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Abstract: Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) is a key enzyme of the purine
recycling pathway that catalyzes the conversion of 5-phospho-ribosyl-a-1-pyrophosphate and
guanine or hypoxanthine to guanosine monophosphate (GMP) or inosine monophosphate (IMP),
respectively, and pyrophosphate (PPi). We report the first crystal structure of a fungal 6-oxopurine
phosphoribosyltransferase, the Saccharomyces cerevisiae HGPRT (Sc-HGPRT) in complex with
GMP. The crystal structures of full length protein with (WT1) or without (WT2) sulfate that mimics
the phosphate group in the PPi binding site were solved by molecular replacement using the
structure of a truncated version (A7) solved beforehand by multiwavelength anomalous diffusion.
Sc-HGPRT is a dimer and adopts the overall structure of class | phosphoribosyltransferases (PRTs)
with a smaller hood domain and a short two-stranded parallel -sheet linking the N- to the
C-terminal end. The catalytic loops in WT1 and WT2 are in an open form while in A7, due to an
inter-subunit disulfide bridge, the catalytic loop is in either an open or closed form. The closure is
concomitant with a peptide plane flipping in the PPi binding loop. Moreover, owing the flexibility of
a GGGG motif conserved in fungi, all the peptide bonds of the phosphate binding loop are in trans
conformation whereas in nonfungal 6-oxopurine PRTs, one cis-peptide bond is required for
phosphate binding. Mutations affecting the enzyme activity or the previously characterized
feedback inhibition by GMP are located at the nucleotide binding site and the dimer interface.
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Introduction
Hypoxanthine-guanine phosphoribosyltransferase
(HGPRT, Ec.2.4.2.8) catalyzes the synthesis of the
purine nucleoside monophosphates, inosine 5-mono-
phosphate (IMP) and guanosine 5-monophosphate
(GMP), by transferring the phosphoribosyl moiety of
5-phosphoribosyl-a-1-pyrophosphate (PRPP) to either
hypoxanthine or guanine.! This reaction is Mg?*
dependant. Fungi have two specific 6-oxopurine
phosphoribosyltransferase (PRT) enzymes that share
at least 53% of identity. In Saccharomyces cerevisiae,
one enzyme Sc-HGPRT (25.2 kDa, 221 residues) cat-
alyzes the synthesis of IMP and GMP while Sc-
XPRT preferentially recognizes xanthine and cata-
lyzes its conversion to xanthosine 5-monophos-
phate.? PRTs are known to be active as dimers or
tetramers® and it has been shown that Sc-HGPRT is
active in vivo as a dimer.* Four loss-of-function
mutations (G37D, R45K, R116C, and L47Q)° have
been identified in the HPTI gene coding for
Sc-HGPRT. Feedback inhibition by GMP has been
documented and five mutations (F50S, KI159R,
K161R, V184I, and 1212V) leading to a down-
regulated enzyme have been characterized.®

The crystal structures of human, protozoan par-
asites, bacteria, and archaea 6-oxopurine PRTs ei-
ther free or in complex with various substrates,
products, analogs, or inhibitors have been solved (for
a review, see Ref. 7). Orotate, glutamine-amido, and
6-oxopurine PRTs belong to class I PRTs, which fold
in two domains: a core with a conserved Rossman
fold and a variable hood. The hood often contains a
three- or four-stranded antiparallel B-sheet. Essen-
tial functions have been attributed to four connect-
ing loops.»® Loop I is involved in the binding of the
inorganic pyrophosphate (PPi) and in most of the
class I PRTs, an unusual nonproline cis peptide link-
age allows the formation of a hydrogen bond
between the terminal phosphate of PRPP or PPi and
the nitrogen of the peptide bond. However, the trans
peptide bond found in the structures of the human®-
1 1213 yaised the
question of a cis/trans isomerization requirement
during catalysis.'*'® Loop II is the catalytic loop
and appears flexible because it can be “open” or
“closed” upon transition state formation.> Loop III is
involved in the binding of the phosphoribosyl moiety
of PRPP or of monophosphate nucleotides and mag-
nesium. Loop IV, within the hood, interacts with the
nucleobase and displays a B-strand and a coil con-
necting the hood to the core. Despite the fact that
structures of 6-oxopurine PRTs are well documented,
there was no structure of fungal 6-oxopurine PRTs.

Here, we present the first crystal structures of
the S. cerevisiae HGPRT. The structures in complex
with GMP and with or without sulfate show the
relevance of four successive glycine residues in the
PPi binding loop that are conserved in fungal purine

and Toxoplasma gondii enzymes
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Figure 1. Crystal structure of the chain A of WT2 crystal
form of Sc-HGPRT. The core domain is colored in red,
yellow, and green according to secondary structure
elements whereas the hood domain is colored in blue. The
active site was marked by a bound GMP drawn as stick.
Secondary structure elements and functional loops are
numbered. Loss-of-function and down-regulation mutations
are marked with a star colored in cyan and green,
respectively. The central $-sheet [Niem, half of Bs, B2, Bs, Pes
;] is capped by a two-stranded B-sheet [Bg, B7] and
surrounded by three helices [o4, ay, 0g]. The hood contains
the strands B4 and Bg and the helix a4. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

PRTs. Conversely with nonfungal 6-oxopurine PRTs,
all the peptide bonds of the PPi binding loop are in
the trans conformation. Phylogenetic and structural
analysis definitely places the Sc-HGPRT in an indi-
vidualized sub-group of the purine PRT family.

