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ABSTRACT: The [URE3] phenotype in yeastSaccharomyces cereVisiae is due to an altered prion form of
Ure2p, a protein involved in nitrogen catabolism. To understand possible conformational changes at the
origin of prion propagation, we previously solved the crystal structure of the Ure2p functional region
[Bousset et al. (2001)Structure 9, 39-46]. We showed the protein to have a fold similar to that of the
â class of glutathioneS-transferases (GSTs). Here we report crystal structures of the Ure2p functional
region (extending from residues 95-354) in complex with glutathione (GSH), the substrate of all GSTs,
and two widely used GST inhibitors, namely,S-hexylglutathione andS-p-nitrobenzylglutathione. In a
manner similar to what is observed in many GSTs, ligand binding is not accompanied by a significant
change in the conformation of the protein. We identify one GSH and one hydrophobic electrophile binding
site per monomer as observed in all other GSTs. The sulfur group of GSH, that conjugates electrophiles,
is located near the amide group of Asn124, allowing a hydrogen bond to be formed. Biochemical data
indicate that GSH binds to Ure2p with high affinity. Its binding affects Ure2p oligomerization but has no
effect on the assembly of the protein into amyloid fibrils. Despite results indicating that Ure2p lacks GST
activity, we propose that Ure2p is a member of the GST superfamily that may describe a novel GST
class. Our data bring new insights into the function of the Ure2p active region.

The protein Ure2 is part of the signal transduction cascade
that regulates nitrogen catabolism in the yeastSaccharomyces
cereVisiae (1). When rich nitrogen sources are available,
Ure2p represses the expression of several gene products
involved in the use of poor nitrogen sources. The [URE3]
phenotype (2) is due to a transmissible conformational
change of Ure2p (3). The prion (infectious protein) form of
Ure2p has lost its function and gained the capacity to
transform the active form of the protein into its inactive form
(4). It has also acquired the ability to assemble into amyloid
fibrils (4, 5). Ure2p is composed of two distinct regions (5,
6). The N-terminal region (residues 1-93) is rich in
asparagine and glutamine residues (43 of 93 amino acids)
and is sufficient to induce [URE3] phenotype (7, 8). The
C-terminal region (residues 94-354) is the functional part
of the protein since it complementsURE2gene deletion (9).

We previously solved the crystal structure of the Ure2p
functional region (extending from amino acids 95 to 354)
(10). The protein is a homodimer, and each monomer is
formed by two domains (6, 10-12). The N-terminal domain
(residues 95-196) is composed of a central four-stranded
â-sheet flanked by fourR-helices, two on both sides, while
the C-terminal domain (residues 206-354) is entirelyR-heli-
cal. Despite the low degree of sequence identity (less than
20%) between Ure2p and members of the GST1 superfamily
(9), they share similar fold and quaternary structure. These
results suggest that Ure2p belongs to the GST superfamily.

GSTs are ubiquitous enzymes that protect cells against
many xenobiotic substances and products of oxidative stress.
They achieve this function by catalyzing the nucleophilic
attack of the sulfur atom of the tripeptide glutathione (GSH,
γ-Glu-Cys-Gly) on these electrophilic groups (13). They are
assorted into nine distinct families, alpha, beta, delta, theta,
mu, pi, sigma, phi, and omega, based on substrate specificity
and primary structure identity (14). Crystal structures from
each class of the GST superfamily in complex with various
inhibitors and substrates have been reported (14-20). These
studies have shown that the overall polypeptide fold is similar
and that the active site consists of two binding pockets: the
G site where GSH binds and the H site where hydrophobic
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electrophiles bind. The G site is formed by residues from
the N-terminal domain while the H site is mainly formed by
residues of the C-terminal domain (13). S-Hexyl- andS-p-
nitrobenzylglutathione are inhibitors of GSTs. The hexyl-
andp-nitrobenzyl groups bind to the H site and occupy the
position of the hydrophobic electrophile substrates.

