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ABSTRACT: Glutathione transferases (GSTs) are dimeric enzymes involved in cell detoxification versus many
endogenous toxic compounds and xenobiotics. In addition, single monomers of GSTs appear to be involved
in particular protein—protein interactions as in the case of the pi class GST that regulates the apoptotic
process by means of a GST—c-Jun N-terminal kinase complex. Thus, the dimer—monomer transition of GSTs
may have important physiological relevance, but many studies reached contrasting conclusions both about
the modality and extension of this event and about the catalytic competence of a single subunit. This paper re-
examines the monomer—dimer question in light of novel experiments and old observations. Recent papers
claimed the existence of a predominant monomeric and active species among pi, alpha, and mu class GSTs at
20—40 nM dilution levels, reporting dissociation constants (Ky4) for dimeric GST of 5.1, 0.34, and 0.16 uM,
respectively. However, we demonstrate here that only traces of monomers could be found at these
concentrations since all these enzymes display Ky values of <1 nM, values thousands of times lower than
those reported previously. Time-resolved and steady-state fluorescence anisotropy experiments, two-photon
fluorescence correlation spectroscopy, kinetic studies, and docking simulations have been used to reach such
conclusions. Our results also indicate that there is no clear evidence of the existence of a fully active monomer.
Conversely, many data strongly support the idea that the monomeric form is scarcely active or fully inactive.

Glutathione transferases (GSTs)! make up a superfamily of
multifunctional enzymes involved in cell detoxification and
excretion of endogenous or exogenous toxic compounds (/).
One prominent role of GSTs is represented by the conjugation of
the thiol group of GSH to the electrophilic center of organic
compounds, but they also function nonenzymatically by binding
nonsubstrate ligands and reactive compounds, leading to en-
hanced elimination of these molecules (2, 3). In the past several
decades, other protective functions of these enzymes have been
discovered. For example, GSTP1-1 is involved in the regulation
of the proapoptotic enzyme c-Jun N-terminal kinase (JNK) by
means of a protein—protein interaction (4), and GSTMI-1
inhibits the apoptosis signal-regulating kinase (ASK 1) by binding
to ASK1 within the C-terminal portion of GSTM1 (5). There-
fore, GSTs are deeply involved in apoptosis regulation (6, 7).
Another role of these enzymes only recently discovered is the
protection of the cell against the excess of nitric oxide (8). This
multiplicity of beneficial functions possibly explains why GSTs
are widely expressed in almost all organisms from plants and
bacteria to humans. From a structural point of view, mammalian
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cytosolic GSTs are dimeric proteins that have been grouped into
eight classes (alpha, kappa, mu, omega, pi, sigma, theta, and
zeta), on the basis of amino acid sequence, immunological
properties, and substrate specificity (9—15). Today, the crystal
structure of at least one representative member of each class has
been determined, showing that all cytosolic GSTs display very
similar tertiary architectures. In particular, the subunit interface
shows a hydrophobic region represented by a well-studied “lock
and key” interaction and a hydrophilic region in which a number
of electrostatic interactions between charged residues are present.
In the past, many attempts have been made to find experimental
conditions that promote the dissociation into single subunits and
to study the catalytic and structural properties of the isolated
monomers. In fact, the monomer—dimer transition of GSTs has
important physiological and pharmacological impacts and does
not have merely theoretical interest. For example, GSTP1-1
regulates the activity of INK by means of a INK—GST complex,
where GSTP1-1 appears to be bound in a monomeric form (4).
Unfortunately, previous studies concerning the monomer—dimer
equilibrium and the possible catalytic competence of the GST
monomers have reached conflicting conclusions. Many studies
support the conclusion that GST monomers are inactive. For
example, Aceto et al. found that at low detergent concentrations,
GSTPI1-1 dissociates into folded subunits, but in this monomeric
form, the enzyme is completely inactive (/6). A similar folded but
inactive monomeric structure of GSTP1-1 was found by Abdalla
et al. (17), who studied the dissociation of this enzyme after
mutation of critical amino acids at the dimer interface. GSTP1-1
is secreted as a monomer into human plasma by platelets and
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tumor cells, but the monomeric form is completely inactive (18).
As a consequence of a single-point mutation in GSTAI-1, Sayed
et al. (/9) have also demonstrated that dimer dissociation and
unfolding processes are closely coupled. For the mu class GST, it
has been proven that the dimeric structure is required to maintain
functional conformations at the active site on each subunit (20).
That study also gave a first indication of a nanomolar value for
the dissociation constant (Ky) for the native enzyme (12 nM).
Again for the mu class GST, a double mutation at the subunit
interface results in a stable, folded monomer that is almost fully
inactive (27). These reports, all consistent with the conclusion
that the monomers of GSTs are fully or severely impaired in their
catalytic competence, have been contradicted by recent
studies (22—24). On the basis of light scattering and sedimenta-
tion equilibrium data, the existence of relevant amounts of
monomers of pi, alpha, and mu GSTs when these enzymes are
present at nanomolar levels has been proposed. In fact, the
dissociation constants calculated for these homodimeric proteins
(5.1 uM for GSTP1-1, 0.34 uM for GSTA1-1, and 0.16 uM for
GSTM2-2) predicted that, at the concentration used for the
spectrophotometric activity assay (20—40 nM, 0.5—1 ug/mL),
these enzymes would exist mainly as monomers (98% for
GSTP1-1, 94% for GSTAI-1, and 90% for GSTM2-2), and
consequently, their single subunits would be highly active. Site-
directed mutagenesis and high KBr concentrations have also
been used by the same group to force the monomerization
process (22—24). Even in that case, sedimentation equilibrium
and light scattering data were interpreted as suggesting that
the monomeric form of GSTPI-1 and GSTM2-2 may be
catalitically competent (22, 24). This paper re-examines the
question on the basis of different experimental approaches like
static and dynamic fluorescence anisotropy and two-photon
fluorescence correlation spectroscopy. Furthermore, to extend
our investigation, we took into account two important proper-
ties of these enzymes, i.e., the cooperativity found in pi,
alpha, and mu class GSTs for the binding of the substrate or
specific inhibitors and the peculiar stabilization of GSH in
the active site of each subunit due to a conserved Asp residue
of the adjacent subunit. In fact, the monomerization of
GSTs must be signaled by the disappearance of any coopera-
tive phenomenon and also by a decreased affinity for GSH.
Using these uncommon probes together with traditional ap-
proaches, we were able to check the oligomeric state of GSTs at
very high dilutions, i.e., down to subnanomolar concentrations.
Overall, both kinetic and fluorescence data indicate that the Ky
values for all GST isoenzymes must be confined at or below the
nanomolar range, values 1000 times lower than those reported
in previous studies. These findings have also a deep impact on
statements about the existence of active monomeric forms of
GSTs.

