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ABSTRACT. Purine biosynthesis requires 10 enzymatic steps in higher organisms, while prokaryotes require
an additional enzyme for step 6. In most organisms steps 9 and 10 are catalyzegimHhene product,

a bifunctional enzyme with both 5-formaminoimidazole-4-carboxamide ribonucleotide (FAICAR) synthase
and inosine monophosphate (IMP) cyclohydrolase activity. Recently it was discovered that Archaea utilize
different enzymes to catalyze steps 9 and 10. An ATP-dependent FAICAR synthetase is encoded by the
purP gene, and IMP cyclohydrolase is encoded bypgheO gene. We have determined the X-ray crystal
structures of FAICAR synthetase frollethanocaldococcus jannascleibmplexed with various ligands,
including the tertiary substrate complex and product complex. The enzyme belongs to the ATP grasp
superfamily and is predicted to use a formyl phosphate intermediate formed by an ATP-dependent
phosphorylation. In addition, we have determined the structures of a PurP orthologuByfroooccus
furiosus which is functionally unclassified, in three crystal forms. With approximately 50% sequence
identity, P. furiosusPurP is structurally homologous M. jannaschiiPurP. A phylogenetic analysis was
performed to explore the possible role of this functionally unclassified PurP.

The purine biosynthetic pathway generates inosine mono-a trifunctional enzyme¥), steps 6 (PurE) and 7 (PurC)
phosphate, which is subsequently converted to either ad-comprise a bifunctional enzymé,(7), and steps 9 and 10
enosine monophosphate or guanosine monophosphate. Buchare catalyzed by the bifunctional enzyme Purdt-11).
nan worked out the details of the vertebrate pathway in the Additional species-dependent gene fusions have been ob-
1950s, identifying 10 enzymatic conversionk). (Later, served.

Stubbe and co-workers showed that in prokaryotes the  other deviations from the vertebrate purine biosynthetic
conversion of aminoamidazole ribonucleotide to carboxyami- athway have also been observed. In vertebrates, formyl-
noamidazole ribonucleotide catalyzed by PurE in step 6 yansferase reactions occur in steps 3 (PurN) and 9 (PurH),
requires an additional enzyme (Puti3—4), resultingina  yith N1.formyltetrahydrofolate as the donor. However, some
total of 11 enzymatic conversions. Escherichia colieach archaea lacking tetrahydofolate as a cofactor utilize an ATP-
step of the pathway is catalyzed by a monofunctional yenendent formate ligation: PurT for step 2414) and
enzyme, with the exception of the last two steps, while In prp for step 915). Both the tetrahydrofolate-dependent
vertebrates steps 2 (PurD), 3 (PurN), and 5 (PurM) comprise 504 ATp-dependent formyltransferase reactions are found
in E. coli (12). In vertebrates, PurH catalyzes step 10, while
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carboxamide 5monophosphate ribonucleotide; PurP, FAICAR syn- (FAICAR) in step 9. PurP fronMethanocaldococcus jan-
thetase and AICAR transformylase; PurO, IMP cyclohydrolase; PurD, naschii has been biochemically characterizet5)( and

glycinamide ribonucleotide synthetase; PurT, phosphoribosylglycina- . o
mide transformylase; Purky®>-carboxyaminoimidazole ribonucleotide sequence comparisons indicate the presence of PurP ortho-

synthetase; PurC, phosphoribosylaminoimidazolesuccinocarboxamidelogues in a number of related organisms. Sequence com-

ﬁygthfletase;l%gg b]ifunctilolnal_AIC_AdR tr%nsforrpylf_lge agd IE/IPFCG)/XE- parisons reveal that PurP is a member of the ATP grasp
ydrolase; , formylglycinamide ribonucleotide; PurL, ; _ ; ; ;

amidotransferase; FGAM, formylglycinamidine ribonucleotide; AIR, superfamily {8-20). The purine biosynthetic enzymes PurD,
aminoimidazole ribonucelotide; PurM, AIR synthetase; au, asymmetric PUrT, Purk, and PurC are also members of the ATP grasp

unit; rmsd, root mean square deviation; MPD, 2-methyl-2,4-pentanediol. superfamily (4, 21—24).
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Here we report the structure of PurP fravh jannaschii

(MjPurP) complexed with substrates, products, and ana-

logues. Among the ATP grasp membévi$PurP shows a
novel hexameric arrangement in which loops from 3-fold-

Zhang et al.

eluted with a 15 column volume linear gradient from 0 to 1
M NaCl in buffer B at a flow rate of 0.4 mL/min. The
fraction containing homogeneolWfPurP was buffer ex-
changed into 10 mM TrisHCI, pH 7.5, and 2 mM MgGl

related monomers fold over onto adjacent monomers. Theand concentrated to 15 mg/mL.