Here we present high-resolution crystal structures of Ure2p
95-354 in complex with GSH andS-hexyl- and S-p-
nitrobenzylglutathione. We identify and delineate two bind-
ing sites located in a cleft between the N- and C-terminal
domains: one glutathione and one hydrophobic electrophile
binding site. They together form a typical GST active site.
A comparison of the active sites of Ure2p 95-354 and
various GSTs is presented. Finally, the effect of GSH on
Ure2p oligomerization and assembly into amyloid fibrils is
examined and discussed.

EXPERIMENTAL PROCEDURES

Purification and Crystallization.Ure2p from residues 95-
354 was overexpressed inEscherichia coliand purified using
the procedure described in Thual et al. (12). Native Ure2p
95-354 crystals of forms I and II were obtained using the
crystallization conditions described in Bousset et al. (10).
These crystals were soaked in 5 mM GSH,S-hexylglu-
tathione, orS-p-nitrobenzylgutathione (SIGMA), from 10
min to 1 month before data collection. Cryoprotection was
achieved by adding 20% glycerol, before freezing at 100 K.
All crystals belong to space groupP212121 with various cell
parameters (Table 1). Form I crystals contain two dimers
per asymmetric unit while the form II asymmetric unit is
solely composed of a dimer.

Data Collection.Data collection experiments were carried
out atλ ) 0.934 Å on ID14-EH1 beamline of the European
Synchrotron Radiation Facility (Grenoble). Diffraction pat-
terns were recorded on a 165 mm diameter MarResearch
CCD detector. For each complex, a single crystal was used
to collect a complete data set. Data were processed and scaled
with the programs DENZO (21) and SCALA (22). The
relevant data statistics are presented in Table 1.

Structure Determination and Refinement.The structure of
all Ure2p complexes was determined using the native model
of either form I or form II (10). They were refined using
similar protocols. A rigid-body refinement followed by
several cycles of positional refinement using CNS (23) and
manual rebuilding was performed. The first 2Fo-Fc andFo-
Fc electron density maps were examined using Turbo-
FRODO (24) and revealed in each case clear density for both
the protein and the ligands. The ligands were built, and water
molecules were gradually added during further conjugate
gradient refinement with CNS. Statistics for the five refined
models are given in Table 1. They haveR-factors in the range
20-21% (Rfree 26-27%) and very good stereochemistry.

Binding of Acetyl-2-dimethylaminonaphthaleneglutathione
to Ure2p. Glutathione, 50 mM, in HEPES, pH 7.5, was
incubated with 20 mM 6-bromoacetyl-2-dimethylaminon-
aphthalene (Molecular Probes, Inc., Eugene, OR) for 2 h at
room temperature in order to allow the formation of a
thioether bond between the SH group of the molecule and
the probe. Binding of acetyl-2-dimethylaminonaphthalene-
glutathione (ADAN-glutathione) to full-length Ure2p and
Ure2p 95-354 in 50 mM Tris, pH 7.5, 100 mM KCl was
monitored in a 10× 2 mm quartz cuvette (Hellma)

thermostated at 20°C in an AMINCO-Bowman series 2
spectrofluorometer. The excitation and emission monochro-
mators were set at 380 and 500 nm, respectively.

Competition experiments were performed by two means.
Labeled ADAN-glutathione was added to increasing amounts
of GSH and the mixture used in the binding assay.
Alternatively, increasing amounts of unlabeled GSH were
added to full-length Ure2p or Ure2p 95-354 saturated by
ADAN-glutathione, and the decrease in fluorescence was
monitored. The two methods gave similar results, indicating
that GSH binds to Ure2p in an exchangeable manner.