EXPERIMENTAL PROCEDURES

Materials. GSH and 1-chloro-2,4-dinitrobenzene (CDNB)
were obtained from Sigma-Aldrich. The fluorophore HiLyte
Fluor 488 was purchased from AnaSpec Inc. (San Jose, CA).
Dinitrosyl-diglutathionyl-iron complex (DNDGIC) was pre-
pared as descibed previously (25). 2,2'-Dithionitrobenzoic acid
(DTNB) was a Sigma product.

Expression and Purification of Native GSTPI-1,
GSTAI-1, and GSTM2-2. Human GSTP1-1, GSTA1-1, and
GSTM2-2 were expressed in Escherichia coli and purified as
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described previously (25—27). Enzyme concentrations are always
expressed as moles of subunit per liter.

Labeling of GSTPI-1 with HiLyte Fluor 488. GSTP1-1
(88 uM) was incubated at 25 °C with 100 uM HiLyte Fluor 488 in
the presence of 10 mM phosphate buffer saline (pH 7.0). After
incubation for 30 min, the protein labeled with the fluorescent
probe was passed through a gel filtration chromatography
column (Sephadex G25, Amersham) to remove the excess of
reagent. The fractions containing the labeled protein were pooled
and analyzed for their protein content by absorbance at 280 nm.
The contribution of HiLyte Fluor 488 to the absorption at 280 nm
was estimated by the absorption value at 507 nm multiplied by
0.2 and subtracted from the total absorbance before calculation
of protein concentration, using an extinction coefficient of
25460 M~ em ™! for the GST monomer (28). Titration of free
protein thiol groups with DTNB (29) indicated that only one SH
group for the monomer has reacted with the fluorescent probe.

Time-Resolved Fluorescence Anisotropy. Time-resolved
fluorescence anisotropy experiments (20 °C) were performed on a
Lifespec-ps setup (Edinburgh Instruments) equipped with auto-
matic Glan-Thompson polarizers, a cooled microchannel plate
detector, and a 440 nm pulsed diode laser (0.1 ps pulse width).
Emission was collected at 480 nm (bandpass of 16 nm), through a
455 nm cutoff filter.

Steady-State Fluorescence Anisotropy. Fluorescence ani-
sotropy experiments were performed on a Fluoromax 2 fluori-
meter (Horiba Jobin Yvon), equipped with automatic Glan-
Thompson polarizers (20 °C). Intrinsic fluorescence was mea-
sured with the following parameters: A., at 280 nm (bandwidth of
7nm), Aer, at 340 nm (bandwidth of 20 nm), and a 305 nm cutoff
filter. The HiLyte Fluor 488 fluorescence was measured with 4.
at 485 nm (bandwidth of 8 nm), ., at 526 nm (bandwidth of 10
nm), and a 495 nm cutoff filter. Each anisotropy value is the
result of nine replicate measurements, with a 4 s averaging time
for each polarizer orientation. Background counts were sub-
tracted before anisotropy calculations.

Fluorescence Correlation Spectroscopy. Two-photon ex-
citation fluorescence correlation spectroscopy (TPE-FCS) ex-
periments were performed at 20 °C on an Alba FCS setup,
equipped with a Chamaleon Ultra Ti-Sapphire laser (A, =
880 nm) and a Nikon inverted microscope. Autocorrelation
curves were measured for a 40 nM solution of GSTPI1-1 labeled
with HiLyte Fluor 488, and for the same solution after addition
of 10 uM unlabeled protein. To prevent adsorption of protein to
cell walls, cuvettes were pretreated with a 1 mg/mL bovine serum
albumin solution and thoroughly washed.

Data fitting was performed with Vista-FCS (ISS, Inc., Cham-
paign, IL), after calibration of the excitation volume with a § nM
rhodamine 6G solution. All data result from the average of three
independent experiments.

Standard Assay for GST Activity. GST activity was
assayed in 0.1 M potassium phosphate buffer (pH 6.5) in the
presence of | mM GSH and 1 mM CDNB (25 °C). The reaction
was followed spectrophotometrically (double-beam Uvikon 940
Kontron spectrophotometer equipped with a cuvette holder)
at 25 °C at 340 nm where the GSH—2,4-dinitrobenzene adduct
absorbs (¢ = 9600 M~ cm ™).