ATP binding site of PurP is similar to those for other
members of the ATP grasp superfamily. The AICAR/
FAICAR binding site is comprised of the conserved residues
His27, Arg264, Ser266, and Arg314. We also report struc-
tures from three crystal forms of a PF15PfRurP), one of
two PurP orthologues found iRyrococcus furiosusAl-
though the MjPurP andPfPurP active sites are highly
conserved, anBfPurP binds both ATP and AICARRPurP

Crystallization of MjPurP Crystallization was performed
using the hanging drop vapor diffusion method af C8with
drops containing 1.xL of protein solution and 1.=xL of
reservoir solutionMjPurP was subjected to a series of sparse
matrix screens (Hampton Research, Emerald Biostructures)
to determine initial crystallization conditions. Both SeMet
and native protein crystallized from 2.4 M (NH,),SOy,

0.2 M NaCl, and 0.1 M sodium acetate at pH44L.3. To

does not catalyze the FAICAR synthetase reaction, and itspbtain the ligand-complexed structures, ATP, AMPPCP,

function remains unknown. A phylogenetic analysis of PurP
orthologues is also presented.

MATERIALS AND METHODS

Overexpression and Purification of MjPurP. M. jannaschii
purP gene Mj0136 was cloned into the expression vector
PET19b and overexpressed i coli B834(DE3), a me-
thionine auxotrophic strairlf). For overexpression of native
protein, cells were grown in LB medium supplemented with
100ug/mL ampicillin. For overexpression of selenomethion-
ine (SeMet)-substituted protein, cells were grown in M9
minimal salts supplemented with 4% (w/v) glucose, 2 mM
MgSQ;, 0.1 mM CaC}, 1% BME vitamin solution (Gibco-
BRL), 25ug/mL FeSQ-7H,0, and a 4Q«g/mL concentration
of each of tha-amino acidsi(-selenomethionine substitutes
for L-methionine). The cells were induced with 0.1 mM
isopropyl-p-thiogalactoside (IPTG) 06 h at 25°C once
the absorbance of the cell culture reached and@f 0.8.
The recombinant protein was purified by metahelate
affinity chromatography using a cobalt column (Clontech).
Polyhistidine-taggedjPurP was eluted from the column
with buffer A (50 mM sodium phosphate, pH 7.0, 300 mM
NaCl, 1 mM -mercaptoethanol, and 300 mM imidazole).
The fractions containingVljPurP were combined and ex-
changed into 10 mM TrisHCI, pH 7.6, 1 mM MgC}, and
1 mM dithiothreitol. For the native proteid L of cell culture
produced~20 mg of homogeneousljPurP, while for the
SeMet protein, only 2 mg ofijPurP/L of cell culture was

ADP, AMP, AICAR, and FAICAR were used for cocrys-
tallization withMjPurP at 1 mM concentration for FAICAR
and 5 mM for the others. The FAICAR was prepared by the
enzymatic formylation of AICAR with ATP and formate
catalyzed byMjPurP followed by purification of the FAICAR

on a MonoQ column, while all other compounds were
purchased from Sigma-Aldrich. Crystals, in the shape of
rhombohedral prisms, usually appear in a week and reach a
maximum size of 30@m x 300um x 80um in two weeks.
These crystals belong to the space gr&32 with unit cell
dimensions ofa = 109.2 A andc = 255.7 A on average.
Each asymmetric unit (au) contains one protomer, corre-
sponding to a solvent content of 65% and Matthews
coefficient @5) of 3.5 A3Da.

The soaking experiments were performed at’C8for 1
h. The stabilizing solution contains 1.5 M (NSO, 0.2
M NaCl, 20 mM MgC}, and 0.1 M sodium acetate at pH
4.1. The ligand concentration in the soaking solutions was
50 mM for ATP, AMPPCP, ADP, and AMP, 20 mM for
AICAR, and 6 mM for FAICAR. For the AMPPCPAICAR
complex, 20 mM ammonium formate was also present in
the solution.

Crystallization of PfPurPThe crystallization experiment
for PfPurP was similar to those fodjPurP.PfPurP crystal-
lized in three crystal forms. The first crystal form grew from
30—32% 2-methyl-2,4-pentanediol (MPD), 200 mM Nacl,
and 100 mM Tris-HCI, pH 7.0. Crystals usually appear in
2 days and reach a maximum size of 208 x 200um x

obtained. The purified protein was then concentrated to 1080 um in one week. The crystals are in the shape of

mg/mL using 10 kDa cutoff microcon concentrators (Ami-
con).

Overexpression and Purification of PfPurP. P. furiosus
purP gene at locus Pf1517 was amplified by PCR from
genomic DNA and subcloned into the pT7-7 vector. The
gene-containing plasmid was overexpressdg.iooli BL21-
(DE3). The cells were grown in LB medium in the presence
of 100 ug/mL ampicillin at 37°C until the absorbance of
the cell culture reached an @fgof 0.8, at which point the
cells were induced with 0.2 mM IPTG for an additional 6 h
at 25°C. The cells were harvested by centrifugation and
sonicated on ice in buffer B (20 mM TrHCI, pH 7.5).
The crude cell extract was prepurified by heating in a water
bath at 70°C for 30 min, followed by centrifugation at
1500@ for 20 min to remove the insoluble material. Heat-
stable cell extract was applied to a MonoQ HR anion
exchange column (X 10 cm). After the column was washed
with 15 column volumes of buffer B, the bound protein was

rhombohedral prisms and belong to the space giRBR.