Results

The S. cerevisiae HGPRT is a PRT of class |
The structure A7 of the truncated protein (residues
2-214) was first solved by multiwavelength anoma-
lous diffusion (MAD) at 2.3 A resolutions. The struc-
tures of the full length Sc-HGPRT (2-221) with
(WT1) and without (WT2) sulfate in the PPi binding
site, were afterwards solved by molecular replace-
ment. In the three structures, HGPRT was a dimer
with a GMP molecule bound in each binding site. In
A7, there was a large deviation between chains A
and B (RMSD 4.0 A) while WT'1 and WT2 contained
more similar chains (RMSD < 0.33 A), equivalent to
the chain B of A7 (RMSD < 0.7 A). The overall
description will focus on WT2, the highest resolution
structure (1.8 A) (Fig. 1).

The monomer structure can be split into two
domains, a central core and a small hood as for class
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Figure 2. View of the active site. The 2Fo-Fc electron
density maps are contoured at 1.5 ¢ around the GMP in
the chain B of WT2 crystal form of Sc-HGPRT. The
hydrogen bond network around the GMP molecule is
drawn. The hexa-coordinated magnesium is drawn as a
sphere colored in cyan. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

I PRTs. The core domain (11-186) was a five-
stranded twisted parallel B-sheet surrounded by
three o-helices, o; and oy on one side, and o3 on the
other side, and perpendicularly capped by a short
two-stranded parallel B-sheet (Fig. 1). The interac-
tions between the helices o7 and oy and the central
sheet were strongly hydrophobic. The replacement of
the conserved leucine L47Q in this region (Support-
ing Information Fig. S1) resulted in a loss-of-func-
tion.® The helix o3 that reaches 32 Ain length is a
hallmark of Sc-HGPRT among PRTs. Moreover, the
surface loops connecting Bs—Bs, o3—Ps, and Pe—P7 con-
tain in Sc-HGPRT one-turn helices, o (94-96), op
(145-147), and o¢ (169-173), respectively.

The catalytic loop II (64-102) that connected the
corner of the central B-sheet to the strand B5 (Fig. 1)
was not fully resolved. At the beginning of loop III,
two acidic residues (110-111) conserved in 6-oxopur-
ine PRTs (Supporting Information Fig. S1) were
hydrogen bonded to the ribosyl 3'-OH (Fig. 2),
directly (WT1 and A7) or via water molecules (WT2).
A magnesium ion was coordinated to the ribosyl
2'-OH and 3’-OH in A7 chain A whereas it was coor-
dinated to the D110/E111 carboxylate groups in the
WT2 chain B (Fig. 2). At the end of loop III, the
TRTT motif (115-118) tightly bound the GMP
5-phosphate and the loss-of-function mutation
R116C° revealed the importance of the salt bridge
interaction between Arg'® and Asp'® for position-
ing the loop.

The small hood domain (2-10 and 186-217) con-
tained the helix oy, the one-turn 3;o-helix ap and a
short parallel B-sheet formed by the strands B; and
Bs belonging to the amino- and the carboxy-termini,
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respectively. Loop IV (Fig. 1) was limited to the
strand Bg (188-190) that bound the base (Fig. 2).
The two-stranded hood and the WOXXXW motif
appear to be hallmarks of archaeal and fungal PRTs
and Dbacterial XPRTs (Supporting Information
Fig. S1).

The GMP nucleobase was sandwiched between
the side-chains of Val''2 from the core and the rings
of Tyr'®! and Trp'®® from the hood (Fig. 2). Its recog-
nition was achieved through six hydrogen bonds,
two from O6-GMP to N;-Lys159 and N-Tyr'®®, one
from N1-GMP to O-Tyr'®® and three from N2-GMP
to O-Tyr'®®, O.4- and O.-Glu'®. N3-GMP was
hydrogen bonded to a water molecule whereas
N7-GMP was not hydrogen bonded.

The conformation of the peptide bond
Gly*’-Gly®® in loop I of Sc-HGPRT

In Sc-HGPRT, loop I (36-40), defined as the PPi
binding loop, contains a G/TGGG motif conserved in
the fungal HGPRTs (Supporting Information Fig.
S1). Successive glycine residues allow the backbone
to bend outside the limits allowed with nonglycine
residues.

