and 3 represent
data in the absence of the inhibitor (—S-H-Glu). These trends are main-
tained in the middle and bottom panels.

Thus, excited-state processes were not detected, and
ground-state heterogeneity provides a simple model con-
sistent with the results. This model is limited by experi-
mental resolution, and there may be more than three
conformational substates sampled by Trp 21 that cannot
be resolved by this technique, i.e., the species-associated
spectra of each lifetime component may represent an av-
erage of several substates with a single apparent excited-
state lifetime.
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Table 1. Fluorescence lifetimes and fractional intensities of Trp 21 in the absence and presence of S-hexyl glutathione
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Global Lifetime® Fractional intensity®:
Ligand state? x? (ns) 320, 330, 340, 360, 380 nm
No S-hexyl 1.865 6.74 + 0.32/0.68 0.162, 0.215, 0.236, 0.307, 0.374

2.93 + 0.34/0.38
0.814 = 0.30/0.41

5.23 + 0.86/0.41
2.25 £ 0.79/0.60
0.49 + 0.84/0.67

+S§-hexyl GSH 2.095

0.720, 0.628, 0.653, 0.586, 0.533
0.118, 0.157, 0.111, 0.107, 0.093

0.415, 0.487, 0.512, 0.603
0.585, 0.479, 0.480, 0.390

0.000, 0.033, 0.008, 0.007

2 Samples were 5 uM GST, 50 mM MOPS, pH 7.5, 25 °C. The S-hexyl GSH was 200 uM.
b The indicated errors are the high and low limits at the 67% confidence interval as determined by rigorous error analysis provided in Globals

Unlimited®.

¢ Five emission wavelengths were studied for the substrate-free enzyme and four wavelengths were studied for the S-hexyl GSH complex. For
direct comparison, the 380-nm data here are omitted from the model shown in Figure 3.

In the absence of substrate, the long lifetime compo-
nent (6.74 ns) is relatively red-shifted compared to the
median component (2.93 ns). The short lifetime compo-
nent, 0.81 ns, demonstrates little wavelength dependence.
In the presence of S-hexyl GSH, the recovered lifetime
values are 5.23 ns, 2.25 ns, and 0.49 ns. It is striking that
the short lifetime component present in the substrate-free
protein is nearly absent, and there is a correspondingly
greater fraction of the long lifetime component. Although
there is only 1-3% of the short lifetime component in
the ligand-bound protein, attempts to fit the data to the
sum of two exponentials raised the x? value significantly
to 3.48. The results summarized in Table 1 are depicted
as SAS in Figure 3. For the case of ground-state hetero-
geneity, decay-associated spectra and SAS are readily
interconvertible.

The model summarized in Table 1 assumes that the
lifetime components of the substrate-free GST are in-
dependent from the lifetime components of the S-hexyl
GSH-bound enzyme. Consideration must be given to
whether the lifetime values recovered in each analysis are
the same and only the fractional intensities differ between
ligand states, or whether the ligand results in new excited-
state lifetimes. Therefore, the data were analyzed with the
three lifetime components constrained to be the same in
both ligand states. However, the data fit poorly to the
model with these constraints (x2 = 5.01). On the other
hand, the confidence limits resulting from rigorous error
analysis for the individual excited-state lifetime values in-
dicate that the short lifetime and the median lifetime val-
ues are not completely resolved between ligand states.
Because the long lifetime components are well resolved
when the substrate-free and S-hexyl GSH-bound proteins
are compared in a single global analysis, we have shown
the model depicted in Figure 3, which indicates different
lifetime values for the two ligand states. The model in
which these long lifetime components represent differ-
ent microconformational states associated with the pres-
ence or absence of ligand is supported by the steady-state
quenching experiments described below.

