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Solution Structure of Glutathione Bound to Human Glutathione Transferase P1-1:
Comparison of NMR Measurements with the Crystal Struéture
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ABSTRACT. The conformation of the bound glutathione (GSH) in the active site of the human glutathione
transferase P1-1 (EC 2.5.1.18) has been studied by transferred NOE measurements and compared with
those obtained by X-ray diffraction data. Two-dimensional TRNOESY and TRROESY experiments have
been performed under fast-exchange conditions. The family of GSH conformers, compatible with TRNOE
distance constraints, shows a backbone structure very similar to the crystal model. Interesting differences
have been found in the side chain regions. After restrained energy minimization of a representative NMR
conformer in the active site, the sulfur atom is not found in hydrogen-bonding distance of the hydroxyl
group of Tyr 7. This situation is similar to the one observed in an “atypical” crystal complex grown at
low pH and low temperature. The NMR conformers display also a poorly defined structure of the glutamyl
moiety, and the presence of an unexpected intermolecular NOE could indicate a different interaction of
this substrate portion with the G-site. The NMR data seem to provide a snapshot of GSH in a precomplex
where the GSH glutamyl end is bound in a different fashion. The existence of this precomplex is supported
by pre-steady-state kinetic experiments [Caccuri, A. M., Lo Bello, M., Nuccetelli, M., Nicotra, M., Rossi,
P., Antonini, G., Federici, G., and Ricci, G. (1998ipchemistry 373028-3034] and preliminary time-
resolved fluorescence data.

Cytosolic glutathione transferases (EC 2.5.1.18; G5Ts) which contain an electrophilic centet)( They have been
are a family of dimeric enzymes able to conjugate the natural grouped into at least five gene-independent classes named
tripeptide glutathione (GSH;—L-glutamyl+-cysteinyl-gly- Alpha, Mu, Pi, Theta, and Sigma2+{5). The three-
cine) to dangerous endogenous or xenobiotic compoundsdimensional crystal structures of representative isoenzymes
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of each class in complex with GSH or GSH derivatives show
very similar tertiary architecture and quite identical geometry
of the substrate bound in the active site (G-sitg)11).
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1 Abbreviations. DG-SA, distance geometry-simulated annealing;
DTT, dithiothreitol; EDTA, ethylenediaminetetracetic acid; GSH,
glutathione ¢-L-glutamylL-cysteinyl-glycine); GST, glutathione trans-
ferase; NMR, nuclear magnetic resonance; NOE, nuclear Overhause

enzyme complex in a frozen state, but the scenario could be
more complicated in solution. In fact, several regions of
the protein are quite flexible; for example, motions of the
irregular a-helix 2 (residues 3546) which forms part of
the G-site, modulate the kinetic parameters of this enzyme
and are also involved in an induced fit mechanism upon GSH
binding (12). The latter structural arrangement can be
explained by assuming that the binding process of a flexible
ligand to a flexible enzyme is the result of the reciprocal
selection of one (or a few) among the many interconverting
conformers both of the substrate and of the enzyme.
Alternatively, a reciprocal structural modeling may occur
after a first precomplex formation. A detailed knowledge
rof the GSH binding process is important for drug design

effect; NOESY, nuclear Overhauser effect spectroscopy; rmsd, root- PUIPOSES, SinC? this iso_enzyme is in_volved in the mechanism
mean-square deviation; TRNOE, transferred NOE; TRNOESY, trans- of cellular multidrug resistance against a number of chemo-
ferred NOESY; ROE, rotating-frame nuclear Overhauser enhancement;therapeutiC agentd8—15). In this paper, we compare the