Kinetic Analysis. K$>™ values were calculated via variation
of the GSH concentration from 0.1 to 1 mM by keeping constant
the CDNB concentration at 1 mM at two different enzymatic
concentrations for each isoform (1.0 and 0.04 ug/mL for GSTP1-
1 and GSTA1-1and 0.2 and 0.008 ug/mL for GSTM2-2). Kinetic
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data were analyzed with GraphPad version 4.0. The data
obtained by varying GSH concentrations were analyzed by being
fit to the Hill equation. The dependence of K$"' on CDNB
concentration was studied at a fixed GSH concentration of 1 mM
and a CDNB concentration varying from 0.25 to 1 mM. Data
were analyzed plotting KS values versus CDNB concentration
to extrapolate K5 at 0 mM CDNB. The reported kinetic
parameters represent the means of at least three different experi-
mental sets.

Fluorescence Quenching. Dissociation constants for the
GST—GSH complex were determined on the basis of the intrinsic
fluorescence perturbation due to GSH binding. Experiments
were performed at 25 °C using a single-photon counting spectro-
fluorometer (Fluoromax 2, Horiba Jobin Yvon). Excitation was
at 295 nm, and emission was at 350 nm. In a typical experiment,
the fluorescence intensity was measured before and after the
addition of suitable amounts of GSH (from 0.01 to 4 mM) to a
final concentration of 100 ug/mL (~4 uM) GSTs in 0.1 M
potassium phosphate buffer (pH 6.5). Experimental data
were corrected both for dilution and for inner filter effects and
fitted to eq 1.

FL:FO+(Fmax_F0)/(l+Kd/[GSH]) (1)

where Fj is the protein fluorescence in the absence of GSH, Fj is
the protein fluorescence in the presence of a given amount of
GSH, and Fy,, is the protein fluorescence at saturating GSH
concentrations.

DNDGIC Binding. Binding of DNDGIC to GSTPI-1 and
GSTM2-2 was studied by incubating variable amounts of
DNDGIC (from 0.2 nM to 0.4 uM) with fixed enzyme concen-
trations (0.8 nM for GSTPI-1 and 0.32 nM for GSTM2-2) in
0.1 M potassium phosphate buffer (pH 6.5). After preincuba-
tion for 30 s, 1 mM GSH and 1 mM CDNB were added and
the enzymatic activity was followed spectrophotometrically at
340 nm (25 °C). Data were fitted to a biexponential decay
equation.

Docking Simulations. Docking simulations were performed
with AutodockTools 1.4.6 (30) using the hGST crystal structures
in complex with glutathione [Protein Data Bank (PDB) entries
6GSS for GSTPI-1, IPKW for GSTAI-1, and IXWS5 for
GSTM2-2]. Polar hydrogen atoms were added geometrically,
and Kollman united-atom charges were assigned (37). Docking
experiments with GSH were performed using a nonflexible
ligand. GSH charges were added manually by the Gastei-
ger—Marsili method (32) and by fixing the sulfhydryl of GSH
as a deprotonated group. Grids of molecular interactions were
calculated in a cubic box, with a size of 40 A and a grid spacing of
0.375 A, centered on the G-site. Docking was performed 100
times using the Lamarckian genetic algorithm, with the ligand
initially in its crystallographic position and conformation, a
population size of 150, and a maximum of 150000 energy
evaluations and 27000 generations. Docking was performed with
standard parameters (32) except step size parameters such as
translation (angstroms per step), quaternion (degrees per step),
and torsion (degrees per step) all set to 1.0. The 100 final docked
conformations were ranked according to their binding free
energy and clustered using a tolerance of 3 A root-mean-square
deviation (rmsd). Two different simulations were performed: (a)
GSH docking to dimeric hGSTs (D) and (b) GSH docking to
dimeric hGSTs after neutralization of the Asp residue participat-
ing in the G-site of the adjacent subunit (Asp 98 for GSTP1-1,
Asp 101 for GSTAI-1, and Asp 105 for GSTM2-2) (D¥*).
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FIGURE 1: Steady-state anisotropy of the intrinsic Trp fluorescence
of GSTPI-1 (®) and GSTAI-1 (O) and of the HiLyte Fluor 488
emission of labeled GSTPI1-1 (¥). The horizontal dashed line repre-
sents the anisotropy value expected for monomeric HiLyte Fluor 488-
labeled GST (0.197), based on the time-resolved measurements
reported in Figure 2.

MOLMOL (33) was used for graphical interpretation and
representation of results.

RESULTS

Fluorescence Experiments. According to the studies sup-
porting a relatively easy dissociation of GSTs, GSTP1-1 displays
a stronger propensity to monomerize (Kq = 5.1 uM) (22) when
compared to the alpha (Ky = 0.34 uM) (23) and mu GSTs (K =
0.16 uM) (24). For this reason, we started our fluorescence
experiments using this specific isoenzyme. Fluorescence anisot-
ropy provides a direct determination of the rotational diffusion of
a macromolecule, and thus of its molecular weight. In time-
resolved fluorescence anisotropy experiments, the sample is
excited with a pulse of linearly polarized light and the decay of
the anisotropy of the emitted radiation polarization is measured
over time. This allows the determination of the rotational
correlation time of the macromolecule, which is proportional
to its molecular weight (34). On the other hand, in steady-state
anisotropy experiments, the sample is continuously illuminated
by a stationary intensity of polarized light, and the measured
anisotropy values correspond to an average of the anisotropy
decay over the time window determined by the excited-state
lifetime of the fluorophore being employed. As such, any change
in the diffusional motions of the protein is reflected in a
significant change in the value of the steady-state anisotropy,
as found in our previous studies concerning the dimer-to-tetra-
mer transition of the Plasmodium falciparum GST (35) and the
monomer-to-dimer transition of superoxide dismutase (36).
Figure 1 reports the steady-state fluorescence anisotropy of
GSTPI-1 as a function of enzyme concentration. Intrinsic Trp
fluorescence allowed the determination of anisotropy from
20 uM (where this protein would be mainly dimeric, according
to the reported Ky value of 5.1 uM) to a protein concentration
of ~0.3 uM (where it should be almost completely monomeric).
However, no appreciable change was detected in the steady-state
anisotropy. The same behavior was found for GSTAI-1
(Figure 1). To extend the concentration range to higher dilutions,
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FIGURE 2: Time-resolved anisotropy of HiLyte Fluor 488 fluores-
cence of labeled GSTP1-1. The solid curve represents the best double-
exponential fit. The protein concentration was 3 uM.