Fluorescence quenching

The excited-state lifetime measurements indicate that
Trp 21 adopts new microconformational states upon ad-
dition of S-hexyl GSH. In order to examine the nature of
this change in more detail, steady-state solute quenching

fraction

fraction

Fig. 3. SAS for Al-1 GSH S-transferase in the presence and absence
of 200 uM S-hexyl GSH. Samples were 10 uM GST. The wavelength axis
includes data for four emission wavelengths, 320, 330, 340, and
360 nm. The recovered values for the excited-state lifetimes in the pres-
ence and absence of S-hexyl GSH are summarized in Table 1. For SAS,
the total intensity of the summed lifetime components is normalized to
1 at each wavelength. Top, no S-hexyl GSH; bottom, 200 uM S-hexyl
GSH.
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experiments were performed. Specifically, iodide ion and
acrylamide were used to probe the environment of Trp 21.
Iodide has been used extensively to quench tryptophans
that are in polar regions of proteins, particularly near
positively charged sites (Stayton & Sligar, 1990; Eftink,
1991). Trp 21 of rat A1-1 GST is relatively insensitive to
iodide quenching. Negligible quenching was observed at
200 mM KI. When higher concentrations of iodide were
used (400 mM), slow time-dependent changes in the flu-
orescence spectra were observed. Therefore, a Stern-
Volmer quenching constant could not be determined. The
cause of this gradual change in fluorescence properties at
high KI concentrations was not examined in further de-
tail, but the results indicate clearly the relative insensitiv-
ity of Trp 21 to quenching by iodide.

In contrast, Trp 21 is readily quenched by acrylamide,
and the wavelength dependence of the apparent quench-
ing constants differs dramatically between the substrate-
free and S-hexyl GSH-bound proteins (Fig. 4). Quenching
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Fig. 4. Modified Stern-Volmer plots for steady-state quenching of
Al-1 GST by acrylamide. The plots correspond to four emission wave-
lengths: crosses, 320 nm; closed diamonds, 330 nm; open circles, 360 nm;
closed circles, 380 nm. Conditions were as described in the Materials
and methods.
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by acrylamide was examined at 320, 330, 360, and 380 nm.
Atlow acrylamide concentrations, the S-hexyl GSH-bound
enzyme demonstrates much greater wavelength depen-
dence than the substrate-free protein. This wavelength de-
pendence presumably reflects ground-state heterogeneity,
where the individual lifetime components are quenched
differentially by acrylamide (Eftink, 1991). The data sug-
gest that the difference in quenching constants for the in-
dividual lifetime components, Ksv;, or their fractional
intensities, f;, is more pronounced in the the presence of
S-hexyl GSH than in its absence. Assuming that ground-
state heterogencity provides the observed wavelength de-
pendence of the apparent Ksv values (Eftink, 1991), the
data shown in these modified Stern-Volmer plots have
also been analyzed by nonlinear regression, using the
equation F/Fy = 2 f;/(1 + Ksv; Q). Unique solutions of
this analysis were obtained for the data at the extreme
wavelengths, 320 nm and 380 nm. At intermediate wave-
lengths, unique solutions were not recovered, and several
fits to the data were indistinguishable based on standard
statistical criteria.

Static quenching mechanisms also were considered. No
upward curvature is apparent in standard Stern-Volmer
plots. Nonlinear regression using an equation with a static
quenching term was also performed, but this did not im-
prove the fit of these data and did not yield unique solu-
tions. Furthermore, the static-quenching volume elements
(V) recovered from this analysis were often negative.
Therefore, if a static-quenching mechanism is operative,
it is a minor component and we report results obtained
assuming that only dynamic quenching is significant ki-
netically. Also, attempts to fit the quenching data to the
sum of three discrete components with individual Ksv;
values did not yield better correspondence between the
data and the model. Given the small contribution of a
very short lifetime component for each ligand state of the
protein (<11%), it is likely that this component does not
contribute to the observed solute quenching by a dynamic-
quenching mechanism. Thus, the quenching data fit well
to a model described by the sum of two components,
whereas the lifetime analysis required a third component
for a satisfactory excited-state decay model.