The unit cell dimensions ae= 123.4 A andc = 375.5 A.
Each au contains two protomers, corresponding to a solvent
content of 65% and Matthews coefficient of 3.5/Ba.

A second crystal form was obtained from-385% MPD
and 100 mM Na/K* phosphate, pH 6.2, in the presence of
10 mM ATP. This crystal form belongs to the space group
R32 with unit cell dimensions ai = 122.5 A andcc = 560.9
A. In this crystal form, there are also two protomers in the
au, corresponding to a solvent content of 76% and Matthews
coefficient of 5.2 R/Da.

The third PfPurP crystal form grew from 10% (v/v)
2-propanol, 200 mM L5Q,, and 100 mM sodium phosphate
citrate at pH 4.2, in the presence of 5 mM ADP. The crystals
are in the space group2; with unit cell dimensions o& =
75.7 A,b=126.8 A,c=121.4 A, and3 = 102.9. There
are six protomers in the au, corresponding to a solvent
content of 51% and Matthews coefficient of 2.5/Ba.
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Table 1: Data Collection Statistits

protein MjPurP MjPurP MjPurP MjPurP MjPurP PfPurP PfPurP PfPurP PfPurP
complex AICAR- AICAR— AICAR— FAICAR— AMP-— AICAR— AMP— P—ATP R—ADP
AMPPCP AMPPCP ATP ADP AMP AMP AMP
(SeMet)
wavelength (A) 0.979 22 0.979 22 0.979 22 0.979 22 0.97922 0.97918 0.979 18 0.979 18 0.917 70
resolution (A) 2.5 2.1 2.1 2.4 2.3 1.9 1.7 2.5 2.3
space group R32 R32 R32 R32 R32 R32 R32 R32 P2,
unit cell
a(h) 109.5 109.4 109.6 108.0 109.4 123.7 123.2 122.5 75.7
b (A) 126.8
c(A) 256.2 256.0 255.8 254.3 256.3 375.4 376.3 560.9 121.4
f (deg) 102.9
total no. of refins 401 282 557 779 161 067 103716 140 027 602 085 834 589 420 106 288 596
no. of unique reflns 20 490 34334 31509 20897 26 365 85987 119 607 55984 95 364
completeness (%)  98.0(82.3) 98.5(90.7) 90.3(61.6) 92.0(57.4) 99.6(100) 99.3(94.4) 99.0(97.0) 97.9(81.9) 96.7(99.0)
Rayn? (%) 9.7 (25.0) 7.9 (28.0) 5.4(14.6) 7.9(23.4) 6.8(36.4) 7.4(36.5) 52(28.4) 5.7(28.3) 7.6(24.3)
llo 42.2 (6.8) 37.6 (7.8) 26.1(5.6) 21.0(3.7) 28.0(44) 25.0(3.00 36.6(3.9) 320(3.0) 155(4.5)
redundancy 19.6 (12.6) 16.2(11.4) 5.1(4.6) 5.0 (3.9) 5.3(4.7) 7.0(5.9) 7.0 (6.0) 7.5(6.1) 3.0(2.9)

2Values for the highest resolution shell are given in parenthéstgn = 5 ¥|li — OVy O wherelis the mean intensity of thi reflections
with intensitiesl; and common indiceh, k, andl.

X-ray Intensity Measurement&or cryoprotection, the The structure ofPfPurP in the small unit cell of space
MjPurP crystals were briefly transferred into a buffer groupR32 was determined by molecular replacement using
containing 12% glycerol, 12% ethylene glycol, 1.6 M (NH the program MOLREP3Y). A protomer ofMjPurP was used
SOy, 0.2 M NaCl, and 0.1 M sodium acetate at pH 4.1. The as the search model. The initial rigid body refinement and
crystals were then flash frozen by plunging them into liquid restrained refinement with the molecular replacement solution
nitrogen. ThePfPurP crystals in botR32 forms were directly  resulted in arR factor of 35%. The structures were further
frozen without cryoprotection, while those in monoclinic refined using the same procedure as described above for
form were cryoprotected by 15% glycerol added to the MjPurP, and the refined model was used to determine the
mother liquor. Data sets were collected either at Advanced structures ofPfPurP in the other two crystal forms by
Photon Source (APS) beamline 24-ID-C using an ADSC molecular replacement. Model refinement statistics for the
Quantum 315 detector or at Cornell High Energy Synchro- MjPurP andPfPurP structures are summarized in Table 2.
tron Source (CHESS) beamline F1 using an ADSC Quantum The graphic figures of the structures were prepared using
270 detector. For the single-wavelength SeMet data set ofPyMOL (32).