Assembly of Ure2p into Amyloid Fibrils.Assembly of
Ure2p into amyloid fibrils was monitored using a thioflavin-T
binding assay (25). Ure2p solution (60µM) was incubated
at 4 °C. At regular time intervals, 8µL aliquots were
removed from the solution, mixed with 300µL of thiofla-
vin-T (Sigma), and incubated at 20°C for 10 min. Thiofla-
vin-T binding was measured by averaging the emission signal
over 30 s using an AMINCO-Bowman series 2 spectro-
fluorometer set at 440 nm (excitation) and 480 nm (emis-
sion). Ure2p fibrils assembled in the absence or the presence
of GSH (2 mM) in 20 mM Tris, pH 7.5, 100 mM KCl were
negatively stained on carbon-coated grids (200 mesh) with
1% uranyl acetate and examined in a Philips EM 410 electron
miscroscope.

Table 1: Crystallographic Data and Refinement Statistics

GSH GSH GSH
S-p-

nitrobenzyl S-hexyl

Data
space group P212121 P212121 P212121 P212121 P212121

cell parameters
a (Å) 54.6 54.5 54.7 54.7 54.5
b (Å) 124.9 124.9 122.3 123.2 77.2
c (Å) 161.2 160.8 166.9 168.2 126.2
R ) â ) γ (deg) 90 90 90 90 90

resolution (Å) 2.9 2.5 2.2 2.5 2.5
measured intensities 369804 353357 381950 390942 144989
unique reflections 25150 38915 57630 38381 18419
completeness (%) 99.5 99.9 99.3 94.0 96.9
I/σ 3.2 6.7 7.8 7.4 9.0
Rsym (%)a 10.4 10.6 7.1 8.0 6.6

Refinement
resolution range (Å) 20-2.9 20-2.5 20-2.2 20-2.5 20-2.5
reflections 24911 38605 56901 37263 18180
protein atoms 8057 7956 7593 7628 3722
solvent molecules 0 210 291 161 71
ligand atoms 40 40 60 110 46
Rcryst (%)b 20.9 20.6 21.3 21.4 21.8
Rfree (%)c 27.6 26.4 26.2 26.7 26.7

RMS Deviation
bond length (Å) 0.008 0.007 0.006 0.007 0.007
bond angles (deg) 1.33 1.25 1.16 1.23 1.23
averageB (Å2)

protein
Mol A 15.43 27.40 33.43 35.91 47.16
Mol B 18.01 32.74 35.00 32.22 47.30
Mol C 13.64 27.07 32.81 33.69
Mol D 13.67 26.12 35.34 36.16

ligand
Mol A 19.21 51.74 45.63 54.94 57.53
Mol B 48.94 68.38 59.25
Mol C 16.70 50.81 38.00 41.34
Mol D 54.63

a Rsym ) Σ|Ii - 〈I〉|/ΣIi, whereIi is the intensity of a reflection and
〈I〉 is the average intensity of that reflection.b Rcryst ) Σ|Fobs| - |Fcalc||/
Σ|Fobs|. c 5% of the data were set aside forRfree calculation.
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Sedimentation Velocity Measurements.Sedimentation ve-
locity experiments were carried out as described (5).
Measurements were made at 40 000 rpm and 18°C. Data
were analyzed to provide the apparent distributions of
sedimentation coefficients using the programs SVEDBERG
(26) and DC/DT (27).

RESULTS
Ure2p 95-354-GSH Complexes.We previously solved

two crystal forms (forms I and II) of the Ure2p functional

region (10). Form I asymmetric unit is composed of two
dimers, one formed by monomers A and B and the other by
monomers C and D. Form II asymmetric unit is solely
composed of a dimer (molecules A and B). The structure of
Ure2p 95-354 in complex with GSH was solved in crystal
form I at 2.9, 2.5, and 2.2 Å resolution. A glutathione is
bound to monomers A and C in the three complexes and to
monomer B in the 2.2 Å resolution complex. The cap region
(residues 267-298) (10) is disordered in all dimers AB and
only in dimer CD at 2.2 Å resolution. There are no