The recovered quenching parameters for emission at
320 nm and 380 nm are summarized in Table 2, and they
provide additional evidence that S-hexyl GSH causes a
microconformational change at the C-terminal end of he-
lix 1. Furthermore, the spectrum of GST quenched by
acrylamide is slightly blue-shifted (2-3 nm) compared to
the original spectrum (Fig. 1). This effect is readily ap-
parent when normalized spectra of protein in the presence
of varying concentrations of acrylamide are compared
(not shown). This is particularly noteworthy when the life-
time data are considered because addition of S-hexyl GSH
to GST results in a redistribution of lifetime components
that have different wavelength dependences (Fig. 3). If the
red-shifted, long lifetime component is quenched more
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Table 2. Steady-state acrylamide quenching of Trp 21
320 nm® 380 nm
) Ksv, Ksv, Ksv, Ksv,
Ligand state? A ™M S ™M) N MY 2! M
No S-hexyl GSH 0.59 2.7+04 0.41 097 £ 0.3 0.64 2.2+£0.3 0.36 1.3+£0.5
+S-hexyl GSH 0.49 43+0.5 0.51 0.75 + 0.4 0.59 7.1 £+ 0.4 0.41 0.90 + 0.5

& Samples were 1 uM GST, 50 mM MOPS, pH 7.5, 25 °C with no substrate or 200 uM S-hexyl GSH. See Materials and methods for details.
® The reported values are the average of three nonlinear regression analyses using different data sets fit to the equation F/F, = f,/(1 +
Ksv, [Q]) + f5/(1 + Ksv,[Q]). Data from two emission wavelengths were analyzed. The same analyses at intermediate wavelengths did not yield

unique solutions.

readily for both ligand states, it would be predicted that
the spectrum of GST in the presence of acrylamide would
be blue-shifted compared to the unquenched spectrum;
this was observed experimentally for both substrate-free
and S-hexyl GSH-bound enzyme. Because of limited in-
strument availability, the time-resolved quenching exper-
iments required to confirm the prediction that the long
lifetime component is quenched selectively were not per-
formed, and bimolecular quenching constants for the in-
dividual lifetime components could not be determined.
However, the recovered values for Ksv; in Table 2 imply
that the red-shifted components (Ksv,) are quenched
more easily than the blue-shifted components (Ksuv,).
This difference is most dramatic in the presence of S-hexyl
GSH.

Time-resolved anisotropy

The microconformational heterogeneity of Trp 21 and
the ligand-induced conformational change in the region
surrounding this residue are of particular interest when
the temperature factors (crystallographic B-factors) of
the mu-class enzyme are considered (Ji et al., 1992). The
amino acid side chains at the C-terminal end of «-helix
1 are associated with relatively low B-factors, although
the main-chain B-factors are variable in this region, with
some main-chain motion implied from these crystallo-
graphic parameters. These results suggest that the region
around Trp 21 is dynamic and not “conformationally
locked.” Therefore, we performed differential polariza-
tion measurements to determine directly the rotational
correlation time(s) of the Trp 21. The phase and modu-
lation differences between I, and I, for 16 modulation
frequencies of excitation light are shown in Figure 5. The
excited-state lifetime values and fractional intensities re-
covered under the experimental conditions used for the
anisotropy decay analysis are nearly identical to those
summarized in Table 1. The minor differences presum-
ably result from differences in instrument configuration.
The anisotropy decay was assumed to be described by a
sum of nonassociative anisotropy decay terms. No attempt
was made to fit the data to more complex associative

models in which individual anisotropy decay terms were
assigned to individual excited-state lifetimes. There is a
maximum phase angle difference of approx. 2°. This is a
relatively small differential phase angle, but the data fit well
to the sum of two exponentials with recovered rotational
correlation times that clearly reflect global motion of the
dimer and a fast rotational component that indicates lo-
cal motion of the tryptophan side chain (Table 3). Addi-
tion of a third anisotropy decay component did not result
in an improvement of the data fit, and attempts to fit the
data to a single, homogeneous anisotropy decay resulted
in elevation of the x? value to 3.89. Although the fast
correlation time is the minor component, its inclusion in
the decay model improves the fit of the data significantly.