A sulfate ion was found in the PPi binding sites
of WT1 and A7 [Fig. 3(a—c)] but not in WT2 [Fig.
3(d)]. Superpositions of WT1 and A7 with PRT struc-
tures containing PPi or PRPP!21416-18 revealed that
the sulfate ion occupied the site of PPi distal phos-
phate and to a lesser extent of PRPP B-phosphate.
Thus sulfate ion binding mimics phosphate group
binding. The Gly®*’-Gly>® peptide bond adopts clearly
a trans conformation (Fig. 3) in all the structures
with (A7 and WT1) or without (WT1) sulfate.

In WT1, WT2, and the A7 chain B, the GGGG
motif belongs to a 13-membered H-bonded turn [Fig.
3(b—d)] allowing a proper orientation of the NH-
Gly®® to bind the sulfate [Fig. 3(b—c)] thus likely
PPi. Among the four glycine residues, Gly®” is the
only one located in the region of the Ramachandran
plot with positive phi dihedral angle, which is unfav-
orable to nonglycine residues (Supporting Informa-
tion Fig. S2). Hence, G37D is a loss-of-function
mutation.’ In the A7 chain A, although the peptide
plane 36-37 is flipped as described further, the pep-
tide bond 37-38 is trans. Finally, owing to four suc-
cessive glycine residues in the Sc-HGPRT loop I, the
Gly®*"-Gly®® peptide bond clearly adopts a trans con-
formation whatever the presence of sulfate ion in
the binding site (Fig. 3) thus we can expect the
same changes with PPi or PRPP.

In WT1, at the dimer interface, the sulfate ion
was coordinated to the NH-Gly*® and NH-Gly®® from
one subunit and to the Arg®® and Arg*® side-chains
from the adjacent subunit [Fig. 3(c)]. Therefore, the
PRPP binding relies on dimer formation. Arg*® and
Arg*® are specifically conserved in fungal PRTs and
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Figure 3. Views of the PPi binding loop. The 2Fo-Fc electron density maps are contoured at 1.5 ¢ around the PPi binding
loop in A7 chain A (A) and chain B (B) at 2.3 A resolution, in WT1 (C) at 3.4 A resolution and WT2 (D) at 1.8 A resolution. The
Gly*"-Gly*® peptide bond adopts clearly a trans conformation in all the structures with or without sulfate. The le®-Gly®”
peptide bond plane was flipped in A7 between chains A and B (A, B). Maps are colored in green and blue for different chains.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the side-chain length is important as indicated by
the R45K loss-of-function mutation.®

In A7, an inter-subunit disulfide bond stabilizes
one loop Il of the dimer in the closed form

In vivo, the Y1846 strain that lacked the HPT'1 gene
was complemented with the p3486 plasmid harbor-
ing the Hpt1A7 construct (Fig. 4). In agreement, in
the full-length structures, the last seven residues of
the C-terminal tail were not involved in the active
site, the catalytic loop or the dimer interface (Figs. 1
and 5). Therefore, the shortening had no significant
effect on activity or dimerization.

In the fungal 6-oxopurine PRTSs, loop II sequen-
ces are about 15 residues longer than other PRTs
and contain a conserved motif LSLYE (Supporting
Information Fig. S1). In WT1 and WT2, loops II
adopted the open form (Figs. 5 and 6). The Cierm
half (64-69) of the strand B3 and the whole strand
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B4 formed a short anti-parallel B-sheet going away
from the catalytic site. The extremity of the loop
(70-84) was disordered. In this open form, the OH-
Tyr® of the LSLYE motif was at ~16 A apart from
the Oy-Thr''? of the TRTT motif. At the dimer inter-
face, the Phe*' rings were stacked around the
pseudo twofold axis [Fig. 5(a)] while the Cys97 resi-
dues were 11 A far from each other since the crys-
tals grew in the presence of DTT.

In A7, the loop II of chain A became distorted as
compared with the one of chain B or WT1 and WT2.
This loop is better ordered in chain A where it cov-
ered the active site (closed form) than in chain B
(open form). In the closed form, the OH-Tyr®® was
hydrogen bound with Oy-Thr'”. At the dimer inter-
face, the Cys®” shifted by 11 A to form an inter-subu-
nit disulfide bridge with the Cys®’ of chain B [Fig.
5(b)] while the two Phe*!' rings were no longer
stacked [Fig. 5(b)]. Since, the crystal was obtained

S, cerevisize HGPRT Structure
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Figure 4. Functionality of the HPT1A7 construct. A serial
dilution drop test was done on synthetic dextrose medium
containing casaminoacids supplemented with either 0.3
mM adenine (left) or hypoxanthine (right). Gene HPT1A7 is
sufficient to reestablish the growth of the strain in presence
of hypoxanthine.

without DTT, the disulfide bridge along with crystal
packing (Supporting Information Fig. S3) could be
considered responsible for the closure.