ROESY, rotating-frame nuclear Overhauser enhancement spectroscopy . . .
TRROE. transferred ROE: TRROESY, transferred ROESY: TOCSY, structure of GSH in complex with GST P1-1 with that

total correlation spectroscopy; TPPI, time proportional phase increment. observed in solution by transferred NOE measurements. The
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TRNOE procedure has been used extensively to determine Structure DeterminationFor the structure determination,
the conformation of small ligands bound to macromolecules a hybrid distance geometry-simulated annealing (DG-SA)
(for review, see refl6) and it may provide useful details protocol was carried out using the program X-PLOR 28).(
about the early stage of the substrate binding. In the absencd&he topology of GSH required the insertion of the peculiar
of GST P1-1, the GSH molecule displays a large confor- y-glutamyl-cysteinyl peptide bond. NOE-derived distance
mational flexibility in solution and no preference for any constraints were classified as strong, medium, and weak and
particular conformation1(7). Transferred NOE data, ob- translated into upper bounds of 2.7, 3.3, and 4.0 A,
tained in the presence of catalytic amounts of GST P1-1 andrespectively; a pseudoatom was introduced at the center of
under fast exchange conditions, indicate that the interactionmass of the two equivalent methylene @rotons of Gly,

with the active site produces a freezing of the bound GSH Cg protons of Cys, @ and @5 protons of Glu and a distance

in a restricted region of the conformational space. Distance correction term of 0.3, 0.5, and 1.0 A was added to the upper
geometry and simulated annealing algorithms allowed us to limit for strong, medium, and weak signals, respectively. The
obtain a number of conformations for the bound GSH X-PLOR calculation to generate 50 three-dimensional struc-
compatible with the NOE data. The extended backbone of tures of GSH was performed in two stages: the first one
these conformers is similar to that found in the crystal was 1 ps of Verlet dynamics at 2000 K to correct distance
complex. Notable differences concern the spatial geometryviolation, and the second stage was cooling at 100 K in 50
of the Cys side chain and the interaction of the glutamyl K steps for final refinement followed by Powell minimiza-
moiety with the G-site. These findings are discussed taking tion.

into account that GSH blndlng follows a multistep blndlng The 50 structures generated by distance geometry_
mechanism and the solution is mainly populated by GSH simulated annealing protocol (DGSA-GSH) were checked
molecules which retain the magnetization Ofaweakly bound on the basis of potentia| energy values and relevant NOE
precomplex. distance constraint violations (higher than 0.5 A) and 20
discarded. The 30 selected structures were grouped in two
EXPERIMENTAL PROCEDURES families (A and B) on the basis of the homogeneity of
Sample Preparation GSH was purchased from Sigma and dihedral angles and the rmsd pairwise values for backbone
used without further purification. GST P1-1 was expressed atoms. Family A shows zero NOE violations and Family B
in Escherichia colind purified as described previoushg|. has some NOE violations0.5 A.
NMR samples for TOCSY, NOESY, and ROESY experi-  yglecular Modeling. Molecular modeling and energy
ments contained 4 mM of GSH in2B (in the presence of  inimization in the active site were performed with IN-
20% D0, 0.1 M KHPQ,, 0.1 MKCI, 0.1 MM EDTA, and  qiGHT || version 2.3.0 and DISCOVER version 2.9.5
0.2 mM DTT, pH 5.2) with or without GST P1-1. Molar  g4nvare packages (Molecular Simulation Inc., San Diego,
ratios substrate:enzyme were 5:1 and 10:1. The presencga) on a Silicon Graphics Personal Iris Workstation. The
of DTT is necessary to prevent any spontaneous oxidative .qorginates of the small cell C2 complex determined by
process involving protein cysteinesy. _ crystallography 27) were used for the molecular modeling
NMR SpectroscopyNMR spectra were obtained at 25 gy,qy - Hydrogens were built onto heavy atoms using the
°C on a Bruker AM 400 instrument operating at 400.13 MHz. |\ SIGHT I program. A selected structure of family A
Two-dimensional NMR experiments were performed in the (pbG5aA-GSH1), which shows an intermediate rmsd value
phase sensitive mode with TPPI phase cy2@ ¢ypically for backbone atoms in respect to the crystal GSH model and
using 2K of memory for 512 increments. The number of 454 with a very low energy value, was modeled into the
scans was optimized in order to obtain a satisfactory signal- ¢y stallographic binding site. It was initially positioned to
to-noise ratio. Correlation experiments were carried out as qyeriay the backbone of GSH in the normal crystal complex.
total correlation (TOCSY) where the MLEV-17 spinlock  1he protein coordinates were held fixed and the following
composite pulse sequence has been inseR&d¢) with a protocol of energy minimization was performed: the first
typical mixing time of either 16 or 64 ms in order to observe - gi446 of minimization involved 300 cycles of steepest descent
either direct or both direct and remote connectivities. NOE ,,reqtrained minimization followed by 100 cycles of steepest
dlpolar correlated two-dimensional spectra were o_btalned descent and 1000 steps of conjugate gradient restrained
using the NOESY pulse sequenc@S). The mixing time  minimization. CVFF force field and a distance-dependent