The recovered parameters for the limiting anisotropy
and for the rotational motion of the dimer are in excel-
Ient agreement with expected values for tryptophan and
for a protein with a molecular weight of 51,114 kDa, re-
spectively. Rigorous error analysis of the recovered pa-
rameters indicates that the rotational correlation time
attributed to local motion is well resolved at both the high
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Fig. 5. Differential polarization and modulated anisotropy data of
Al-1 GST. The parameters recovered from the best exponential fit
of these are data are summarized in Table 3. Solid circles, differential
phase angle; open squares, modulated anisotropy.
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Table 3. Fluorescence anisotropy parameters for Trp 21

Expected or

Parameter? Recovered value literature value®
Global x? 2.005

h 0.354

Lifetime ¢, 5.99 ns

2 0.532

Lifetime 7, 2.78 ns

£ 0.114

Lifetime #5 0.748 ns

ro 0.250 0.25-0.30
n 0.225

o} 26.078 ns +9.16/-5.16 25.84 ns
rs 0.025

Lo 0.723 ns +1.80/0.07

2 f1, f2, and f; are the fractional intensities of the excited-state life-
times recovered in this analysis, ¢,, £, £3; 7o is the limiting anisotropy,
the literature value is from Harris and Hudson (1991); r, and r, are the
fractional zero-time anisotropies of the rotational correlation times, ¢,
and ¢,, obtained from g, and g,, respectively.

® The calculated value for the rotational relaxation time correspond-
ing to global rotation of the entire GST dimer is r = 3(MW)(» + 8)3/RT,
where MW is 51,144 g/mol dimer, » is 0.73 mL/g,  is 1.004 cpoise, R
is the gas constant, é is the hydration state, 0.4 mL/g, and temperature
T is 298 K. The rotational correlation time ¢ = r/3.

and low limits, with a well-defined minimum. It is also
important that the fractional intensities of the two rota-
tional correlation times are resolved well by this error
analysis. For example, the fraction of anisotropy decay
contributed by ¢, is definitely not greater than 93% of
the total, and the fractional intensity of ¢, is not less than
7%, although it may be as high as 15%. Although rig-
orous error analysis indicates that the fast rotational cor-
relation time may be as high as 2.53 ns, it is resolved
completely from the rotational correlation time associated
with global rotation of the dimer. The general relation
describing the anisotropy of a chromophore bound to a
polymer at time ¢, r(¢), is given by Equation 1:

r(t) = roe = [ye TP + (1 = )], 1)

where ry is the anisotropy at time 0, v is the fraction of
total depolarization due to internal motion, and ¢, and
¢, are rotational correlation times of the global motion
and the internal motion, respectively (Steiner, 1991). In
the case where ¢, > ¢,, Equation | reduces to:

r(t) =rie " + e %2, ()

where r» = ryy and r; = ro(y — 1). One possible simpli-
fying model for tryptophan motion superimposed on
global protein motion assumes that the internal motion
approximates diffusion in a cone, where the cone semi-
angle 6 is given by Equation 3:

r/(ry + ry) = cos?6(1 + cos 6)*/4. (3)
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This simple model predicts that the cone semiangle swept
out by Trp 21 is 17.5° Although this tryptophan clearly
exhibits local dynamics, these results indicate that it is re-
stricted to a cone of small dimensions.

Discussion

Steady-state and time-resolved fluorescence parameters of
Trp 21 in rat GST Al-1 have been determined. They in-
dicate that when substrates or GSH conjugates bind to the
H-site, this tryptophan undergoes microconformational
reorganization, Together with the fluorescence anisot-
ropy data presented here, this suggests that Trp 21 is
dynamic and is in a region of the protein that is impor-
tant for ligand-induced conformational change. Although
no X-ray crystal structure for an alpha-class GST has
been published, it is likely that the alpha-class isoenzymes
are topologically very similar to the pi- and mu-class en-
zymes. Given the apparent structural similarity between
these different isoforms of GST, these fluorescence data
indicate that ligand binding to the H-site leads to detect-
able conformational changes not limited to the immedi-
ate vicinity of the active site.