In A7, one sulfate was coordinated to NH-Gly*®
and Arg®® from chain A and Arg®® from chain B
[Fig. 3(a)] whereas the other sulfate is simply coordi-
nated to Arg®® from chain A [Fig. 3(b)]. The sulfate ions
were similarly located in A7 chain A and WT1 but 2.3 A
apart in A7 chain B. The two sulfate binding patterns
in A7 crystal can be attributed to the shift of the argi-
nine side-chains at the dimer interface upon formation
of the inter-subunit disulfide bridge. Indeed, superposi-
tion of WT'1 and WT?2 with A7 dimers reveals a 2.0 A
shift of the helices oy of adjacent subunits and thus of
the Arg® and Arg?® side-chains.

Owing to the disulfide bridge, two states of the
catalytic loop were revealed. The open form is identi-
cal to that found in WT1 and WT2 while the closed
form is similar to that found in some PRT structures

~

'

@
&'
7 &

. .1';, Y69 ¥
chain B p 1A
4 o

)
.'3) g
15 “! [ .
B8 ”\’\ )
63y 70 > Oc
L ChE\IIHA
S o) V)

open A open 3

._,/‘
o

J F41 Fa

Ele

C/

3 WT2 O3

in complex with inhibitors and PRPP or PPj.l*16:1°
These two forms could represent extreme conforma-
tions of loop II during catalysis.

The flipping of the peptide plane lle*¢-Gly3”
stabilizes a closed active site

Superpositions of the open [Fig. 3(a)] and closed
chains [Fig. 3(b—d)], using strand B, and helix oy,
revealed that the peptide plane Ile*6-Gly?” was
flipped and that minor adjustments of the backbone
occurred between Ile®® and Gly®®. Peptide-plane flip-
ping is not a rare event in proteins and could be
involved in substrate binding.?° In the closed form,
Gly®" adopted a quasi fully extended conformation
and the first turn of helix oy was unwound [Fig.
3(a)l. The backbone dihedral angles ¢3¢/(C1¥37
have values of 113/71° and —4°/—160° in WT2 and
A7 chain A, respectively. A rotation about {!**® from
113° to —4° through 0° in concert with the rotation
about @37 from 71° to —160° through 180° could
follow favored area of Ramachandran plots without
neighborhood hindrance (Supporting Information
Fig. S2¢). The rotation activation energy for peptide-
plane flipping has been estimated to be 3 kcal/mol in
a concerted mechanism.?® In the open form, O-Ile®®
and NH-Gly®” were hydrogen bonded with NH-Gly*°
and O-Tle%, respectively [Fig. 3(b—d)] whereas, in
the closed form, O-Ile®*® was hydrogen bonded with
NH-Leu®® and Oy-Ser®” from loop II and NH-Gly*”
was free [Fig. 3(a)]l. Hence, the flipping in loop I sta-
bilizes the closed form of the catalytic loop II.

Figure 5. Separated views of Sc-HGPRT dimers: (A) in WT2 with both catalytic loops in “open” form and 11 A apart Cys®’
sulfhydryl groups and (B) in A7 with the catalytic loop in “closed” and “open” forms in chains A and B, respectively with an
inter-subunit Cys®’-Cys®’ disulfide bridge. Chains A and B are colored in salmon and magenta, respectively whereas catalytic
loops are colored in blue (residues 65-100). Phe*' and Cys®’ side-chains, GMP and sulfate are drawn as stick. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Peptide plane flipping. In the A7 crystal form of Sc-HGPRT, the 1le®¢-Gly®” peptide plane flips between the chain A
in closed conformation (A) and the chain B in open conformation (B). Omit maps of electron density encompassing the
residues 64-100 of chains A (A) and B (B) at 2.2 A resolution were contoured at 1.5 . [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

The disulfide bridge strongly impairs the
enzyme activity

The kinetics parameters of the Sc-HGPRT enzyme
were measured under reducing condition. The appa-
rent Ky for guanine and PRPP are 9.3 = 1.8 uM
and 70 = 17 uM, respectively with a k., value of
about 30 s™!. The Ky values are in the same order
as those reported for a purified preparation of brew-
er’s yeast, that is, 7.7 uM for guanine and 24 pM for
PRPP?! and the k., value is in the range of the val-
ues of 4-70 s~! reported for other 6-oxopurine
PRTs.'22223 Under oxidizing conditions, an inter-
subunit disulfide bond, likely Cys®"—Cys®’, was
shown by SDS-PAGE. Dimeric species formed the
major band while a faint band of monomeric species
was detected (data not shown). The oxidized enzyme
had a low activity (ca. 10%). If the artifactual disul-
fide bridge totally impairs the enzyme activity, the
residual activity could be inferred to residual
reduced enzymes. Owing to the cytoplasmic localiza-
tion of Sc-HGPRT and its reducing environment, the
disulfide bond likely does not occur in vivo.

The yeast 6-oxopurine PRTs form a sub-group
of PRTs

Eubacteria and ascomycetous yeasts possess two dif-
ferent 6-oxopurine PRTs: one xanthine-guanine spe-
cific (X(G)PRT) and one hypoxanthine specific,
which can poorly use guanine (H(G)PRT). The
eubacterial enzymes are clearly different (23% iden-
tity for E. coli PRTs), whereas the yeast ones are
quite similar (56% identity for S. cerevisiae PRTSs).