FIGURE 1: Ribbon representation of Ure2p 95-354 monomer in complex with (a) glutathione, (b)S-p-nitrobenzylglutathione, and (c)
S-hexylglutathione. Theâ-sheet in the small N-terminal domain is in red, andR-helices are in blue. The cap region (residues 267-298) is
in orange. All ligands are drawn as yellow balls and sticks, and are shown in theFo-Fc electron density omit map contoured at 2 sigma
(stereoview). Drawn with Molscript (42), Bobscript (43), and Raster3D (44).
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observable differences between these three complexes. The
average rms deviation is 0.37 Å for all CR positions
excluding the cap region, and GSH binds at the same position
in the cleft between the N- and C-terminal domains. GSH is
well-defined in itsFo-Fc electron density omit map (Figure
1a). We will focus on dimer CD at 2.9 Å resolution given
that the mean temperature factor is the lowest (Table 1). The
fold of monomer C with a bound GSH is shown in Figure
1a. The structures of unliganded Ure2p 95-354 and in
complex with GSH are highly similar, the average rms
deviation being 0.3 Å for CR positions in dimer CD.

Ure2p 95-354-S-p-Nitrobenzylglutathione and-S-
Hexylglutathione Complexes.The cap region of form IS-p-
nitrobenzylglutathione complex is disordered in dimers AB
and CD. The S-p-nitrobenzylglutathione binds to each
monomer. However, as the electron density of thep-
nitrobenzyl group is poorly defined in molecule D, a GSH
has been modeled. The structure of theS-hexylglutathione
complex was determined in form II (10). Here also, the cap
region is badly defined in both monomers. Both monomers
interact with anS-hexylglutathione. However, as theS-hexyl
moiety is disordered in molecule B, only the GSH part of
the ligand was kept. TheS-p-nitrobenzylglutathione and
S-hexylglutathione complexes are presented in Figure 1b,c,
respectively, and the ligands in their respectiveFo-Fc

electron density omit maps are shown. Ligand binding has
no effect on the overall protein structure. The superposition
of all CR positions (excluding the cap region) of the
unliganded andS-p-nitrobenzylglutathione structures gives
a rms deviation of 0.45 Å. A similar superposition with the
S-hexylglutathione complex gives a rms deviation of 0.53
Å due to a local change affecting an external loop (residues
150-155). When these residues are omitted, the rms devia-
tion is 0.44 Å, indicating that the rest of the structure is
unaffected by the presence of the GST inhibitor.

The G and H Binding Sites.The binding sites of glu-
tathione and the hydrophobic electrophiles are called G and
H, respectively. In all complexes described in this work,
glutathione is bound at the same position and in the same
conformation. It is located in the cleft between the N- and
C-terminal domains at the top of theâ-sheet (Figure 1). GSH
binds close to theâ1-to-R2 loop, theR3-to-â3 loop, and the
N-terminus of helixR4 with its γ-glutamyl moiety pointing
toward the core of Ure2p 95-354 and its glycyl moiety
pointing toward helix R3. It interacts solely with the
N-terminal domain of the protein (Figure 2a). The distances
are listed in Table 2. Glu180 that adopts unusual main-chain
dihedral angles is hydrogen-bonded to the nitrogen atom of
the γ-glutamyl group. Both hydroxyl and amino groups of
Ser181 make polar contacts with the carboxylate oxygens
of the γ-glutamyl moiety. The carbonyl and amino groups
of Val165 interact in an antiparallelâ-sheet manner with
the main-chain atoms of the GSH Cys residue. The Arg164
and His151 side chains are hydrogen-bonded to the car-
boxylate group of the glycyl moiety. Ala122, Pro123, and
the phenyl group of Phe146 make van der Waals contacts
with GSH. The sulfur group, that conjugates electrophiles,
is located near the amide group of Asn124, allowing a
hydrogen bond to be formed (Table 2). Thep-nitrobenzyl
and hexyl moieties occupy the same position in a hydro-
phobic pocket formed by the side chain atoms of Ser121,
Pro123, Leu231, Trp316, Val319, and Arg322 (Figure 2b,c).