The relatively blue-shifted emission maximum at 329 nm
is typical for a tryptophan in a hydrophobic environment.
The environment of Trp 21 may be inferred from the avail-
able crystal structures of the pi- and mu-class enzymes.
The peptide segment flanking Trp 21 is analogous to he-
lix 1 of the mu- and pi-class enzymes, and this Trp resi-
due would be expected to lie between the middle of helix
1 and its C-terminus. The N-terminus of this helix forms
part of a “wall” of the GSH-binding site. In the M3-3 iso-
enzyme, the C-terminal end of helix-1 lies 18-20 A from
the nearest atom of protein-bound GSH and therefore
would not be considered to be part of the G-site. Also,
the H-site, which accommodates many electrophilic hy-
drophobic substrates, occupies a cleft that is formed
partly from the N-terminal domain and the C-terminal
domain of the folded protein. The data presented here in-
dicate that even “small” H-site ligands, such as a hexyl
chain, can affect regions of the protein far from the ac-
tive site of the Al-1 isoenzyme. The magnitude of ligand-
induced microconformational reorganization of this end
of helix 1 may vary between the isozymes of different
classes, and larger substrates may induce more dramatic
conformational changes than the hexyl chain of the sub-
strate used here. For example, we have found that CDNB,
a common H-site substrate, causes a marked quenching
of the steady-state fluorescence of Trp 21. Although a
conformational change that includes Trp 21 may occur
when CDNB binds, the steady-state changes are difficult
to analyze because the substrate absorbs the excitation
light at 295 nm, resulting in an inner filter effect. There-
fore, we chose S-hexyl GSH, which is spectroscopically
silent in the wavelength region used here.
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Two aspects of the fluorescence quenching data are
particularly informative. The first regards the environ-
ment of Trp 21 in the substrate-free protein. The fact that
this Trp residue is insensitive to quenching by iodide, but
is readily quenched by acrylamide, suggests strongly that
itis surrounded by hydrophobic residues and is not solvent
accessible. Moreover, the residue analogous to Trp 21 in
the M3-3 enzyme, Leu 18, clearly is surrounded by non-
polar residues including Tyr 22, Leu 19, Phe 157, Phe 187,
Tyr 202, and Tyr 196, together forming a very hydropho-
bic patch. These residues correspond to an alanine, leu-
cine, isoleucine, isoleucine, glutamine, and phenylalanine
in the Al-1 protein, which apparently has an analogous
hydrophobic patch. Therefore, this presumed location of
Trp 21 readily explains the quenching data in the absence
of substrate. The second noteworthy aspect of the quench-
ing data is the difference in wavelength dependence of
acrylamide quenching between the substrate-free and
inhibitor-bound proteins. This clearly demonstrates a
ligand-induced change in the environment of this trypto-
phan. It is noteworthy that several of the hydrophobic
residues presumed to be in contact with Trp 21 are found
in domain II of the same subunit. In fact, hydrophobic
contacts between «o-helix 1 of domain I and «-helices 4
and 5 of domain II are largely responsible for stabilizing
the interactions between these domains of the M3-3 en-
zyme (Ji et al., 1992). Thus, it is reasonable to propose
that some subtle rearrangement of the interface between
these domains occurs when substrate binds to the H-site.

The time-resolved fluorescence data are consistent with
this model. Like tryptophans in many other proteins,
Trp 21 of rat Al1-1 GST exhibits heterogeneous excited-
state decay kinetics, and the phase and modulation data
fit well to a model that includes three discrete lifetime
components. We have attributed the multiple exponential
decay kinetics to ground-state heterogeneity; others have
done the same for single tryptophan proteins (Royer et al.,
1990; Stayton & Sligar, 1991). Such heterogeneity is com-
mon, although examples of homogeneous fluorescence
decay have been reported (Hutnik & Szabo, 1989). Upon
addition of S-hexyl GSH to rat Al-1 GST, the contribu-
tion of the short lifetime component of Trp 21 is reduced
dramatically, and the fractional intensity of the longest
lifetime component is increased correspondingly. The
wavelength dependence of each of the lifetime compo-
nents also provides a useful spectroscopic probe (SAS,
Fig. 3). The median lifetime component is significantly
blue-shifted relative to the long lifetime component,
whereas the short component exhibits little wavelength
dependence. In this regard, the time-resolved data and the
steady-state quenching data provide an internally consis-
tent model for Trp 21 and the change in environment that
it undergoes upon addition of S-hexyl GSH.