for the magnetization exchange ranged within 800 ms.  igjectric constant = 4rij were used. A cutoff of 18 A
Rotating frame dlpolar_correlated 2D spectroscopy_(R.OESY) with a switching distance of 1.5 A was employed for
was performed accordingly to Bothner-B34f and Griesing-  y5nponded interactions. The force constants for the NOE
er and ErnstZ9). The mixing times for the magnetization  yistance constraints were set at 50 kcal Thdl2. The same
exchange were 50, 80, 155, and 225 ms. procedure of minimization was applied to DGSA-GSH1 after

Datg were processed on a microVax _II with the TRITO_N forced deprotonation of the SH group.
two-dimensional NMR software from license of the Uni-
versity of Utrecht, The Netherlands. Free induction decays ResyLTS
were weighted by a sinebell apodization function shifted
typically /3 in both dimensions. In all homonuclear two- Conformation of the Bound GSH in the Crystal Complex.
dimensional experiments, a matrix 10241024 in the phase  The crystal structure of human GST P1-1 in complex with
sensitive mode was thus obtained with a digital resolution GSH has been determined in three different crystal forms
of about 5 Hz/point. A baseline correction was made in both (27). In the C2 space group, the model has been refined to
dimensions using a polynomial fit routine present in the same a resolution of 1.9 A with a conventionRiactor of 20.0%
program. (Riree = 21.8%). In theP2;,2,2, space group, the model has
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Ficure 1: Chemical structure of GSH. Relevant protgroton
intramolecular interactions as derived by TRNOESY spectrum in

the presence of substoichiometric amount of GST P1-1 are indicated

Nicotra et al.

free GSH. However, at pH 5.3, the tripeptide was shown to
be a dynamic ensemble of rapidly interconverting conforma-
tions (L7). Addition of substoichiometric amount of GST
P1-1 produces the appearance of 11 NOEs with negative
intensities and the broadening of the resonances (Table 2).
On the basis of the thermodynamic dissociation constant for
the GSH-GST P1-1 compleXf = 5 x 1075 M) (42) and

on the assumption of a diffusion controlled rate of GSH
(about 18 s M1, it results that the apparekd; is much
faster than the cross-relaxation rate of GSH boung{ =

0.7 s!) and therefore the fast-exchange condition may be
assumed for TRNOE analysigd3 44). In Figure 2A, a

by arrows. The thin arrow indicates a medium NOE while the two S€lected region of the NOESY spectrum obtained at 10:1

thick arrows represent strong NOEs.

been refined to a resolution of 2.2 A with a conventional
R-factor of 21.8% Riee = 25.9%). In the big cell C2 form,
the model has been refined to a resolution of 1.9 A with a
conventionalR-factor of 19.3% Riee = 22.9%).