MjPurP, the energy was selected to maximid€ of the

incorporated selenium, and a total of 366f data were RESULTS

collected. A total of 96-15C° of data were collected for each . )

of the other data sets. The oscillation per image ranged from Overview of MjPurP and PfPurP Structurehe crystal
0.5° to 1°, depending on the mosaicity of the crystal. The Structure of MjPurP is a homohexamer (Figure 1A,B),
crystals ofMjPurP diffracted to around 2.0 A; however, the consistent with the molecular weight analysis using size
diffraction pattern was usually anisotropic, resulting in low €xclusion gel filtrationPfPurP appeared to be predominantly
completeness in the high-resolution shells. The crystals of tfimeric in solution; howeverPfPurP in all three crystal
PfPurP diffracted to 1.71.9 A for the crystal form oR32 forms shovyed a common hexameric arrangement (Figure
in the small unit cell, 2.5 A foR32 in the large unit cell, ~ 1C.D). While the trimeric substructures ®fjPurP and
and 2.3 A for theP2; crystal form. The HKL2000 suite of ~ PfPurP are nearly identical, the hexamers are slightly
programs was used for integration and scaligg)( Data different. MjPurP h§3v2.5 times more buried surfac_e area
processing statistics are summarized in Table 1. between the two trimers tha#fPurP (Table 3), resulting in

Structure Determination and RefinemeF, determine the  an overall more compact structure. On the basis of the trimer
structure oMjPurP, single-wavelength anomalous dispersion Superposition of the two structures, the same compact
(SAD) phasing, density modification, and automatic model hexameric structure can be constructedRé@PurP without
building were performed at 2.5 A using the program ¢causing significant close contacts, by rotating one trimer
autoSHARP 27). Approximately 300 out of a total of 361 approxmately 30 and translating it toward the opposing
residues were built with correct side chains in the initial trimer.
model, which was manually adjusted and further completed PurP Protomeric FoldMjPurP andPfPurP belong to the
using the interactive graphics program Cdfl)( The model ATP grasp superfamily. Similar to that of other superfamily
refinement was performed through alternating cycles of members, the molecular architectureMjfPurP andPfPurP
manual rebuilding using Coot and restrained refinement usingconsists of three motifs: the A, B, and C domains (Figure
CNS 9) and Refmac530). The native data set &fljPurP 2). Domain A is formed by residues—137/1-113 (the
complexed with AMPPCPAICAR at 2.1 A was used to  numbers correspond ¥jPurPPfPurP throughout). The core
extend the phases, and the resulting model was used to refin@f domain A adopts a truncated Rossman fold, with a central
against the other data sets. Ligands were directly constructedour-stranded paralleB-sheet (8211141) flanked by three
into the corresponding difference electron density in each a-helices. The structure oMjPurP has two additional
structure. Water molecules were included after the ligands flanking helices (N-terminad-helix Hla and g-helix H3a;
were added. helices present in only one of the PurP structures are
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Table 2: Refinement Statistics

protein MjPurP MjPurP MjPurP MjPurP PfPurP PfPurP PfPurP  PfPurP
complex AICAR-AMPPCP AICAR-ATP FAICAR—ADP AMP—AMP AICAR—AMP AMP—AMP P—ATP BR—ADP
PDB code 2R7K 2R7L 2R7N 2R7M 2R84 2R85 2R86 2R87
space group R32 R32 R32 R32 R32 R32 R32 P2
resolution (A) 2.1 2.1 2.4 2.3 1.9 1.7 25 2.3
total no. of atoms 3035 3015 2942 2976 6308 6576 5535 17 028
no. of water atoms 108 128 58 94 624 656 133 541
R factor? (%) 20.8 20.9 21.2 20.4 17.5 16.6 219 20.3
red? (%) 24.8 26.0 28.0 25.7 195 18.6 23.9 24.4
rmsd from ideal geometry
bonds (A) 0.006 0.006 0.007 0.007 0.007 0.008 0.007 0.007
angles (deg) 1.018 1.004 1.125 1.093 1.072 1.140 1.024 1.067
Ramachandran plot (%)
most favored regions 91.0 92.0 89.1 91.3 91.1 90.6 90.7 89.1
additional allowed regions 8.7 7.7 10.3 8.4 8.6 9.1 8.7 10.3
generously allowed regions 0 0 0.3 0 0 0 0.3 0.3
disallowed regiorfs 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
av B factor (A2) 48.1 44.1 51.3 46.2 21.8 17.5 47.9 22.3

aRfactor= 3 nul|Fol — KIFc||/3>nlFol, whereF, andF; are observed and calculated structure factors, respectfEdr.Rree the sum is extended
over a subset of reflections (5%) excluded from all stages of refinerh@he residue in the disallowed region of the Ramachandran plot corresponds
to His27 forMjPurP and His11 foPfPurP.
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Ficure 1: Structures oMjPurP andPfPurP. The hexameric crystal structuresMjPurP (A, B) andPfPurP (C, D) are shown in ribbon
diagrams and colored by protomer. Compared to thaljfurP, the hexameric arrangementRiPurP has significantly less interactions
at the trimer-trimer interface and is possibly a crystallization artifact rather than biologically relevant.

Table 3: Buried Surface Area gh Cis cpmpgsed o_f residues 29561_/175%334. The core of
orace PP e domain C is a twiste@-sheet consisting of five antiparallel
S701d (Subunit AB) ;100 2100 strands (18L1219110t11)) and flanked by a long helixx9,
-0 subuni H H H
2-fold (trimer—trimer) 4600 1800 on one side and four helices on the other sidg2,3H10a

(a-helix in MjPurP and &-helix in PfPurP),a10, and 3,3.
Two helices, H8ad-helix in MjPurP and g-helix in PfPurP)
ando8, extend away from the core motif. These two helices
e O : and strands310 and 11 contribute significantly to the
helix in MjPurP and grhelix in PIPurP), anda6. Helices subunit interface by interacting with the same region from

a4 andob pack against the core mot|f_, while Héa and . the two adjacent protomers related by the 3-fold crystal-
wrap around domain C and serve as a linker between domain .
lographic symmetry.