we employed the extrinsic fluorescence of a HiLyte Fluor 488
label, attached to one of the GSTP1-1 Cys residues. In this case,
we were able to reach a protein concentration of 10 nM, with no
appreciable variations in the steady-state anisotropy (Figure 1).
These experiments prove an identical aggregation state for
GSTPI-1 within the concentration range of 107> to 10~ M.
However, they do not provide any indication about the molecular
mass of the protein that could be present as a dimer, or also as a
monomer or in a higher oligomeric aggregation state, at all
concentrations investigated.

To confirm the dimeric nature of the P1-1 enzyme under the
conditions investigated, we measured the anisotropy decay of the
HiLyte Fluor 488-labeled P1-1 enzyme (Figure 2). The decay
could be satisfactorily fitted with a double-exponential decay
with rotational times of 0.25 ns (associated fraction of 0.34) and
26 ns (associated fraction of 0.66), with a zero-time anisotropy
0f0.37. The fast rotational time represents the segmental motions
of the fluorophore, while the slow time is associated with the
rotational diffusion of the protein; it corresponds to the rota-
tional correlation time expected for the molecular mass of the
dimer (37). From both static and dynamic fluorescence data, we
can conclude that the extent of monomerization of GSTP1-1 at
10 nM is negligible. To estimate an upper limit for the dissocia-
tion constant, we calculated the expected steady-state anisotropy
values for a completely dimeric or completely monomeric HiLyte
Fluor 488-labeled enzyme, based on the time-resolved measure-
ments (34). The expected steady-state anisotropy value for the
dimer (r4) 1s 0.225, in good agreement with the measured values,
while for the monomer, the expected value (r,,,) is 0.197 (dashed
line in Figure 1), assuming a rotational correlation time of 13 ns.
The minimum anisotropy value consistent with the observed data
and experimental errors (1) is 0.220, which corresponds to the
lower limit of the error bar at a protein concentration of 10 nM.
This value would place an upper limit on the monomeric fraction
of (Fmin — 7a)/(rm — rq) of 0.18, which corresponds to K4 values
of <0.8 nM.

A further confirmation of a very scarce or null monomeriza-
tion, down to nanomolar concentrations, was provided by
two-photon excitation fluorescence correlation spectroscopy

Fabrini et al.
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FiGURE 3: Fluorescence correlation spectroscopy autocorrelation
data for 40 nM HiLyte Fluor 488-labeled GSTPI-1 before (®) and
after (O) addition of 10 M unlabeled GSTP1-1. Standard deviations
were calculated by averaging three repeated measurements. The solid
lines represent the best fits to the data. The dashed line is the
autocorrelation curve expected in the case of complete dissociation
of the GST dimers, assuming a diffusion coefficient of 85 um?/s for
the monomer (39). The dotted line is the autocorrelation curve
expected for a 30% monomerization.

experiments (Figure 3). The principle of FCS lies in the quanti-
fication of the magnitude and duration of fluorescence fluctua-
tions caused by molecules freely diffusing in and out of the
measurement volume. The magnitude of the fluctuations is
related to the number of particles in the measurement volume,
and the duration of fluctuations (as calculated by the autocorre-
lation function of the measured signal) to the characteristic time
the particles take to cross the volume (i.e., to their hydrodynamic
radius) (38). We performed FCS measurements for a 40 nM
solution of labeled GSTP1-1 and for the same solution after the
addition of 10 uM unlabeled enzyme. As shown in Figure 3, the
two curves are quite similar, showing that no significant change in
the protein association state occurred in this concentration range.
This conclusion was confirmed by data fitting (see Experimental
Procedures), which yielded a diffusion coefficient of 66 + 8 um?/s
for the labeled protein and of 62 + 4 um?/s after the addition of
unlabeled GST. According to Young et al. (39), the expected
diffusion coefficient for the GSTP1-1 dimer is 68 um?*/s and
85 um?/s for the monomer. Simulations (dotted line in Figure 3)
indicate that a 30% monomerization would give a significant
variation of the autocorrelation curve. Therefore, in our experi-
ments, the monomerization is definitely < 30%, which resultsina
Ky of <10 nM.