The small cell C2 andP2,2,2; models show an identical

GSH:enzyme molar ratio and at mixing times of 225 ms is
reported. All the 11 NOEs were observed in the mixing time
range of 106-300 ms and at both 10:1 and 5:1 GSH:enzyme
molar ratios. The most relevant intramolecular preton
proton interactions are indicated by arrows in the molecular
structure of GSH shown in Figure 1. The possibility of
protein-mediated spin diffusion contributing to the GSH

GSH structure which also superimposes well on the extendedtransferred NOE spectra has been evaluated by comparing

conformation observed previously in GSH conjugate com-
plexes to human GST P1-1 such as fhkexylglutathione
(9, 27, 28) and ethacrynie GSH complexes9). Further-

TRNOESY and TRROESY data. Inthe TRROESY spectra,
obtained in the presence of GST P1-1 and with mixing times
ranging between 50 and 225 ms, all intraligand cross-peaks

more, the same conformation has been observed in the crystabbserved in the TRNOESY spectra are still present as

structures of numerous other GST complex&s/( 10, 11,
30—38). In the human GST P1-1, GSH binds in extended
fashion (Figure 3 and Tables 2 and 3) with thglutamyl
arm pointing downward into the core of the protein and
toward the dimer interface whereas the glycyl arm points
toward bulk solvent. Both of these arms form a number of
interactions with the enzyme), The sulfur atom of the
cysteinyl moiety is within hydrogen bonding distance of the
hydroxyl group of Tyr 7 (Table 4), and it exists predomi-
nantly in the thiolate form39, 40). Throughout this paper,
the small C2 cell an&2,2,2; cell are termed "normal” crystal
complexes. In the big cell C2 model (termed “atypical”
crystal complex), the GSH conformer is very similar to that
found in the small C2 an#2;2,2, crystals (rmsd for the
backbone= 0.17), with the exception that the direct hydrogen

bonding interaction between Tyr 7 and GSH is broken and

positive peaks, thus excluding indirect interactions on the
TRNOESY spectra (see Figure 2B)Y 46). The lack of
intermolecular cross-peaks in TRROESY spectra is likely
due to the fast relaxation (shoripl) of protein resonances
during the spinlock period. This leads to a disappearance
of intermolecular NOEs besides to a decrease of sensitivity
of ROESY pulse sequencéf).

ROESY reference spectra for the free GSH have been
recorded at 155 and 225 ms of mixing time. These ROESY
spectra are qualitatively similar to the TRROESY spectra.
Quantitative analysis shows, however, that the relative
intensities of the ROE peaks differ from the ones of the
TRROE peaks (data not shown). This indicates a selective
change of the relative populations of the GSH conformers
likely due to a specific interaction with the enzyme.

In the TRNOESY spectra, three intermolecular NOEs are

a water molecule mediates the interaction. The big cell C2 also detectable. The first one reveals a short distance

crystals have only been observed at low pH {%40) and
at low temperature (4C) whereas the data obtained from

between the @H of Gly or Glu of GSH and a proton of a
protein residue with a chemical shift of 7.35 ppm (Figure

the other forms were based on crystals grown at higher pH2A, indicated by arrow). A second strong intermolecular
(5.8-6.4) and at room temperature. We hypothesize that NOE is due to the interaction ofAE1 of Glu with an enzyme
the source of the difference is that the GSH molecule in the proton at 4.0 ppm (not shown). The third strong NOE

big cell C2 form has crystallized in the un-ionized form

indicates an interaction betweerig of Cys and a protein

whereas in the other complexes it has crystallized in the proton at 1.23 ppm (not shown). These intermolecular NOEs

thiolate form.

Conformation of the Bound GSH Determined by TRNOE.

The chemical structure of GSH is shown in Figure 1. The
monodimensionalH NMR spectrum (not shown) of 4 mM
GSH in HO in the presence of 20%.D, 0.1 M KH,PQy,

0.1 M KCI, 0.1 mM EDTA, and 0.2 mM DTT, pH 5.2,
overlaps those reported previously under slightly different

will be discussed in the next section. The intensities of
intramolecular NOEs observed in the NOESY spectrum were
converted into distances and used to generate 50 three-
dimensional GSH structures by the distance geometry-
simulated annealing procedure (DGSA-GSH) as reported in
the Experimental Section. Thirty of these structures were
selected on the basis of the total energy evaluation and of

conditions #1). Resonance assignments are reported in zero or no relevant NOE distance violations (below 0.5 A).