The C-terminal domain through residues from helicesR5
andR7 and two residues of theâ1-R2 loop in the N-terminal
part contribute to the large H site. In thep-nitrobenzylglu-
tathione complex, the guanidinium of Arg322 interacts with
the nitroxide group (Table 2). The Arg322 side chain adopts
a different position in the hexyl complex.

Binding of GSH,S-hexylglutathione, andS-p-nitroben-
zylglutathione buries 627, 780, and 866 Å2 of accessible
surface area within each monomer, respectively. The solvent-
accessible surface areas were calculated using the program
ASA (Prof. A. Lesk, Cambridge; probe size 1.4 Å).

Comparison of the G and H Sites between Ure2p and
GSTs.The fold and ligand sites of Ure2p 95-354 resemble
those of theâ class GSTs (Figure 3a). GSH binds at the
same place and in the same orientation (Figure 3b). The
structure-based sequence alignment (10) between Ure2p 95-
354 andE. coli (17) and Proteus mirabilis(18) bacterial
GSTs is shown in Figure 4. In the GST superfamily, each
subunit has an active site composed of a G and an H site
located in equivalent positions. Ure2p possesses the same
cleft and the two binding sites. In addition, its backbone
conformation and its interaction mode with GSH are similar
to those of all GST classes. The common constituents of
the G site are conserved in Ure2p 95-354 (Figures 2 and
4). They involve the following: (i) the paired hydrogen bonds
in an antiparallel arrangement between the cysteinyl back-

Table 2: Contacts between Ure2p 95-354 and Ligandsa

ligand
ligand
atom

protein
atom

Mol
A (Å)

Mol
B (Å)

Mol
C (Å)

GSH N1 (γ-Glu) OE1 Glu180 3.25 3.25
OE2 Glu180 2.66 3.25

O11 (γ-Glu) OG Ser181 3.17 2.83
O12 (γ-Glu) N Ser181 2.92 2.88
N2 (Cys) O Val165 2.84 2.65
O2 (Cys) N Val165 3.05 2.83
SG2 (Cys) ND2 Asn124 3.16 3.48
O31 (Gly) NE2 His151 3.04 3.15
O32 (Gly) NE Arg164 3.30 3.13

S-nitrobenzyl C2 O Ser121 3.51 3.68
C3 O Ser121 3.03 3.15 3.21
C4 O Ser121 3.41 3.49
C5 CD1 Leu231 3.64 3.62 3.56

CZ3 Trp316 3.76 3.64
C6 CD Pro123 3.57 3.61

CH2 Trp316 3.57 3.55
CZ3 Trp316 3.47 3.45

N4 CD1 Leu231 3.70 3.52
NH2 Arg322 3.41 3.13

O1N CD1 Leu231 3.33 2.94
CG1 Val319 3.22 3.14
CG2 Val319 3.43 3.70
NH2 Arg322 3.39 2.69

O2N NH2 Arg322 2.98 2.80 2.78
SG2 (Cys) ND2 Asn124 3.41 3.86 3.57

S-hexyl C1 CH2 Trp316 3.73
ND2 Asn124 3.94

C4 CD1 Leu231 3.65
C5 CD1 Leu231 3.68

O Ser121 3.80
C6 CD Pro123 3.53

CG Pro123 3.62
CD1 Leu231 3.66
CZ3 Trp316 3.73

SG2 (Cys) ND2 Asn124 3.90
a Polar and van der Waals contacts are less than 3.5 and 4 Å,

respectively.
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FIGURE 2: Ball and stick stereoview of the G and H sites in the three Ure2p 95-354 complexes. The ligands are in yellow, and residues
are labeled. Dotted lines indicate hydrogen bonds. (a) Glutathione complex, (b)S-p-nitrobenzylglutathione complex, and (c)S-hexylglutathione
complex.
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bone atoms of GSH and Val165 (Val52 of beta GSTs); (ii)
the cis conformation of Pro166 (Pro53 of beta GSTs); and
(iii) Glu180 with its unusual main-chain dihedral angles
(Glu65 of beta GSTs). The side chain of Arg164 in Ure2p
makes van der Waals contacts and is hydrogen-bonded to
the backbone atoms of GSH. In bacterial and eukaryotic
GSTs, a Gln or an Asn side chain (Gln51 in beta GSTs)
located at an equivalent position in space forms a similar
contact. Ser181 in Ure2p [Gly66 in beta GSTs; Ser63, -65,
or -67 in eukaryotic GSTs (28)] makes identical contacts
with the γ-glutamyl group of GSH. Most of the residues