The anisotropy data add to the dynamic model of Trp 21,
indicating clearly that this residue exhibits local motion
at 25 °C. Many buried tryptophans exhibit “gated” local
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motion, i.e., the rotational or segmental motion is ob-
served only at elevated temperatures at which neighbor-
ing residues are expected to become more dynamic, or at
elevated pressures that lead to unfolding (Harris & Hud-
son, 1991; Royer et al., 1993). Increased thermal fluctu-
ation results in transient removal of the steric hindrance
that prevents local motion of some residues at lower tem-
peratures. Although Trp 21 is apparently partially buried,
the local motion of this residue is detected easily. If the
motion of this tryptophan is assumed to approximate ro-
tation from an anchored peptide segment about an axis
that defines a cone superimposed on the global rotation
of the dimer, then the cone angle swept out by this local
rotation is 17.5° (see Results). This simplifying model
suggests that, although Trp 21 exhibits local motion, it is
restricted to a narrow range of accessible microconforma-
tions. The crystallographic B-factors of the M3-3 enzyme
suggest that the analogous side chain, Leu 18, lies within
a region that has some local mobility, although it is clearly
not as dynamic as the residues in helices 4 and Sa, or in
the C-terminal tail. In this regard, the data presented here
provide additional evidence that the A1-1 GST is similar,
topologically and dynamically, to the pi- and mu-class
enzymes.

It is significant that GSH does not induce the spec-
tral changes that are observed when S-hexyl GSH binds
to the rat A1-1 GST. This implies that occupation by a
substrate of the H-site, rather than the G-site, is required
for these conformational changes. It also is possible that
these spectral changes reflect conformations attained dur-
ing the transition state and maintained in the product,
GSH-conjugate complex. The fact that CDNB also causes
changes in the spectrum of Trp 21 in the absence of GSH
indicates that these conformational changes are not lim-
ited to transition states or product complexes. Compari-
son of the porcine pi-isoenzyme bound to GSH sulfonate
(Reinemer et al., 1991) with the human pi-enzyme that
has S-hexyl GSH bound (Reinemer et al., 1992) suggests
that no global domain movement or dramatic reorgani-
zation takes place when the S-hexyl moiety is added to the
H-site. However, careful inspection of these structures
does reveal that the C-terminal end of helix 1 is displaced
slightly in these superimposed structures. Structural dif-
ferences between the substrate-free and ligand-bound en-
zyme may be important for catalytic function. In fact,
recently we have demonstrated that the evolutionarily
conserved catalytic tyrosine at the active site of substrate-
free rat Al-1 GST has an unusually low pK, which in-
creases in the presence of S-hexyl GSH (Atkins et al.,
1993). The catalytic advantage for an active-site tyrosine
with a low pK, in reactions mediated by GSTs has been
discussed (Reinemer et al., 1991; Jiet al., 1992). Presum-
ably, specific structural features of the substrate-free
protein contribute to the ionization behavior of this resi-
due, and ligand-induced structural changes may modu-
late this pK,.
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Materials and methods

Enzyme purification

Reduced GSH and S-hexyl GSH were obtained from
Sigma (St. Louis, Missouri) and were used without fur-
ther purification. Recombinant rat GST Al-1 was ob-
tained from Escherichia coli cultures (strain AB 1899)
harboring the expression vector pKK 2.7 with the GST-
encoding fragment cloned into the EcoR I and Sal [ sites
(Wang et al., 1992b). Cells from an 8-L culture were har-
vested by centrifugation at 8,000 x g for 20 min and dis-
rupted by sonication in 10 mM sodium phosphate buffer,
pH 7.4, containing 5 mM EDTA. After centrifugation at
100,000 x g for 60 min, the cytosolic fraction was con-
centrated and subjected to gel filtration with Sephadex
G-50. The fractions containing GST activity were pooled
and loaded onto a S-hexyl GSH-epoxy-agarose (Sigma)
column equilibrated with 25 mM Tris-HCI, pH 8.0. The
GST was eluted with 2.5 mM GSH and 5§ mM S-hexyl
GSH. The final preparation had a specific activity in the
CDNB assay of 48 umol/min/mg.