Table 1.
The NOESY spectrum of GSH alone at different mixing

By considering both the homogeneity of the dihedral angles
and pairwise rmsd values, these conformations were grouped

times revealed the absence of dipolar connectivities. Theinto two families. Family A is formed by 17 GSH conform-
total lack of NOESY cross-peaks may be a correlation time ers with zero NOE violations and a similar backbone

effect and should not reflect a molecular flexibility of the

structure which also overlaps well that observed in the three
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Ficure 2: Comparison between a selected region of the two-dimensional NOESY and ROESY spectra of GSH bound to GST P1-1 at 400
MHz. GSH and enzyme concentrations were 4 and 0.4 mM, respectively (pH 5.2). Assay conditions are reported under Experimental
Procedures. (A) TRNOESY spectrum obtained at a mixing time of 225 ms; the arrow indicates the intermolecular interaction between the
CaH proton of Gly or Glu (see Discussion for final assignment) and a proton of the enzyme at 7.35 ppm. (B) TRROESY spectrum obtained

at a mixing time of 80 ms. The lack of the intermolecular interaction at-37785 ppm is discussed in the text.

Table 1: Proton Resonance Assignments of GSH
(y-L-Glu-L-Cys-Gly) in the Presence of GST P1-1 (4:0.4 mM), at

pH 5.2
residue proton ppm

Glu NH
CoH 3.76
CAH 2.15
CyH 2.53

Cys NH 8.44
CoH 4.56
CAH 2.94

Gly NH 8.22
CaH 3.76

for further discussion. Family A conformers are shown in
Figure 3, together with the structure of GSH as observed in
the normal crystal GSTGSH complex. Family A conform-
B ers display a rather frozen backbone; on the contrary, the
glutamyl moiety is poorly defined. By comparing family A
structures with the normal crystal model, it is evident that
the orientation of the sulfhydryl group of Cys is quite
FIGURE 3: (A) Superposition of 17 calculated structures (family ~different (rcys = —124+ 15° andyc,s = —46°, respectively,
A) for GSH bound to GST P1-1 obtained from the hybrid distance see Table 3). A selected minimum energy GSH conformer
geometry-simulated annealing procedure as described in Experi-(DGSA-GSH), which also displays an intermediate rmsd
mental Procedures. (B) GSH structure in the normal crystal complex value in respect to the GSH molecule found in the normal
(small cell C2 form). . : :
crystal form, was modeled into the crystallographic G-site
crystal structures (Table 3). The mean value of pairwise and initially positioned to overlay the backbone of the crystal
rmsd for the backbone atoms is 0.17 A, comparing the GSH structure. In this initial condition, the sulfur atom,
individual structures, and 0.26 A when each structure is which is in the un-ionized form, is at 4.3 A distance from
compared to the normal crystal model. Family B contains the oxygen atom of Tyr 7 (SH—O angle= 119) (Table 4
13 conformers which show some small NOE violations and and Figure 4). After restrained energy minimization pro-
a backbone structure quite different from the crystallographic cedure, the sulfur atom of this conformer (EMAS-GSH) is
one (the mean value of pairwise rmsd for backbone atoms4.0 A distant from the oxygen atom of Tyr 7{$1—0 angle
compared to the crystal model is 0.75 A). Due to NOE = 121°) (Table 4 and Figure 4). In both cases, the ®
violations and to the large difference with the crystallographic distance and the -SH—O angle are unfavorable for the
GSH model, family B was not considered as a useful basis hydrogen bond interaction. Moreover, the-© distance and
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Table 2: Distance Restraints from TRNOE Experiments Used for GSH Structure Determination in Comparison to BiSiasee®d in the
Normal Crystal Structure (Small Cell C2)