A and domain B. Domain B is the smallest domain of the
three, consisting of residues 1:3804/114-180. The struc- Active Site CleftThe assembly of the A, B, and C domains
ture of domain B is am3 two-layered sandwich, comprised forms an active site cleft of approximately 25415 A x

of a four-stranded antiparall@-sheet (58!/617V) and three 10 A, with the long3-sheet from the C domain as the bottom.
flanking helices on the solvent-exposed facegl 307, and The AICAR/FAICAR binding pocket is formed between
H7a (@-helix in MjPurP and g-helix in PfPurP). Domain domains A and C and a small part of domain C from an

designated H). In addition to the core, the last 40 amino acids
of domain A contain four more helicesi4, o5, H6a (-
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Ficure 2: Conserved protomer architectureMjPurP and?fPurP. (A) A domain. The two insertion helicesMfPurP are colored in light

blue. (B) B domain. (C) C domain. (D) Stereodiagram of the protomer colored by domain. The B domain in closed and open conformations
is in dark blue and light blue, respectively, and the corresponding ADP/ATP in red and pink, respectively. (E) Topology diagram. The
conserved secondary structural elements betvid@&urP andPfPurP are numbered consecutively. The residue numbers are indicated in
blue for MjPurP and red foPfPurP.

adjacent protomer. The secondary structural elements in-throughout). The ATP binding site is sandwiched between
volved in the AICAR/FAICAR binding site include4, 511, the 5-sheets from the B domairp§, 57, and38) and C
09*, and loops connectingl andal, 52 anda2, andf11* domain 310,512, and313). Helix H8a* and the loop region
anda9* (the asterisk indicates a symmetry-related protomer following it also contribute to the ATP binding site.
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Domain Maement Obsefed for Domain B Two main two hydrogen bonds, and the last two hydrogen bonds are
conformations were observed in the structuresvipPurP provided by water molecules, which in turn hydrogen bond
andPfPurP: a closed conformation for aljPurP structures  to the Arg51 side chain and the backbone amide of Ser266*.
and the P~-ADP complex ofPfPurP and an open conforma- In the structure oMjPurP complexed with the products
tion for the rest of thePfPurP structures. In the closed FAICAR and ADP, the binding geometry of FAICAR is
conformation, the ATP binding site and the AICAR/FAICAR  similar to that of AICAR, except that the ribose moiety of
binding site are close together, while in the open conforma- FAICAR is in a slightly twisted 4endoconformation (Figure
tion the two sites are farther apart (Figure 2D). Loop436 3C,D). The substrate binding site residues superimpose well
141/11%+117 and loop 201204/175-178 appear to serve  between the two structures. The most significant differences
as hinges, allowing the B domain to move and consequently are for Arg314: the @ position moves approximately 0.5
to open and close over the substrate binding site. A closer to the ligand upon FAICAR binding. The guani-

P-Loop. The structures ofMjPurP complexed with  dinium group of Arg314 is in the vicinity of the formyl group
AICAR—ATP and with AICAR-AMPPCP (the nomencla- of FAICAR and donates a hydrogen bond with a distance
ture follows ligands bound at the AICAR/FAICAR site and of 2.9 A. However, Arg314 has weak density for the
the ATP site, separated by an en dash) have clear densityguanidinium group in the FAICARADP complex structure,
for the nucleotide triphosphate molecule, indicating that the which suggests high thermal motion. This thermal motion
ligand is relatively well ordered and fully occupied in the is probably related to the FAICAR binding, since Arg314
active site. In contrast, the predicted P-loop for ATP binding has clear electron density and a relatively low temperature
is partially disordered. Among all tHdjPurP structures, the  factor in the AICAR-ATP structure. The relatively weak
AICAR—AMPPCP complexed structure shows the most density for the formyl group carbon atom suggests that the
complete P-loop with only three residues missing (161 RGG formyl group also undergoes some thermal motion. Besides
163). ForPfPurP, the complete polypeptide chain was built Arg314, the His27 side chain and the backbone amide of
for the R—ADP complex (space group2;) and subunit A Gly317 are also potential hydrogen bond donors to the formyl
of the R—ATP complex (space grouR32, large unit cell). group.