Temperature-Dependent Cooperativity Used as a Probe
of the Dimeric State of GSTPI-1. A few years ago, a peculiar
temperature-dependent cooperative behavior of GSH binding
was discovered for GSTPI-1 (40). This property, validated
independently by using NMR analysis (4/), probably helps to
minimize changes in affinity toward GSH caused by low or high
temperatures in vivo. In fact, this specific isoenzyme is strongly
expressed in human skin, a tissue often exposed to thermal stress.
The presence or absence of this particular mechanism may be a
useful probe for checking the aggregation state of GSTPI1-1 at
low concentrations. In fact, an oligomeric structure is the conditio
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sine qua non for the existence of a binding cooperativity in a pro-
tein that displays a single binding site per subunit. Given that co-
operativity has been observed at 3 M, a concentration at which
the enzyme is mainly in a dimeric form, and also at 20 nM, show-
ing at both concentrations very similar Hill coefficients (40), the
result is that, at the lowest dilution, most of this enzyme exists as a
dimer. More precisely, 7 is, on average, 1.4 for dimeric GST (40),
while an 7 of 1 is expected for the monomeric enzyme. Via
approximation of a linear dependence of the Hill coefficient on
the degree of monomerization, the experimental error of <8%
(40) implies a monomeric fraction of <28% at 20 nM, with a
corresponding Ky of <4 nM, a value approximately 1000 times
lower than the one calculated in previous studies (5.1 uM) (22).
Cooperativity for GSH Binding in GSTPI1-1 Mutants
Confirms Their Dimeric Structures at Nanomolar Levels.
C47S and K54A are specific mutants of GSTP1-1 that in the past
have been designed and expressed to verify the involvement of
Cys 47 and Lys 54 in the stabilization of helix 2 (42, 43). These
specific mutants exhibited a positive cooperative binding of
GSH, revealing for the first time the occurrence of intersubunit
communication in GSTs. The Hill coefficients were 1.4—1.5 for
both mutated enzymes. Even in that case, the homotropic
behavior was evident at ~20—40 nM enzyme and also confirmed
(with similar Hill coefficients) at much higher enzyme concentra-
tions (42). In that previous study, no standard errors were
reported for the Hill coefficients (42, 43), but they are now
recalculated from the original data, resulting in a value of < 10%.
All differences between the observed n values fall well within this
error interval. On the basis of the considerations discussed in the
paragraph given above, these data indicate a monomerization
level of <35% at 20 nM, with a resulting K4 of <7.5 nM.
Cooperative Self-Preservation Is Additional Evidence
for a Dimeric Structure of GSTPI-1 at Nanomolar Levels.
A few years ago, we observed that GSTPI-1 displays a peculiar
mechanism that minimizes the deleterious effects of inactivating
compounds once a first subunit of the dimer is modified (44). This
process, triggered by alkylating compounds, thermal stress, UV
irradiation, etc., has been explained assuming that the perturba-
tion of one subunit causes a structural modification in the
adjacent subunit that becomes more protected against further
chemical or physical perturbations. This property, termed co-
operative self-preservation, requires an oligomeric structure, and
it has been observed at GST concentrations commonly used for
assay measurements (20—40 nM). Thus, this finding provides
now a further strong indication the enzyme must exist as a dimer
at these low concentrations. For a quantitative evaluation of the
maximal degree of monomerization consistent with these data,
we consider that negative cooperativity parallels the behavior of
two enzyme populations with different reactivities but with an
equal population of the two forms. Therefore, the monomeriza-
tion of a dimeric cooperative enzyme must be signaled by a
significant increase of one population compared to the other.
However, in our old data, the two populations ranged always
from 45 to 55% (44), and therefore, the level of monomerization
was < 10%. On this basis, the resulting K4 value is <0.5 nM.
Cooperative Binding of Dinitrosyl-Diglutathionyl-Iron
Complex as a Probe for the Dimeric State of Alpha, Pi, and
Mu GSTs. Alpha, pi, and mu class GSTs bind with extra-
ordinary affinity the dinitrosyl-diglutathionyl-iron complex, a
natural compound that is spontaneously produced when NO
enters the cell (45, 46). The calculated K; values are approximately
107°—10""'" M. This strong interaction is possibly aimed at the
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FiGure4: GSTP1-1 and GSTM2-2 negative cooperativity in
DNDGIC binding at extreme dilutions. Human purified GSTP1-1
and GSTM2-2 were incubated for 1 min with variable amounts of
DNDGIC at pH 7.4. Aliquots were then diluted in the assay mixture
containing | mM GSH and 1 mM CDNB in the presence of 0.1 M
potassium phosphate buffer (pH 6.5) at 25 °C. The final enzyme
concentration in the assay mixture was 0.8 nM for GSTP1-1 (0.02 ug/
mL) and 0.32 nM for GSTM2-2 (0.008 ug/mL). Solid lines are the
best fits of the experimental points obtained for GSTPI1-1 and
GSTM2-2 to a biexponential decay equation. Experimental errors
on data points do not exceed 7%.

storage of NO inside the cell and at the sequestration of the free
form of DNDGIC that irreversibly inactivates key redox en-
zymes like glutathione reductase (47). Indeed, DNDGIC bound
to GSTs becomes fully harmless for glutathione reductase ().
Binding of DNDGIC is characterized by negative cooperativity
in all three isoezymes. For GSTP1-1 and GSTM2-2, this co-
operativity is revealed by a peculiar inactivation behavior at
different  DNDGIC concentrations (that appears clearly
biphasic). Binding of DNDGIC to GSTAI-1 is again coopera-
tive, but it is accompanied by a particular effect, i.e., the total loss
of activity when only one subunit of the dimer has bound one
molecule of DNDGIC (45). Both cooperativity and overinhibi-
tion (for the alpha class GST) are likely due to intersubunit
communication and would not be present if the enzymes were in a
monomeric form. Given that negative cooperativity has been
observed at 2—4 uM levels, but also down to 40 nM for GSTP1-1
and down to 20 nM for GSTM2-2, it results that the enzyme is
mainly dimeric even at the lowest concentrations. Even in this
case, inhibition data at the lowest concentration fit well to a
system composed by a 50/50 mixture of two species with different
affinities. More specifically, since the recovered value for the two
populations is 50 £ 6%, we can assume that the level of
monomerization is less than 12%, with a corresponding Ky value
for the monomer-to-dimer transition of < 1.3 nM for the pi class
GSTs, and <0.6 nM for GSTM2-2. Also, the atypical over-
inhibition of GSTAI-1, equally indicative of intersubunit com-
munication, has been found at 20 nM, thereby restricting its Ky
value to <5 nM.