intraresidue interresidue
distance distances in the protein distance distances in the
protein pair restraints strength crystal structure pair restraints strength crystal structure
Glul Glul—Cys2
CaH—-CpH 1.7-3.0 s 2.65 @H—-NH 1.7-3.0 s 2.25
CaH—-CyH 1.7-3.0 s 2.70
CSH—CyH 1.7-3.0 s 2.58
Cys2 Cys2-Gly3
CaH—-CpH 1.7-3.8 m 2.56 NH-CaH 1.7-5.0 w 5.27
NH—CaH 1.7-3.3 m 3.16 @H—NH 1.7-2.7 S 2.3
NH—-CfH 1.7-3.8 m 3.26 @H-NH 1.7-3.8 m 3.16
Gly3
NH—-CoH 1.7-3.0 s 2.61

aDistances are reported in angstroms. Pseudoatoms were used for equivalent piGtassification of NOEs was s, strong; m, medium; and
w, weak.

Table 3: Comparison between Selected Dihedral Angles (deg) in 7.35 ppm. This agrees with the short distance found in the
the GSH Molecule Observed in Family A Conformers and in the normal crystal structure between the pseudoatom of the

Crystal Structure equivalent @ protons of Gly and thé& proton of Phe 8 (2.8
normal A) or, alternatively, the-1 (2.3 A) or2 (2.9 A) protons of
NMR structures crystal Trp 38. Therefore, this indicates that the orientation of the
(family A) structure Gly residue of the bound GSH in the active site may be very
pyeu (CB1, CG1, CD1,N2) —75+ 37,704 35,170+ 13 —178 similar to that found in the crystal complex. The alternative
@cvs(CD1,N2,CA2,C2)  —1654+31 —134 possibility that the intermolecular NOE at 3:78.35 ppm
Wevs (N2, CA2, €2, N3) 166+ 42 153 may be due to @H proton of Glu is less probable; in fact,
yevs (N2, CA2, CB2, SG2) —124+15 —46 ) . .
#oLy (C2, N3, CA3, C3) —754+ 16, 1544 47 99 inspection of the X-ray derived complex structure shows the

possible nearest protons at 3.41 or 4.32<A1(ande22 of
GIn 64), too far to give a quite strong intermolecular NOE.
The different conformation of the Cys side chain is interest-
ing. The geometry of the sulfhydryl group, as it appears in
the normal crystal complex, is compatible with a hydrogen
bond interaction between the sulfur atom of GSH and the
hydroxyl group of Tyr 7 (Table 4). This aromatic residue
is structurally conserved in all GSTs, except for the Theta
isoenzyme, where the equivalent Tyr residue is probably
replaced by a Ser residu&(). Its electrostatic interaction
with the sulfur atom of GSH is crucial to lowering th&p
DISCUSSION of the bound GSH thiol group from 8.9 to 6:6.6 and also
The above experiments represent the first investigation for a correct orientation of the thiol group into the active
about the conformation of the GSH when it binds to GST site @7). After modeling and restrained energy minimization
P1-1 in solution and allow a useful comparison with the GSH in the crystallographic active site, this crucial hydrogen bond
structure observed in three different crystal forms refined to is not found for the representative un-ionized NMR con-
resolutions of 1.9 and 2.2 A. The success of the TRNOE former (DGSA-GSH); in fact, the GSH thiol group is about
approach in determining the conformation of a small ligand 4.0 A away from the oxygen atom of Tyr 7 and with an
bound to a large enzyme is critically related to the dif- unsuitable G-H—S angle (121) (Table 4). A different
ferentiation between direct and indirect NOE interactions. geometry in solution is also suggested by an unexpected
Comparison of TRNOESY and TRROESY experiments medium-strong NOE interaction betweefil€of Cys-GSH
points out that no spin diffusion effects are detectable underand a proton at 1.23 ppm, which indicates a close enzyme
our conditions. All conformers, compatible with TRNOESY  proton within 3.0 A, but, an inspection of the crystal structure
data, show very similar and extended backbone conformationreveals the closer possible protons to be tjgéi@nd G'H
for the bound GSH which also superimposes well on the of Leu 52, away 4.28 and 5.79 A, respectively. An
one found in all crystal complexes (Figure 3). Some explanation of the unusual geometry-66H is the different
differences have been observed for the geometry of the side-onization state of GSH in the two models. NMR experi-
chain regions. The slight flexibility of the glycyl carboxylate ments have been performed at pH 5.2, so the bound GSH is
(see Figure 3), may be apparent as this NMR technique ismainly un-ionized in the active site. In this form, the sulfur
unable to detect fast exchangeable protons. In addition, theatom is a poor hydrogen-bonding proton acceptor, and its
NMR data show the Gly residue to be well-defined and propensity to be oriented toward the hydroxyl group of Tyr
anchored to the protein; the intermolecular NOE observed 7 is quite low. When the NMR conformer is minimized into
at 3.76-7.35 ppm is likely due to this residue (and not to the active site by imposing the ionized form for the thiol
the GuH of Glu, see below) and may arise from the group, the Cys side chain twists and the sulfur atom points
interaction between &€H of Gly and an aromatic proton at toward the oxygen atom of Tyr 7 and is now in hydrogen