1190 PROTEINSCIENCE.ORG

In mammal and protozoan parasites, one enzyme
has evolved in such a way that it uses the three 6-
oxopurine substrates (HG(X)PRT). Both mammalian/
protozoan and bacterial enzymes are very distant
from the yeast ones (<12% identity).

Analysis of the quaternary architecture of
known structures of 6-oxopurine PRTs indicates
three dimer types (D1, D2, and D3) (Fig. 7). The
three dimer interfaces involve (i) the Ni.m part of
the catalytic loop (ii) a part of the hood domain and
(iii) the helix following the PPi binding loop (op in
Sc-HGPRT). The inter-helical angles between these
helices, which can be used to define dimer types,
were —104°, —162°, and —67° for dimer D1, D2, and
D3, respectively. Whatever the dimer type, the
active sites are always made of residues from adja-
cent subunits.

Dimer D1 is the most documented. The overall
structures of their subunits are similar (RMSD 0.7—
1.0 A for 75% of Ca) except for G. lamblia GPRT
(RMSD 1.4 A for 50% of Ca).'" Frequently, dimer D1
assembles through the helices o3 or o;/0s on the op-
posite face to form tetramers T1 or T1', respectively.
However, a few dimers D1 do not form higher oligo-
meric structure. For instance, in G. lamblia GPRT,
an o-helix of the hood, which is equivalent to oy in
Sc-HGPRT, prevents the tetramer formation.!” T
cruzi HGXPRT, which crystallized as tetramer T1',
is active as a dimer.'*

Dimers D2 were found in the P. horikoshii PRT
(Ph-PRT), Ec-XPRT, and Sc-HGPRT structures. The
dimer interface is predominantly stabilized by
hydrophobic interactions contributed by the loops II,

S, cerevisize HGPRT Structure
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Figure 7. Phylogenetic tree along with quaternary structures of PRTs. In the upper part, HG(X)PRT from eukaryotes
excluding fungi and XPRT from bacteria are made up of similar dimers D1 assembled or not as two different types of
tetramers T1 and T1'. T. cruzi known to be functional as a dimer is found tetrameric in some crystal structures (1p17 and
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can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the strands B3, the helices oy, and the hood residues
192-203 (Fig. 4). The dimer found in crystals of
Sc-HGPRT is likely the active dimer in solution.*
Regarding the monomer, Sc-HGPRT is more similar
to Ph-PRT (RMSD 2.2 A for 50% of Ca)** than to
Ec-XPRT (RMSD 4.3 A for 42% of Cu),'® and human
HG(X)PRT (RMSD 5.5 A for 46% of Co).® In Ph-PRT
and Ec-XPRT, the interaction of the hoods leads to
hexamer H or tetramer T2, respectively whereas in
Sc-HGPRT, a longer helix oy prevents it.

Dimer D3, which is common in orotate PRTs,2?
was found in B. subtilis XPRT,2® which shares
sequence similarities with adenine PRTs.

The phylogenetic and structural analysis of
available PRT sequences and structures show that
fungal 6-oxopurine PRTs form a sub-group of PRTs
more related to archaeal purine PRTs and eubacte-

Moynié et al.

rial XPRTs than to eukaryotic and eubacterial
HGPRT enzymes. Indeed, Sc-HGPRT has 21% iden-
tity with Ph-PRT and 12% with Ec-XPRT sequences
(Supporting Information Fig. S1). The Sc-HGPRT
structure can be considered as a paradigm for this
sub-group.

Discussion

Mutations in Sc-HGPRT affect feedback
inhibition by GMP

Five mutations have been selected and characterized
making Sc-HGPRT more or less sensitive to feed-
back inhibition by GMP.® K159R, V184I, and K161R
are in the vicinity of the purine binding site whereas
1212V and F50S are located at the dimeric interface.
It is to note that all substitutions selected by

PROTEIN SCIENCE ‘ VOL 21:1185-1186 1191



reduced feedback inhibition affect also the catalytic
activity to different extents.

The conserved Lys'®® binds directly the O6-
GMP. Therefore its replacement might affect both
catalytic activity in the destabilization of the gua-
nine substrate and the feedback inhibition by a lack
of binding of GMP. Among the five known down reg-
ulation mutations, K159R is the one that affects the
most the HGPRT activity (6% of WT activity) and
feedback inhibition.

In fungi, Val'® is conserved or replaced by a thre-
onine and does not bind directly to the GMP. In Sc-
HGPRT, Val'®* and Tyr'® side chains are in close con-
tact and are constrained to lie in a unique orientation.
The Tyr'® backbone amino- and carbonyl-groups are
both hydrogen bonded to the purine. Therefore, a
slight shift of Tyr'®® resulting from the bulkier substi-
tution V1841 could affect the purine binding, the
HGPRT activity (63% of WT activity) and the feedback
inhibition. Accordingly, in other species, the substitu-
tion of Val'® by isoleucine goes with substitution of
Tyr'®® by a less bulky side chain (Ile, Leu, or Val).