However, the P-loop (135 GAKGG 139) and tfie and In the structure of théMjPurP complex with AMP, one
y-phosphates exhibit relatively high temperature factors and AMP molecule is bound in the AICAR/FAICAR binding
weaker electron densities, suggesting significant flexibility. site and the second AMP is bound in the ATP binding site.
The structures oPfPurP crystallized in the small unit cell The binding geometry of AMP at the AICAR/FAICAR
of space groupgR32 were determined at higher resolution binding site is essentially the same as that of AICAR, except
(1.7-1.9 A); however, the electron density is only interpret- that the Asn258 side chain is flipped to form hydrogen bonds
able for the AMP moiety even though ATP or AMPPCP with both the N1 atom and the N6 amine of the adenine
was present in the crystallization condition. Consistent with base.

the disordered phosphate groups, residues-134 from the ATP Binding Site of MjPurPWhile the AICAR molecule
P-loop also lack interpretable electron density and were is somewhat solvent exposed, the ATP molecule is mostly
omitted from the final model in this crystal form &fPurP. buried within the active site (Figure 3E,F). The ATP binding

AICAR/FAICAR Binding Site of MjPur®RVe have deter-  environment can be divided into three components: the base
mined the structures oMjPurP in four different ligand  binding site, the ribose binding site, and the triphosphate
complexes: AICAR-ATP, AICAR—AMPPCP, FAICAR- binding site. The adenine base is oriented through a mixture
ADP, and AMP-AMP. The substrate AICAR binds es- of hydrophobic interactions and hydrogen bonds. lle154 and
sentially the same in the AICARATP and the AICAR- Tyr201 pack against the adenine base from one side, while
AMPPCP complex structures. The ribose moiety of the Leu299 and Phe309 pack on the other side. There are a total
AICAR molecule is in a slightly twisted'sendoconforma- of four hydrogen bonds between the base and the enzyme.
tion (Figure 3A). Surprisingly, the ribose hydroxyl groups The N1 atom forms a hydrogen bond to the backbone amide
are solvent exposed and lack hydrogen bond interaction withof VVal202. The N6 amino group donates two hydrogen bonds
any active site residues (Figure 3B). The aminoimidazole- to the Glu199 side chain carboxylate and the carbonyl group
carboxamide moiety is mostly anchored through a pair of of Glu200. The N7 atom accepts a hydrogen bond from
hydrogen bonds between the carboxamide and the Asn258.ys156. The ribose moiety is in thé-8ndoconformation,
side chain. His27, lle255, Asp316, and Gly317 also help to and the hydroxyl groups of the ribose form a total of three
orient the imidazole ring through van der Waals interactions. hydrogen bonds to Glu230 and Arg238*. In addition, Tyr253
In addition, a water molecule that hydrogen bonds to the and Phe309 stack against the hydrophobic faces of the ribose.
carbonyl oxygen of His27 and the backbone amide of Thea-phosphate accepts two hydrogen bonds from Lys156
Glu265* also hydrogen bonds to the imidazole. A chloride and Tyrl66, and thg-phosphate forms one hydrogen bond
anion, presumably an artifact due to the high concentration with the carboxamide of GIn297. Thephosphate does not
of NaCl in the crystallization condition, was modeled near form any direct hydrogen bond with the protein; however,
the AICAR imidazole ring on the basis of the intensity of they-phosphate forms two hydrogen bonds with the AICAR
the electron density and the positively charged binding molecule (Figure 3B). In addition, water molecules are found
environment: His27 and Arg314 interact with the chloride to bridge between thg-phosphate and active site residues,
anion through electrostatic interactions/hydrogen bonds including Arg228, Tyr253, and GIn297 (Figure 3E).

(Figure 3A). The 5monophosphate is positioned by a total ~ The nonhydrolyzable ATP analogue AMPPCP binds at
of six hydrogen bond interactions. Ser94 and Ser266* eachthe active site in a geometry similar to that for ATP, with
provide a hydrogen bond to the phosphate with the side chainthe only difference coming from the positioning of the
hydroxyl group, the guanidinium group of Arg264* donates y-phosphate. The/-phosphate of AMPPCP binds more
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Ficure 3: Active site ofMjPurP. (A)F, — F. density contoured at@Baround AICAR and the chloride anion (green) of the AICARTP
structure. (B) Stereodiagram of the AICAR binding site for the AICARTP structure. The,-phosphate of AMPPCP from the AICAR
AMPPCP structure is superimposed and colored in light blue. Hydrogen bonds are indicated by dashed kes.KQJensity contoured

at 3r around FAICAR of the FAICAR-ADP structure. (D) Superposition of AICAR (purple), FAICAR (green), and AMP (gray) at the
active site. (EJF, — F. density contoured at 3o5around ATP of the AICAR-ATP structure. (F) Stereodiagram of the ATP binding site.