the S-H—O angle of the minimized GSH structure are
similar to that observed in the atypical big cell C2 model
where they are 4.0 A and 125espectively. When the same
procedure is performed after deprotonation of th&H
group, the minimized conformer (EMAS-GBshows the
sulfur atom at 3.1 A from the oxygen atom~+8—0O angle

= 134), with a geometry compatible with a strong hydrogen
bond interaction (Table 4 and Figure 4).
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Table 4: Sulfhydryl Group Geometry of the Bound GSH

DGSA-GSH EMAS-GSH EMAS-GS ¢ X-ray-GSH!
rmsd (A) 0.31 0.26 0.17
xcvs (N2, CA2, CB2, SG2) (deg) —118 -89 —63 —46
O—H-S angle (deg) 119 121 134 149
Tyr7—0---S—GSH distance 4.3 4.0 3.1 3.2

a Selected GSH NMR conformer (unionized) obtained by distance geometry-simulated annealing and positioned in the active site overlaying the
backbone atoms to the crystal modeDGSA-GSH after restrained energy minimization in the crystal binding S SA-GSH after deprotonation
of the sulfhydryl group and restrained energy minimization in the crystal binding?€tata refer to the normal crystal complex (small cell C2).
Scheme 1
Fast Slow
E+GSH —— E-GSH ————= E*~GSH
(weakly bound complex)  (tightly bound complex)
is poorly defined and thus appears highly flexible because
there are not enough NOEs to define its structure. Explora-
tion of the crystallographic G-site reveals that some protons
of Arg 13, GIn 51, Pro 53, and GIn 64 are located within
3.0 A from the @H, CAH, and G/H of the glutamyl end.
However, we detect only one single strong intermolecular
GSH NOE between BH of Glu and a proton of the enzyme at
4.0 ppm but no possible protons with this chemical shift are
1fyf 3\4 located within 3.0 A in the crystal structure. The lack of
other intermolecular NOEs could possibly be due to the limits
of our experimental conditions, but the presence of the strong
NOE at 4.0 ppm suggests that in solution the glutamyl moiety
could interact with the G-site in a different fashion. This
unexpected finding may be the consequence of a multistep
Tyr7 binding mechanism as shown in Scheme 1.
FiGURe 4: Relative orientation of the sulfhydryl group of bound The existence of such_a FWO'St?p binding mechanism has
GSH toward Tyr 7 in the GST P1-1 active site. In order of been suggested by preliminary time-resolved fluorescence
decreasing thickness: (1) structure of GSH in the normal crystal data which show that, at saturating GSH concentrations, two
_COfT;wplex (_Smfjl“ Ctegecgf;‘grrﬁ;()%%iﬁglgcéﬁg rNMsniSntirr%?;:;ﬁ) gf iﬁsthHe families of GSH-GST P1-1 conformers exist atZh. One
int 1oniz H T H
crystgllggraShics ginding site (EMAS-GS g(é) roloctad MR of them (83%) is formed by a more rigid conformation of
structure in the un-ionized state after restrained energy minimization N G-site which could correspond to the tightly bound
in the crystallographic binding site (EMAS-GSH); (4) selected NMR Michaelis complex, while the second one (17%) may be
structure in the un-ionized state obtained by distance geometry-identified as the weakly bound precomplex showing a more
simulated annealing procedure and positioned in the active siteflexjble active site conformation (Stella et al., unpublished
overlaying the backbone atoms to the crystallographic model experiments). Pre-steady-state kinetic data also reveal a