involved in GSH binding or in the architecture of the active
site belong to theR3-to-â3 loop (residues 160-168) which
is highly conserved between bacterial GSTs and Ure2p
(Figure 4). Among the 15 strictly conserved residues between
the N-terminal domain of Ure2p 95-354 and bacterial GSTs,
2 residues (Val165 and Glu180 in Ure2p) bind GSH and 6
contribute to the architecture of the active site (Asn160,
Pro161, cis-Pro166, Leu168, Ala183, and Ile184; Figure 4).
The major difference between the active sites of Ure2p and
bacterial GSTs is due to the nature of the residue that
interacts with the thiol group of GSH. Indeed, in bacterial

FIGURE 3: Superposition of Ure2p 95-354 andE. coli andP. mirabilis GST dimers in complex with GSH. (a) Ure2p 95-354 is in red,
E. coli GST in cyan, andP. mirabilisGST in orange. (b) Stereo closeup view of the GSH binding site in the three superimposed structures.
The three strictly conserved residues involved in GSH binding are labeled.
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GSTs, Cys10 interacts with the sulfur atom of GSH, while
in Ure2p, the equivalent residue, Asn124, is at the right
distance to form a hydrogen bond with the thiol group (Table
2). Ure2p and bacterial GSTs differ by an additional amino
acid (Pro123 in Ure2p). A similar additional amino acid is
also present in all the other GST classes (18).

In contrast to the highly conserved G site in the GST
superfamily, the H site is variable. This is likely due to the
large variety of electrophilic substrates. The H sites of Ure2p
and bacterial GSTs are wider and more polar than those of
most other GSTs (18). Its architecture is similar in Ure2p
and bacterial GSTs despite a difference in the amino acid
sequence (Figure 4). However, the location and packing of
the residues create different pocket shapes in the two pro-
teins.

Binding of Glutathione to Ure2p. Binding of glutathione
to Ure2p is not accompanied by a change in the intrinsic
fluorescence of the protein. We therefore labeled the thiol

group of glutathione with extrinsic environment-sensitive
fluorophores. The acetyl-2-dimethylaminonaphthaleneglu-
tathione derivative (ADAN-glutathione) showed a significant
increase in fluorescence upon binding to Ure2p. ADAN-
glutathione binds to Ure2p with a stoichiometry of 1:1, and
an apparent equilibrium dissociation constant of 20µM in
20 mM Tris, pH 7.5 at 20°C (Figure 5a). Unmodified
glutathione inhibited the binding of labeled glutathione
competitively with an equilibrium constant of 22µM (Figure
5b).

Effect of Glutathione on Ure2p Oligomerization and
Assembly into Amyloid Fibrils. We previously showed that
the major oligomeric species of full-length Ure2p and Ure2p
95-354 in solution is a dimer (5, 12). We also brought
evidence for a concentration-dependent tetramerization of
full-length Ure2p. To determine whether glutathione binding
influences the oligomeric state of the protein, we carried out
sedimentation velocity experiments in the presence and the

FIGURE 4: Structure-based sequence alignment of Ure2p 95-354 and two bacterial GSTs. The two bacterial GSTs areE. coli GST (accession
code 1aof) andP. mirabilis GST (accession code 2pmt). The secondary structure elements of Ure2p 95-354 are labeled and indicated by
coils for R-helices, arrows forâ-sheets, andη for 310 turns. Homologous residues are in red while identical residues are shown as white
letters on a blue background. Residues belonging to the G (GSH binding site) and H (hydrophobic electrophile binding site) sites that
interact with glutathione and its analogues are shown as white letters on an orange and a green background, respectively. The positions of
the catalytic tyrosine or serine of the eukaryotic classes of GSTs (13, 15, 16, 45-47) and the catalytic cysteine and histidine of theâ class
GSTs (17, 18) are indicated by red stars. The figure was created using ESPript (48).