Lys'®! is conserved in fungi 6-oxopurine PRTs
and replaced in other species by arginine or trypto-
phane. In Sc-HGPRT, Lys'®' forms a salt bridge
with the conserved Asp'* in a way similar as in
other PRT structures in complex with GMP or IMP.
In human HG(X)PRT, it has been evidenced that the
homolog Asp*®” could act as a general base for N7-
purine deprotonation toward its activation as a
nucleophile,?” and in the structure of Ec-XPRT in
complex with guanine and cPRPP, the homolog
Asp®? interacts with the likely protonated N7-gua-
nine.’® The substitution K161R could affect the
interaction with Asp'** and thus the HGPRT activity
(51% of WT activity). Unexpectedly, a further muta-
tion 1212V restores partially the HGPRT activity
(63% of WT activity). The decrease of HGPRT activ-
ity (31%) for F50S mutant reinforces the evidence of
functional dimer and these results suggest that di-
meric organization may be also important for the
feedback inhibition. Finally, the selection of mutants
more or less sensitive to feedback inhibition appears
to be a powerful tool to identify residues indirectly
involved in the catalytic mechanism.

The GGGG motif replaces the cis nonproline
peptide plane required in the PPi binding loop
of PRTs

Generally, a nonproline cis peptide bond (37-38) is
required in the loop I of PRTs to allow the backbone
amide of the residue in position 38 to point into the
PPi binding site. During folding, this peptide bond
could adopt the favorable ¢rans conformation then,
during dimerization, the energetically unfavorable
(~20 kcal/mol) cis conformation could be stabilized
through several inter- and intra-subunit polar inter-
actions involving the side-chain of the residue 38 (R/
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K/T) in the presence of the conserved Gly*® (Sup-
porting Information Fig. S1).

Occasionally, a trans peptide bond was found in
some oligomeric structures of human and 7. gondii
HGX)PRTs* '3 and orotate PRTs.?>2® As a conse-
quence, the backbone amide pointed opposite to the
PPi binding site and locally loop I displayed large dis-
tortions. Moreover, both conformations have been
found in one structure of uracil PRT.?° Finally, trans
conformation observed in Tg-HGPRT crystal’? and in
the GTP-activated S. solfataricus UPRT®® have been
considered a consequence of crystal packing.*
Although a rotational activation energy of about 20
kecal/mol must result in a rather slow process,*® it was
suggested that a cis/trans isomerization could occur
during catalysis.?! Biological relevance of cis/trans
isomerization in PRTs still remains controversial. 1%14

Nevertheless, fungi have evolved a distinctive
strategy to overcome this energetic barrier, in select-
ing a GGGG motif in the PPi binding loop of 6-oxo-
purine PRTs allowing the backbone amide at residue
38 to point into the binding site although the
Gly®"—Gly®® peptide bond is in a trans conformation.

Sc-HGPRT adopts an open and a closed
conformation in the dimer

In the crystal structures of purine PRTs, loop II
adopts an “open” form and a “closed” form in inhib-
ited complex structures. We found a similar behavior
with the two forms of Sc-HGPRT structures.
Although the length of loop II is variable from 15 to
35 residues, a tyrosine (Y69 in Sc-HGPRT) is con-
served in fungi (Supporting Information Fig.
S1).1632 In the open form, this tyrosine was far
away from the nucleotide binding site whereas in
the closed form the tyrosine hydroxyl was H-bonded
to the nucleotide 5'-phosphate.'*1%1% The overall
similarity of fold between the closed forms infers the
relevance of the conformation of loop II brought to
the artifactual disulfide bond.

Across the interface, the stacking/
unstacking of the Phe*' rings that seems coupled
with the conformational changes of loop I could be
related to cooperativity between the two binding
sites. In Homo sapiens HG(X)PRT, despite a differ-
ent dimer interface, it was already argued that the
rotation of Phe™ side chain (equivalent to yeast
Phe?!) could assist the stabilization of the PPi loop
upon GMP binding.*°

In conclusion, regarding the PPi binding loop,
the 6-oxopurine PRT sequences of fungi harbor a
stretch of four glycine residues that adopt a trans
conformation in the current X-ray structure of S.
cerevisiae HGPRT. This differs from other PRT
structures where a cis nonproline peptide plane was
required suggesting that during catalysis this partic-
ular peptide bond could undergo a cis/trans

dimer
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rearrangement. Such a conformational change is not
required in 6-oxopurine PRTs of fungi.