Steady-state fluorescence

Steady-state fluorescence experiments were performed on
an SLM-Aminco 8000C fluorometer. Samples typically
contained 1 uM GST, 50 mM MOPS, pH 7.5. Spectral
bandpasses were 4 nm for all steady-state experiments.
No polarizers were used in steady-state measurements.
Although it is conceivable that the absence of polarizers
in quenching experiments leads to small systematic errors,
it is unlikely that this accounts for the observed differ-
ences in substrate-free and ligand-bound GST. For iodide
quenching experiments, samples with varying concentra-
tions of iodide were kept at constant ionic strength by
addition of an appropriate concentration of KCI. The
Stern-Volmer quenching constants for the individual
lifetime components were obtained from the relation-
ship F/Fy, = 2. fi/(1 + [Q]Ksv;), where Fy and F are the
wavelength-dependent fluorescence intensities in the ab-
sence and presence of quencher, respectively, Q is the con-
centration of quencher, f; is the fractional intensity of
the ith component, and Ksv; is the Stern-Volmer quench-
ing constant of the ith component (Eftink [1991] and
references therein). Nonlinear regression utilizing this
equation was accomplished with the software package
Enzfitter®. Blank spectra (buffer only) were subtracted
from all sample spectra. All spectra are the average of at
least three emission scans.

Fluorescence lifetime measurements

Multifrequency phase and modulation experiments were
performed at the Laboratory for Fluorescence Dynamics,
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University of Illinois, Urbana, Illinois. The instrument
utilizes cross-correlation detection. Excitation at 295 nm
was achieved with a frequency-doubled (532 nm), mode-
locked (38 MHz) neodynium-YAG laser synchronously
pumping a cavity-dumped, rhodamine 6G dye laser (Co-
herent Corp, Palo Alto, California). Emission was detected
through band-pass filters (320, 330, 340, 360, and 380 nm;
8-10 nm band pass). For intensity decay measurements,
“magic angle” conditions were satisfied by placing polar-
izers in both excitation and emission light paths. The ori-
entation of the excitation polarizer was offset from the
emission polarizer by 55°. The instrument is essentially
as described elsewhere (Alcala et al., 1987). p-Terphenyl
in ethanol was used as a standard with an excited-state
lifetime of 1.05 ns. Differential polarization measure-
ments were performed on the same instrument, utilizing
T-format detection. Excitation light was polarized verti-
cally, and the phase angle difference between the parallel
and perpendicular emission components was determined.
Emission in both channels was through a TG-350 band-
pass filter (40 nm band pass) and a WG-305 UV cutoff
filter. Lifetime measurements of the same samples were
performed with these same filters immediately prior to
measurement of the differential phases and modulated
anisotropy ratios.

Data analysis

Fluorescence intensity decay data were analyzed with
the software Globals Unlimited® (Knutson et al., 1983;
Beechem et al., 1991). The relations used to calcu-
late excited-state lifetimes, ¢, from the phase angles,
/f, and demodulation factors, m, are: tan ¢ = w7t and m =
(B/A)(b/a) = (1 + w?72)7V2, where w = 27 X frequency
in hertz, and B/A4, b/a are the modulated intensity ratios.
Anisotropy data were analyzed as the sum of exponen-
tials, according to r(t) = ro >, g, "%, where r(t) and ry
are the anisotropy of the ith component at time = 7 and
t =0, respectively. Here, g; is the fractional intensity of
the ith anisotropy decay component, and ¢; is the rota-
tional correlation time of the ith component. The global
analysis utilizes a Marquardt-Levenberg nonlinear least-
squares global matrix to link experimentally measured pa-
rameters. The theory and philosophy of the rigorous error
analysis provided by this software have been described
previously (Beechem et al., 1991). It is essential to note
that errors reported in the tables are not standard devia-
tions for individual measurements, but confidence limits
resulting from a x? minimization when a specific param-
eter is varied and others are fixed. The errors therefore
do not provide a measure of the precision of the values,
but rather a rigorous measure of the confidence associ-
ated with a specific recovered value within the constraints
of the fixed parameters in a specific model. The precision
of the measurements is: phase angles <0.6° and modu-
lation ratio <0.004.
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Molecular modeling

Structural analysis of the M3-3 GST was accomplished
with the software package Quanta® and a Silicon Graph-
ics 4D-20 workstation.

Note added in proof

While this manuscript was in press, the X-ray crystal struc-
ture of human A1-1 GST, with S-phenyl GSH bound, was
published (Sinning et al., 1993). This structure indicates
that Trp 21 lies in a hydrophobic region between domains
of the individual subunits.
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