To better define the Ky range, we tried to verify if the
cooperative behavior is still evident even at lower concentrations.
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Table 1: Effect of the Removal of Intersubunit Electrostatic Stabilization
of GSH in the G-Site of GSTs

KSSH(Asp mutant)/
KSSH (wild-type hGSTs)
(experimental values for

specific Asp mutants)

KY" /KR (calculated for
GST dimers after
neutralization of

selected Asp residues)

GSTPI1-1 5.5 3.1
GSTAI-1 5¢ 43
GSTM2-2 - 3.0

“KD" values are the dissociation constants for the E—~GSH complex
calculated on the basis of docking of GSH to dimeric hGSTs after neutraliza-
tion of the Asp residue (D¥*) participating in the stabilization of GSH in the
adjacent subunit (Asp 98 for GSTP1-1, Asp 101 for GSTAI-1, and Asp 105
for GSTM2-2). “From ref 48. ‘Obtained from values reported in ref 49.

As shown in Figure 4, both GSTP1-1 and GSTM2-2 exhibit a
strong negative cooperativity down to 0.02 ug/mL (0.8 nM) and
at 0.008 ug/mL (0.3 nM), respectively, indicating that a dimeric
structure is still predominant at such low levels. Again, these data
fit well to a system composed of high- and low-affinity species
with relative populations of 50 £+ 7.5% for GSTPI-1 and 50 +
10% for GSTM2-2. From these results, the corresponding Ky
values for the monomer—dimer equilibrium must be confined to
an even lower range, in particular, <0.04 nM for GSTP1-1
and <0.03 nM for GSTM2-2. Due to sensitivity problems, the
overinhibition phenomenon caused by DNDGIC binding to
GSTAI-1 could be observed only down to 4 nM enzyme (not
shown), thus confining K4 values to <1 nM.

Invariability of KS3™ Values as a Probe for a Dimeric
State of Pi, Alpha, and Mu Class GSTs. GSH is stabilized in
the G-site of GSTPI-1, GSTAI-1, and GSTM2-2 by a few
electrostatic interactions with residues of the same subunit and
by an additional interaction involving the carboxylate of the
neighboring subunit. More precisely, the carboxylate group of
Asp 98 of GSTP1-1 participates in the binding of GSH through
electrostatic interaction with the amino group of the y-glutamyl
residue of GSH. Similarly, Asp 101 and Asp 105 fulfill additional
electrostatic stabilizations of GSH in the G-sites of GSTA -1 and
GSTM2-2, respectively. GSH bound to GSTA -1 also displays a
further salt bridge between Arg 131 of the opposite subunit and
the o-carboxyl group of the glutamyl residue of GSH. A direct
confirmation of these intersubunit stabilizations came in the form
of site-directed mutagenesis experiments performed by two
different groups. Replacement of Asp 98 with Ala in GSTP1-1
increases 5.5-fold the K$3H value (48), and a similar increase has
been observed for GSTAI-1 when Asp 101 is replaced with
Asn (49) (see Table 1). This lowered affinity toward GSH in these
specific mutants of GSTP1-1 and GSTAI-1 represents now a
further confirmation that both these isoenzymes must be dimers
under standard assay test conditions (~20—40 nM). In fact, no
difference in K$5M values is expected as a consequence of these
mutations if these enzymes exist as monomers under the standard
assay conditions. Again, the estimated Ky values must be <20
nM. To further confirm that intersubunit interactions contribute
significantly to the substrate binding energy, we performed
docking simulations on the native GST dimers and compared
them with the same calculations executed after neutralization
of Asp 98, Asp 101, or Asp 105 (in GSTPI1-1, GSTAI-1, and
GSTM2-2, respectively) in one subunit. These simulations
predict a 3—4-fold loss of affinity as a consequence of Asp
neutralization, a loss approaching the values observed experi-
mentally in the D98A and D10IN GST mutants (Table 1).
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In this context, we tried to check experimentally possible
changes in K$3" values under extreme dilution conditions as a
probe for the presence or absence of the monomerization process.
As shown in Figure 5, we observed identical KSS! values at 1
and 0.04 ug/mL for both GSTP1-1 and GSTAI-1 (~40 and
1.5 nM, respectively) and at 0.2 and 0.008 ug/mL for GSTM2-2
(~8 and 0.3 nM, respectively). These results indicate that the
GST aggregation state is unchanged in this concentration range.
The proof that under these highly dilute conditions all these
enzyme are mainly in a dimeric form has been obtained by
observing very similar K$>" values measured via fluorescence
experiments at 100 ug/mL (where GSTs are surely in a dimeric
state) and K$S" values calculated at very low enzyme concentra-
tions by extrapolating KSH values at 0 mM CDNB. In fact, it is
well-known that CDNB binding slightly alters the K" (see
Figure 5). The upper limits for Ky values can be determined by
considering that the standard errors for the K§°" values are
always less than 20% for all isoenzymes. Since K" for the
monomer is 4—5 times higher than that of the dimeric enzyme
(Table 1), a 20% variation in K$> would be caused by a 5—7%
monomerization. Thus, Ky values are <20 pM for alpha and pi
GSTs and <3 pM for mu class GSTs.