FIGURE 5: Binding of ADAN-glutathione to Ure2p. (a) Amount of bound ADAN-glutathione to Ure2p. The solid curve is the calculated
isotherm for binding of ADAN-glutathione to a single category of sites (10µM) and an equilibrium dissociation constant of 20µM. Inset:
double-reciprocal plot of the data. (b) Competition between unlabeled glutathione and ADAN-glutathione for binding to Ure2p. ADAN-
glutathione (20µM) bound to Ure2p (3.8µM) was chased by increasing concentrations of unlabeled glutathione in 50 mM Tris, pH 7.5,
100 mM KCl.
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absence of glutathione and analyzed them to yield the
apparent distribution of sedimentation coefficients,g*(s). The
data are summarized in Table 3. Whereas the sedimentation
coefficients of the oligomeric species of full-length Ure2p
(0.8 mg/mL) are unaffected by binding of GSH, their
proportions vary significantly upon GSH binding. The
proportion of the dimeric species decreases from 93 to 42%;
that of the tetrameric species increases from 5 to 32%. In
addition, a species accounting for 23% of the material with
a sedimentation coefficient of 11 S, compatible with the
molecular mass of a Ure2p octamer, forms. Binding of GSH
to Ure2p 95-354 (1.5 mg/mL) also results in a decrease of
the proportion of dimeric species from 95 to 48% and an
increase in the proportion of tetrameric species from 4 to
51%. We conclude from these experiments that binding of
GSH to Ure2p affects its oligomeric state and favors higher
molecular weight species.

The effect of GSH on the assembly of Ure2p into amyloid
fibrils was monitored using thioflavin-T binding. The as-
sembly kinetics of Ure2p into amyloid fibrils in the absence
and the presence of GSH are similar (Figure 6a). In addition,
the fibrils appear identical in shape and length when
examined in the electron microscope (Figure 6b,c). We
conclude from these experiments that GSH has no effect on
the assembly of Ure2p into amyloid fibrils.

DISCUSSION

We previously demonstrated that the Ure2p functional
region has a fold similar to that of GSTs, in particular theâ
class of GSTs (10). We identified a cleft running along the
domain interface that resembles the active site of all GSTs.
We hypothesized that it could be a potential ligand binding
site and suggested that Ure2p belongs to the GST super-
family.

In this study, we demonstrate that Ure2p binds GSH with
high affinity. It also binds GSH-related compounds,S-p-
nitrobenzyl- andS-hexylglutathione, in a manner similar to
other GSTs. We show that Ure2p possesses G and H binding
pockets that can form an active site. Thus, we propose that
Ure2p is a GST for which the specific substrate is yet
unidentified.

None of the proposed catalytic residues among GST
classes is present in Ure2p (10) (Figure 4). The only polar
group near the thiol group of GSH is the amide group of
Asn124. The absence of a detectable activity using a standard
GST test, i.e., 1-chloro-2,4-dinitrobenzene as substrate (6,
9, 29), means neither that Ure2p is a member of the GST

superfamily nor that it is inactive. Indeed, a number of
eukaryotic GSTs perform specific functions (30-32) while
bacterial GSTs catalyze reactions that are specific to
prokaryotes and exhibit either minimal or no detectable
activity toward a range of standard GST substrates (33-
37).

The activity of Ure2p may be regulated by two features,
the Asn- and Gln-rich N-terminal region and its flexible
R-cap. The N-terminal region modulates the capacity of the
protein to assemble and may regulate its enzymatic activity
or turnover alone or together with the flexibleR-cap as
revealed in the Ure2p double mutant S10L/V271E where
prion-induction increases 10-fold (38). These two regions
may also play specific roles in the interaction with partner
proteins (9, 39, 40).