Materials and Methods

Yeast strains

S. cerevisiae strain Y1846 (MATa, ade2::KanMX4,
hptl::KanMX4, his3, leu2, ura3) was transformed
with the empty plasmid (CEN and URAS3) as control
(p605) or containing either the wild type HPTI gene
(pHPT1) or the truncated version (pHPT1A7) where
21 base pairs had been removed at the 3’ end before
the stop codon.

Functionality tests of the HPTIA7 construct
have been realized with a serial dilution drop test.
The experiment was done on synthetic dextrose me-
dium containing casaminoacids supplemented with
either 0.3 mM adenine or hypoxanthine.

Over-expression and purification

Expression and purification of Sc-HGPRT were per-
formed as described elsewhere.® The A7 recombinant
enzyme, a Sc-HGPRT variant lacking the last seven
residues, was prepared as part of a strategy to
improve the crystallization process. The HPT1 gene
was modified by PCR using the oligonucleotides
GAGATTCCATATGTCGGCAAACGATAAGCAA and
CGACCTGCTCAGCTCAAATAAAGATGTCATTGCC
CTG. The PCR product was inserted into the
EcoRV site of the Bluescript SK vector. The plas-
mid was restricted with Bpull02 and Ndel, and
ligated in the same restriction sites of pET3a
(Novagen). C41(DE3) cells were transformed with
the plasmid. A7 was purified as described for Sc-
HGPRT.® The A7 protein was expressed in the E.
coli Met-auxotrophic strain B834 in the presence
of L-selenomethionine (SeMet). After 10-12 h
induction, the SeMet-labeled protein (SeMet-A7)
was purified as described for Sc-HGPRT.® The
SeMet substitution of the three Met sites and the
initial methionine residue removal were confirmed
by mass spectrometry. Protein preparations were
dialyzed against 20 mM Tris-HCI pH 8.0 buffer
and concentrated to 12 mg/mL. Before crystalliza-
tion, 4 mM guanosine 5-monophosphate disodium
salt (GMP) and 4 mM MgCly, were added to the
protein solution.

Kinetics and activity studies

The enzymatic synthesis of GMP was monitored
using the spectrophotometric method®® with a Var-
ian Cary 4000 spectrophotometer equipped with an
external temperature controller. Initial velocities
were determined at 28°C in 100 mM Tris-HCI pH
8.0, 10 mM MgCl,. The change in extinction coeffi-
cient at 258 nm for the conversion of guanine into
GMP was found to be 3000 + 168 M~' cm™! in this
condition. To determine the K, increasing concen-
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trations of guanine (2-100 uM) or PRPP (10-900
uM) were used in excess of PRPP (700 uM) or gua-
nine (80 pM), respectively. After 20 min incubation
with 2 mM DTT or 2 mM CuCl,, the reaction was
started by addition of 0.1 pg of the protein.

Crystallization

Sc-HGPRT wild type protein crystallizes in two dif-
ferent forms WT1 and WT2. Crystals appeared in
less than 2 days at 20°C, by the sitting drop vapor
diffusion method, after mixing 2 pL of WT protein
solution containing 4 mM DTT with 2 pL of reservoir
solution. For WT1 crystals, the reservoir solution
contained 1.6 M ammonium sulfate, 4% PEG 400,
0.2 M Na-K tartrate, 50 mM Na citrate, 50 mM
MES, pH 5.8 while for WT2 crystals, it contained
0.2 M ammonium acetate, 30% PEG 4000, 0.1 M tri-
sodium citrate and pH 5.6. Crystallization of A7 and
SeMet-A7 proteins were carried out at 20°C using
microbatch technique. Crystals appeared in 48 h af-
ter mixing 2 pL of truncated protein solution with-
out DTT with 2 pL of the precipitant solution used
for WT2 crystals. Crystals were cryo-protected with
mother liquor containing 15% (v/v) glycerol and
flash-frozen in liquid nitrogen.

Data collection

WT1 crystals belonging to the orthorhombic space
group P2,2,2 diffracted to 3.45 A at the beamline
BM30a (ESRF, Grenoble). The low resolution of the
dataset was related to a high 74% solvent content.
WT2 crystals belonged to the monoclinic space group
P2, and diffracted to 1.8 A resolution (ID29, ESRF).
AT crystals belonging to the tetragonal space group
I4 diffracted to 2.3 A resolution at the beamline
BW7A (DESY, Hamburg) and ID23-1 (ESRF). The
SeMet-A7 dataset were collected at 3.1 A resolution
at three wavelengths (ID29, ESRF) from a single fro-
zen crystal. It was isomorphous to the unlabeled A7
crystals. All data were processed with MOSFLM.3*
Data treatment statistics are given in Table 1.