Equilibrium Problem. All the fluorescence and kinetic
experiments described above provide a realistic estimation of
K4 values only if these measurements have been performed under
equilibrium conditions. More precisely, given that all these
experiments started from concentrated enzyme stock solutions
(where GSTs are likely under dimeric conditions) to reach the
dilute levels used for fluorescence or kinetic experiments, it is
necessary to prove that the monomerization process is fast
enough to reach a final state of equilibrium within the period
used for measurements. For this purpose, we measured the KS!
values of GSTP1-1, GSTAI-1,and GSTM2-2 | and 120 min after
dilution in the assay test. Results reported in Table 2 indicate that
no change occurred, suggesting that all kinetic and fluorescence
measurements (made within 1—2 min of mixing the enzyme in the
assay test) have been performed under equilibrium conditions or,
alternatively, that the monomerization process occurs at very low
rates (11, > 4 h). We also noted that at extreme dilution levels all
these enzymes undergo a slow inactivation that ends at ~50% of
the original activity. This inactivation has been observed pre-
viously for GSTP1-1 and explained on the basis of a solvation of
the active site (44, 50). Under our conditions [pH 6.5, 1 mM
GSH, 4 nM GSTs (0.08 nM for GSTM2-2)], the apparent ¢, of
the inactivation process that ends at 50% of the original activity
is >60 min for GSTAI-1 and GSTM2-2 and >20 min for
GSTPI-1 (not shown). As we will discuss below, these slow
kinetics allow us to exclude the possibility that the observed
inactivation is related to a synchronous monomerization process.

DISCUSSION

Steady-state and time-resolved fluorescence anisotropy, two-
photon fluorescence correlation spectroscopy experiments, and
new and old kinetic experiments have been used to re-examine the
question of the monomer—dimer equilibrium of GSTs. The
invariance of both cooperativity and affinity for GSH has also
been employed like new probes to verify the persistence of a
dimeric state at dilution levels below the detection limits of the
fluorescence methodology. All data collected here definitively
confine the K4 values in the nanomolar or subnanomolar field
for three representative alpha, mu, and pi GST isoenzymes,
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FIGURE 5: GSH binding at different hGSTs concentrations and relative dependence of KS>" on CDNB concentration. Left panels show GSH
binding at two different hGST concentrations for each isoform: GSTP1-1 at 1 (M) and 0.04 ug/mL (O), GSTA1-1 at 1 (®) and 0.04 ug/mL (O), and
GSTM2-2 at 0.2 (®) and 0.008 ug/mL (<). Curves represent the best fits for each double-concentration data set. For experiments reported in
the right panels, a fixed GSH concentration (1 mM) and CDNB concentrations varying from 0.25 mM to 1.5 mM have been used. Enzyme
concentrations were: 1 ug/mL for GSTP1-1 (M), | ug/mL for GSTA1-1 (®), and 0.2 ug/mL for GSTM2-2 (®). Solid lines show the dependence of

KSSH values on CDNB concentration. All values reported represent the means of at least three different experimental sets.

Table 2: K4 and K, Values for GSH at Different hGSTs Concentrations

KSS" (mM) (at 1.0and  K$SH (mM) (at 0.04 ug/mL GST

K" (mM) (from

K" (mM) (from fluorescence  expected KSH(mM)

0.04 ug/mL GST) after preincubation for 2 h) kinetic data)” data at 100 ug/mL GST) for single monomers”
GSTPI-1 0.1440.01 0.1540.02 0.1204+0.003 0.13+0.01 0.40
GSTAI1-1 0.13£0.01 0.16£0.01 0.160 £ 0.004 0.16 £0.02 0.69
GSTM2-2 0.11+0.01¢ 0.11+0.03¢ 0.055 +0.001 0.050 4 0.006 0.15

“Values obtained by extrapolating K data £0btained at different CDNB concentrations) to 0 mM CDNB (see Figure 5). “Calculated by multiplying
K$M values (from fluorescence data) by the KT/KY ratio listed in Table 1. ‘Concentrations of 0.2 and 0.008 ug/mL for GSTM2-2. “Concentration of

0.008 ug/mL for GSTM2-2.

i.e., GSTAI-1, GSTM2-2, and GSTPI-1 (see Scheme 1). The
possibility that kinetic or fluorescence measurements were per-
formed under nonequilibrium conditions and that monomeriza-
tion was not attained on the time scale of our experiments should
be discussed. The invariance of K, observed after incubation for
1 and 120 min under dilute enzyme conditions (see Table 2) is
diagnostic in this context. Assuming that GST monomerization
would have been attained on a longer time scale, the #;, for the
monomerization event must be longer than at least 2 times the
fobs; 1.€., f12 > 4 h. Experimental observation on longer time
scales is prevented by denaturation problems. In any case, these

data set an upper limit on their Ko values for the equili-

brium M—l—M%D that must be <5 x 107> s~ '. The k,, value
for the monomeér—monomer association of GSTs is not known,
but for many proteins, it is diffusion-limited and ranges from
10° M~ 57! (for monomers that are not linked by electrostatic
forces) to 10° M~" s™" (for monomers that display electrostatic
interactions at the dimer interface) (5/—354). Alpha, pi, and mu
GSTs have a number of electrostatic interactions at the dimer
interface, but even considering a ko, of only 10° M~' s,
the resulting Ky = kog/ko, must be <5 x 10" M. Thus,
even assuming a nonequilibrium condition in many of our
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Scheme 1: Cumulative Scheme of K4 Values Coming from This
Study and Previous Studies”