The mechanism by which Ure2p regulates nitrogen
catabolism is not yet understood. The binding of ligands to
Ure2p could modulate its affinity toward partner proteins.
Alternatively, Ure2p could act on a protein that regulates

Table 3: Relative Abundance of the Oligomeric Species of
Full-Length Ure2p and Ure2p 95-354 in the Absence or the
Presence of GSHa

s0
20,w (S)

3.9 4.3 5.6 6.5 11

Ure2p 93 5 0
Ure2p+ GSH 42 32 23

Ure2p 95-354 95 4
Ure2p 95-354+ GSH 48 51
a Sedimentation velocity experiments were performed in the absence

or the presence of GSH (1 mM) at 18°C and 60 000 rpm. Full-length
Ure2p (0.8 mg/mL) and Ure2p 95-354 (1.5 mg/mL) are in 50 mM
Tris, pH 7.5, 100 mM KCl.

FIGURE 6: Ure2p assembly into amyloid fibrils is unaffected by
GSH. (a) Time course of Ure2p (60µM) assembly into amyloid
fibrils in 50 mM Tris, pH 7.5, 100 mM KCl, in the absence (O) or
the presence (b) of GSH (1 mM), was monitored by Thioflavin-T
binding. Electron micrographs of negatively stained Ure2p fibrils
assembled in the absence (b) or the presence (c) of GSH (2 mM).
Bar ) 0.2 µm.
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nitrogen catabolism by mediating its posttranslational modi-
fication or catalyzes the condensation to GSH of a low
molecular weight substrate, yielding a product that binds and
modulates the activity of a protein involved in the regulation
of nitrogen catabolism.

Binding of GSH does not induce conformational changes
on Ure2p nor does it affect its assembly into amyloid fibrils.
This clearly indicates that filling the G pocket is not sufficient
to induce a conformational change at sites involved in fibril
assembly. Such changes could nevertheless occur upon
binding of the yet unidentified substrate of Ure2p to its H
pocket. Thus, GSH is not by itself an allosteric regulator of
Ure2p assembly. Interestingly, however, binding of GSH
affects the Ure2p oligomeric state. It decreases the proportion
of dimers and increases that of tetramers, octamers, and
higher molecular weight species. Similar oligomers, fre-
quently observed in electron micrographs, coexist with
amyloid fibrils (5). The kinetics of Ure2p assembly into
fibrils would be affected by the presence of GSH if these
oligomers were the precursors of amyloid fibrils and their
formation the rate-limiting step in the reaction. This is not
what is observed here. Thus, either the high molecular weight
oligomers are not the precursors of amyloid fibrils or their
formation is not rate-limiting. It is very likely that Ure2p
fibrils form by the association of the high molecular weight
oligomers we observe since the assembled form of Ure2p
binds GSH with high affinity (Bousset et al., in preparation).
This finding suggests that the conformation of Ure2p 95-
354 is not altered in the fibrils, in agreement with the absence
of significant differences in the proteolytic patterns of soluble
and assembled Ure2p (5). In addition, Ure2p high molecular
weight oligomers form rapidly and are in equilibrium with
the dimeric form of the protein (L. Bousset and R. Melki,
unpublished data). Thus, one could speculate that the rate-
limiting step in the assembly of Ure2p oligomers into fibrils
is their association and subsequent lock into these filamentous
structures in a manner similar to what has been observed
for the Sup35 protein (41).

The finding that Ure2p possesses typical G and H sites
suggests that it is an active GST. The absence of detectable
enzymatic activity is likely due to the use of improper
substrates. Thus, special efforts should be done to identify
Ure2p substrate(s). In addition, extensive site-directed mu-
tagenesis of the Ure2p cleft together with the identification
of the physical partners of Ure2p should allow a better
understanding of the role of this binding site and its possible
role in nitrogen regulation and prion formation.
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