toward the solvent and makes only one hydrogen bond to Tyr98 and Ser26 inMjPurP are positioned too far for
the 2-hydroxyl group of AICAR (Figure 3B). Although  hydrogen-bonding interactions, provide two additional hy-
Mg?" ions were present in the crystallization and soaking drogen bonds to the'Bnonophosphate. As is the case for
solutions, there is no evidence of Nfghinding in any of the structure oMjPurP, a chloride anion is also found near
the MjPurP structures. the AICAR molecule, forming salt bridges or hydrogen bonds
AICAR Binding Site of PfPurP.he AICAR molecule was  with His1l and Arg287.
modeled in two conformations that differ mostly in the In the R—ATP and P—ADP structures oPfPurP, inor-
conformation of the ribose moiety: thé8ndoand 2-endo ganic phosphates, presumably coming from the crystallization
sugar conformations represent approximately 70% and 30%conditions, are bound at both the AICAR binding site and
of the occupancy, respectively. Despite the conformational the chloride binding site. The overlay of the structures
difference, the two conformers bind to the enzyme through showed that the second phosphate group has an oxygen atom
similar interactions. Given only four residues being different superimposed with the chloride and forms a total of five
(Tyr98/His75, lle255/Val229, Asp316/Val289, and Gly317/ hydrogen bonds with His11, Arg202, Arg287, and the main
Ala290, corresponding tMjPurPPfPurP throughout), the  chain amide of Ala290 (Figure 4D). In the AMRAMP
AICAR binding scheme is remarkably similar to that of structure ofPfPurP, the monophosphate nucleotide is bound
MjPurP, with most interactions through the aminoimidazole- at the AICAR binding site as well as the ATP binding site;
carboxamide moiety and the'-Bhonophosphate (Figures however, in the AICAR binding site the orientation of the
4A,B and 5A). His75 and Ser10, whose structural equivalents AMP is flipped relative to the substrate. Besides the
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Ficure 4: Active site ofPfPurP. (A)F, — F. density contoured at 3o5around AICAR and the chloride anion. For clarity only tHeeBdo
conformer of AICAR is shown. (B) Stereodiagram of the AICAR binding site. Arg202 is built in alternate conformations. (C) Putative
sodium ion (purple) binding site. The binding of the sodium ion is presumably a crystallization artifact. (D) AICAR binding sites of the
AICAR—AMP structure (silver blue) andiPATP structure (magenta) superimposed. The phosphate oxygen from-tA& P structure
overlies the chloride atom from the AICARAMP structure. (E) AMP bound at the ATP binding site in the open conformation, with F

— F¢ density contoured at 305 (F) Stereodiagram of the ATP binding site of the-RDP structure in the closed conformation.

interactions with the smonophosphate, an additional hy- substitutions (Glu199/GIn173, Cys208/Tyr182, GIn297/
drogen bond is formed between the N6 amino group and Glu270, and Leu299/Val272).

the carbonyl group of Ala74. The binding of the AMP  |n the remainingPfPurP structures, which are all in the
molecule at the AICAR binding site is only observed at high open conformation, the ribose moiety of ATP does not make
concentration of the nucleotide (50 mM) and is probably not any direct hydrogen bond interactions to the enzyme;

biochemically relevant. however, a water molecule was found to bridge between
ATP Binding Site of PfPurPThe R—ADP complex Glu204 and the hydroxyl group of the ribose (Figure 4E).
structure in space group2; is the onlyPfPurP structure in A metal ion was observed between the ATP binding site
the closed conformation. In this conformation the ADP and the AICAR binding site for the structures®fPurP in
molecule forms two hydrogen bonds through théydroxyl the open conformation, coordinated by the carboxylate group

group to Glu204 and Arg212*. Thé-Rydroxyl group forms of Glul104, the carbonyl groups of Glu98 and 1le284, and
a hydrogen bond to a water molecule that in turn hydrogen three water molecules in an octahedral geometry (Figure 4C).
bonds to the carbonyl group of Gly271. The P-loop encircles The coordination bond distances range from 2.3 to 2.6 A.
the-phosphate and forms a hydrogen bond through Gly139. On the basis of the binding geometry and the size of the
The rest of the ATP binding interactions resemble that of electron density, a sodium atom that presumably came from
MjPurP (Figures 4F and 5B), with only four residue the crystallization buffer was modeled at the metal binding
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MjPurP Table 4: DALI Search and Structure Comparis88)(Using the
PfPurP Structure ofM. jannaschiiPurP (2R7K) as the Refererice

A R228 no. of
D316

iss | 1202 | y3ag PDB aligned identity

vezs structure ID Z° rmsd residues (%)
Ras’ a0 PfPurP (closed) 2R87 423 14 322 50

| Ho/ N258 PfPurP (open) 2R84 40.0 2.2 319 50
HN NH, Nf\NH > N232 TkPurP (unknown function) 2PBzZ 34.9 1.7 287 36
‘\\. .': | I anana

w0 PurD 1GSO 19.8 3.5 282 11
PurT 1EZ1 195 3.7 269 14

G317 carbamoyl phosphate 1KEE 184 4.1 270 16

. 0
RS
oo o h250 synthetase
/o8 o R314 biotin carboxylase 1BNC 179 5.2 270 15
He7  FZ87 Purk 1B6R 17.1 3.1 244 11

S, oo H p-Ala-p-Ala ligase 110W 144 38 250 14
s94.-OH HO_ glutathione synthetase 1GSA 143 35 247 13
7 526 lysine biosynthesis enzyme 1UC8 13.9 3.2 226 12

S10 Lysx
synapsin la fragment 1AUV 133 35 236 11
inositol 1,3,4-trisphosphate 512N 12.5 3.9 232 10
B E199 6 kinase

E200
Qi7e E174

a Structures of hypothetical proteins oZacore below 10.0 are not
I I included.? Z = strength of structural similarity in standard deviations