Crystal structure determination and refinement
Whatever the PRT structure used as search model
and taking into account or not the noncrystallo-
graphic symmetries (NCS) present in the crystals,
molecular replacement failed to solve both Se-
HGPRT and A7 structures. The A7 structure was
first solved by MAD using the 3.3 A anomalous scat-
tering signal from the SeMet-A7 dataset using
SOLVE.?® Experimental phases were improved by
density modification techniques and 45% of the
model was built using RESOLVE.3°

Then, using 3.0 A resolution data of the A7
dataset, the model was 66% complete with chain A
(168 residues) better defined than chain B (114 resi-
dues). The resolution was progressively increased to
2.3 A. Several rounds of crystallographic refinement
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Table I. Summary of Data Collection Statistics

SeMet-A7

Dataset WT1 WT2 Peak Edge A7
Space group . P2,2,2 P2, 14
Cell dimensions (A°) a = 118.08 a = 51.53 a = 129.63 a = 128.44

b =176.36 b ="77.54 ¢ = 56.52 ¢ =56.13

c=91.11 ¢ =56.63

B =95.18

Wavelength A) 0.9800 0.9340 0.97915 0.97933 1.1000
Resolution (A) . 32.94-3.45 30.00-1.80 41-3.10 50.0-2.30
Highest shell (A) 3.64-3.45 1.90-1.80 3.21-3.10 2.38-2.30
Ry 0.09 (0.65) 0.06 (0.37) 0.11 (0.54) 0.12 (0.63) 0.06 (0.34)
Ranom” 0.05 (0.19) 0.05 (0.23)
<Il/o(l)>? 10.5 (1.9) 15.3 (3.0) 11.5 (7.4) 10.1 (3.3) 14.94 (2.9)
Completeness® (%) 99.4 (100.0) 96.6 (98.4) 99.9 (100.0) 99.9 (99.7) 98.3 (96.5)
Redundancy® 3.3(3.3) 4.3 (3.6) 6.7 (5.8) 6.7 (5.3) 7.1(7.2)
Wilson Bietor (A2) 120 22 97 97 58

? Value in parentheses are for the highest resolution shells.

and side-chains rebuilding were carried out using
CNS?¢ and XTALVIEW,?” respectively. Finally, TLS
refinement with groups including either the catalytic
loop or the remaining of the chain was carried out
using REFMAC.?® The final model contains residues
5-77 and 81-214 of chain A and residues 5-73 and
82-214 of chain B. One GMP molecule and one sul-
fate ion were found in each active site. The occu-
pancy of the sulfate ions was refined then fixed to
0.5. A residual electron density peak observed in the
active site of chain A was assigned to a magnesium
ion based on ligand distances shorter than 2.5 A
Afterwards, WT1 and WT2 structures were
solved by molecular replacement with MOLREP?°
using the coordinates of the A7 chain B as search
model. WT1 and WT2 structures were refined using
CNS and PHENIX,*° respectively. In WT1, the four

chains A-D contain residues 5-71 and 84-217. NCS
restraints were applied through all stages of refine-

182 pegi-

ment. Between two symmetry related Lys
dues, a 6 o residual density blob was not assigned. In
WT2, chain A contained residues 5-69 and 84-217
while chain B contained residues 5-72 and 84-217.
The refinement statistics were reported in Table II.

The figures were drawn using PYMOL.*!

Phylogenetic analysis

A rooted phylogenetic tree for various 6-oxopurine
PRTs was constructed using the MEGA software on
a multialignment calculated with CLUSTALW.*?

Broader Audience Summary
We report the first X-ray structure of a yeast 6-oxo-
purine phosphoribosyltransferase. The phosphate

Table II. Summary of Crystallographic Refinement Statistics

WT1 (2jkz) WT2 (2xbu) A7 (2jky)
Solvent content (%) 74 45 47
Resolution® (A) 32.94-3.45 28.21-1.80 30.27-2.30

3.67-3.45 1.85-1.80 2.36-2.30

No. reflections

25,547 (4006)

Ryork 0.221 (0.347)
Riree 0.234 (0.350)
No. of chains 4
No. of atoms
Protein 6508
Water none
Ligands 116
Occupancy-factors
SO, 1/1/1/1
Mg 0/0/0/0
B-factors
Protein (A2) 116.
Water (A2) n.a.
R.M.S deviations
Bond lengths (A) 0.008
Bond angles (°) 1.30
Ramachandran (%)° 82.4/17.6/0.0

39,543 (2734)
0.167 (0.220)
0.206 (0.247)

19,335 (1405)
0.204 (0.263)
0.235 (0.305)

2 2
3249 3300
475 95
57 59
0/0 0.5/0.5
0/1 1/0
25.6 63.
40.1 66.
0.004 0.007
0.91 1.05
95.8/3.7/0.5 91.2/8.8/0.0

2 Highest resolution shell is shown in parenthesis.
b % of residues in most favored regions/allowed regions/disfavored regions.
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binding is possible through a loop containing four
successive glycine residues. Such a short sequence is
often incorporated as flexible linker in fusion pro-
teins without considering that this peptide chain can
adopt specific conformations.

Accession nhumber

The atomic coordinates and structure factors of
WT1, WT2, and A7 crystal structures have been de-
posited in the Protein Data Bank with accession
numbers 2jkz, 2xbu, and 2jky, respectively.
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