GSTP1-1

/ariability of Ky for GSH K, < 0.02 nM

Cooperativity for DNDGIC binding K, <0.04 nM Ky=51uM
KE: ity in selected mutants ] K,<7.5 nM (22)
E_o(}perative self-preservation ] K. <05 nM
Tem ] K,<4 nM
Fiuo | K,<08 nM

GSTA1-1
__ K, = 034pM
Invariability of K, for GSH K, < 0.02 nM
- |2
Cooperativity for DNDGIC binding | K,<1 nM

TM2-2 —

S K,=12nM
nvariability of KnforGsH] K, < 0.003 nM |(2()) K, =0.16uM
Gooperativity for DNDGIC binding | K, < 0.03 nM (24)

10 10" 102 10" 10" 10° 10® 107  10%®  10°  10*
Ky values (M)

“Horizontal bars represent the range of possible Ky values
estimated in this study. Vertical bars indicate the Ky values
reported in previous studies (references are also shown).

experimental approaches, the overall Ky value for the monomer-
to-dimer transition must be confined invariably at or below the
nanomolar range. A similar conclusion can be drawn by assum-
ing that the slow inactivation process observed at high dilution is
related to a monomerization event that causes a complete
inactivation of the enzyme. In this case, no change in K, is
expected but only a loss of V... However, the very slow
inactivation process [kinaee < 0.001 s~! for GSTPI-1 (44), and
Kinace < 107*s™! for GSTM2-2 and GSTA1-1], if synchronous to
the monomerization process (Kinact = Kofr), restricts invariably
the K4 values in the subnanomolar range (kog/kon < 1073571100
M~ 's7! < 107 M™Y). Finally, the possibility that the inactiva-
tion is slower than the monomerization is unlikely. In fact, the
presence of an active monomer can be excluded on the basis of the
invariance of Ky values (see Table 2).

At this point, it is difficult to explain the high K values found
in previous investigations (22—24). These studies are based
mainly on light scattering measurements and sedimentation
equilibrium experiments. Although all these experiments appear
to be well performed and statistically validated, we underline that
the range of applicability of the light scattering approach is
limited by the protein concentration and by the molecular mass
of the protein studied. For example, for the Wyatt miniDAWN
light scattering instrument (used for most of the previous studies),
the suggested concentration range for macromolecules of molec-
ular mass of 200 kDa is from 2 to 0.2 mg/mL (miniDAWN user’s
booklet). For a molecular mass of 45—50 kDa, as in the case of
GSTs, the concentration range would be limited to even higher
concentrations. It is then possible that measurements using very
low protein concentrations (down to 0.03 mg/mL), as performed
in the previous studies cited above, could have generated
artifactual low mass estimations that could have been interpreted
as a signal of an incipient monomerization. Similarly, sedimenta-
tion equilibrium experiments with native GSTs under mild
conditions only showed very small changes in the average
molecular mass that could be again interpreted as a partial
monomerization, while they could be due only to instrumental
limits.
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The shift of Ky values from the micromolar level to the
nanomolar or subnanomolar level for the monomer—dimer
equilibrium of alpha, pi, and mu GSTs severely impairs the
hypothesis for the existence of fully active GST monomers.
Indeed, on the basis of the Ky values previously calculated from
sedimentation experiments and light scattering measurements
[5.1 uM for GSTPI-1 (22), 0.34 uM for GSTAI-1 (23), and
0.45 uM for GSTM2-2 (24)], Colman and coworkers concluded
that these enzymes exist mainly in a monomeric state when they
are assayed under the usual activity test conditions (0.2—1 ug/
mL). Thus, pi and mu isoenzymes in the monomeric form would
be active, and paradoxically, all previous reported specific
activities cannot be referred to the dimeric structure of GSTs
but to their corresponding monomers. Obviously, these conclu-
sions cannot be drawn on the basis of the new Ky values that are
<1 nM. These new values indicate the prevalence of the dimeric
form even at very low enzyme concentrations. The consequence is
that at present it is not possible to ascertain if the monomer is
fully active or inactive, simply because the monomer cannot be
observed even at very low enzyme concentrations.

For the sake of completeness, we would like to mention that
the mutated GSTP1-1 designed by Abdalla et al. (17) is fully
monomeric and appears structurally stable but completely in-
active, and similar evidence has been reported by Aceto et al. (16)
after monomerization of GSTP1-1 with mild detergents. The
same inactivation has been reported for a few mutants of
GSTM2-2, in particular, for the F56S/R81A double mutant that
appears mainly monomeric but has a severely impaired catalytic
activity (2/). Finally, it has been reported that among many
GSTAI-1 mutants, only the mutant enzyme R69E exists mainly
as a monomer and displays some activity (~15% of that of the
dimer) (23), while the F52A mutant, which also is mainly
monomeric, has lost its catalytic activity (23). Even in this case,
however, calculation of monomer and dimer levels has been
conducted using light scattering approaches. Thus, although no
unequivocal proof of an active or inactive GSTs monomer is now
available, many reports suggest that an isolated subunit could be
fully inactive or very scarcely active.

From a physiological point of view, the data presented here are
particularly relevant. A few studies reported the identification of
monomeric GST inside the cells using antibody reactions or
MALDI-TOF analysis (4, 18). However, the confinement of Ky
values for the monomer—dimer equilibrium to the nanomolar
range indicates that very small amounts of GST monomers must
be found inside the cells unless post-translational modifications or
denaturation events reduced the affinity of each monomer for the
adjacent subunit. The recent observation of the monomeric form
of GSTPI-1 in human erythrocytes, exhibiting a peculiar phos-
phorylated serine (Ser 196) (18), seems to confirm this hypothesis.
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