(DGSA-GSH). : o) et . :
multistep binding mechanism in which a conformational
bond distance (3.1 A) and with a suitable-8—S angle transition of the precomplex into the tightly bound complex
(134°) (see Figure 4, Table 4). is rate limiting @2). Analysis of NOESY spectra for
The conformation of GSH found in the atypical crystal multistep binding systems has been discussed in d&@il (
also displays a different orientation of the thiol group in the In the case of a three-state model for ligamhzyme
active site. In fact, in this crystal form, grown at lower pH interaction, the conformation determined by TRNOESY may
and temperature, the sulfur atom of GSH does not form a be related to the weakly bound complex if suitable values
direct hydrogen bond with Tyr 7 (€S distance= 4.0 A of kinetic constants for the binding process take place as
and S-H—O0O angle= 125’), but it points away from this  well as pertinent cross-relaxation rates oc&#)( At 5 °C,
residue and the electrostatic interaction is mediated by a waterthe values of the apparent rate constants for the precomplex
molecule. Although we have no direct proof, it seems very formation and dissociation akg, = 1° M~* s71 andk.s >
likely that, under these conditions, GST P1-1 crystallized in 1250 s, respectively. Moreover, the apparent rate constants
complex with the un-ionized GSH. for the reversible formation of the tightly bound complex
In the crystal complex, the glutamyl moiety is stabilized arek, = 1000 s* and k, = 34 s'. By assuming &on
by a number of hydrogen bonds and electrostatic interactionsvalue of 16—10 M~ s 1, as observed for most of the
involving Arg 13, GIn 51, GIn 64, and Ser 65 of the same enzyme-substrate binding mechanisni&s), it follows that
subunit and Asp 98 from the neighboring subunit. These ko should be 16-10° s™1. By comparingk.s andk-, with
interactions are identical with those found ®hexylgluta- the estimated cross-relaxation rates for the bound GSH
thione in the lower resolution (2.8 A) crystal structu®. ( (0.15-15 sY), then both the tightly and the weakly bound
Kinetic studies also indicated theglutamyl site as the main ~ forms could be detected by the TRNOESY approach and
binding determinant for GSHIB—51). The situation appears the NMR derived conformation may be a weighted average
different in the NMR model. In fact the-glutamyl moiety of the two possible bound conformations (52). However,
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under our conditions, the population of free GSH which
retains the magnetization of the precomplex is at least 10
100-fold higher than the population which reflects the
magnetization of the tightly bound form. This suggests that
our NMR data show a snhapshot of the bound GSH mainly
in the precomplex. In conclusion, in this early stage of
binding, the glutamyl end appears to interact with the G-site
differently from that seen in the tightly bound complex. New
crystal structures with glutamyl modified GSH analogues
(which simulate the precomplex conformation of the G-site)
and NMR studies will lead the application of the complete
relaxation and conformational exchange matrix analysis
(CORCEMA) 62, 54) of NOESY spectra which will better
define the GSH conformation and its intermolecular contacts
in the precomplex.
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