.0 L
Kiaz Fogn Y201 above the expectedrmsd= root mean square deviation.
- Y175

e NHS N, the C domain, although PurD, PurT, and PurK have an
/ /N \NHN/ V202 additional C-terminal domain of approximately 70 residues
] g \V178 compared to PurP.
N

=

0 9 ﬁ' N Logs ATP or ADP complex structures have been determined
- R vare for all ATP grasp members from the purine biosynthetic

o]

y253 pathway except for PurD; however, an ordered P-loop has
HO  HO, vt only been observed for PurT, PurC, apfiPurP. Despite the
- low sequence conservation among the five enzymes, struc-
Oy O BN g R212 tural alignment of PurC, PurD, PurK, PurT, and PurP
ca08 NH revealed significant similarities at the ATP binding site
viez E230 "HoN shown in Figure 6. Because NI§was present in the

E204 . . . . . .. .
FiGURES: Active site comparison d¥ljPurP andPfPurP. The active crystallization solutions and is required for activity, it is

site residues are indicated in blue tdiPurP and red foPfPurP. surprising that no Mg” ions were found in the active site

In the AICAR binding site (A), only four residues are different of PurP. This may be a crystallization artifact caused by the
between the two structures and are highlighted by boxes: Tyr98/ interference of high salt concentrations. On the basis of the
His75, 11e255/Val229, Asp316/Val289, and Gly317/Ala290 (cor- gt ctural comparison with other ATP grasp members,

responding tavjPurPPfPurP throughout). In the ATP binding site . . - . AT
(B), also only four residues are different and are highlighted: G'U310 ofMjPurP is probably involved in Mg binding in

Glu199/GIn173, Cys208/Tyr182, GIn297/Glu270, and Leu299/ solution (Figure 6).
Val272. PurD, PurT, PurK, PurC, and PurP all recognize 5

) ) ) ) monophosphate substrates specifically. Structures of PurP,
site; h_owever, the_ den5|ty might also represent a partially PurT, and PurC complexed with &Sonophosphate ligand
occupied magnesium ion. are available. While the 'SBnonophosphate ligands are

generally in the same part of the fold, the details of binding
DISCUSSION are different for the four structures, which presumably have
Structural Comparison of PurP with Other ATP Grasp evolved to accommodate their specific substrates.

Superfamily Memberddany ATP grasp superfamily mem- Domain B and Substrate Binding Site Closufée open
bers have been structurally characterized, including glyci- and closed conformations observed in the structures of
namide ribonucleotide synthetase (PurR))( phosphori- PfPurP suggest that a hingelike movement of domain B is
bosylglycinamide transformylase (PurT)4j, N5-carboxy- associated with active site closure. In both conformations
aminoimidazole ribonucleotide synthetase (Pur¥)(phos- an ATP or ADP molecule is bound at the active site;
phoribosylaminoimidazolesuccinocarboxamide synthetasehowever, an MPD molecule identified on the domain
(PurC) @3, 24), biotin carboxylase?0), carbamoyl phos- interface of domains B and C, which is presumably a

phate synthetase38—35), p-Ala-p-Ala ligase (6), and structural artifact, may help stabilize the open conformation
glutathione synthetas&T, 38). Interestingly, PurD, PurT,  (Figure 2D). Similar conformational changes in the B domain
PurK, PurC, and PurP all belong to the purine biosynthetic between the unliganded and ATP-bound structures have been
pathway. Using the structure jPurP as the reference, a observed for PurK 42), carbamoyl phosphate synthetase
structural homology search and comparison was performed(33—35), and glutathione synthetas&7( 38). These observa-
with DALI (39), and the results are summarized in Table 4. tions suggest that B domain closure is probably a common
PurD, PurT, PurK, and PurP are more structurally similar to feature of the ATP grasp superfamily and is associated with
each other, while PurC only shares a similar topology with ATP binding.
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SITE @ SITE @ SITE ® SITE® SITE ®

MjPurP K156 E199 E230 Q297 E310
PfPurP K132 Q173 E204 E270 E283
PurD K145 E187 E194 G273 E286
PurT K155 E195 E203 E267 E279
PurK K120 E153 El61 E226 E238
PurC K13 Q69 E179 E179 E192

FiGurRE 6: Superposition of the ATP binding motif of PurD (1GSO, red), PurT (1EZ1, blue), PurK (1B6S, yellow), PurC (2GQS, silver
blue), MjPurP (dark green), anefPurP (light green). For site 1, a structurally conserved lysine residue from the P-loop is associated with
a-phosphate binding. For site 2, a glutamate or glutamine residue is responsible of base binding through a hydrogen bond to the N6 amine.
This conserved glutamate or glutamine resideg38r(using the nomenclature of PurP’s) except for PurC, in which case the glutamine
comes from an adjaceptstrand. For site 3, a glutamate residue, however coming from diff@rsirands 10 for MjPurP andPfPurP,

9 for PurD, PurT, and PurK, angiL2 for PurC), forms or potentially can form hydrogen bonds to the hydroxyl groups of the ribose. Sites

4 and 5 are involved in Mg binding in the structures of PurT and PurK.

Scheme 1
o] o] o]
o PurP (ij\NHz o <,NfLNH2 (NfLHHZ
HC N7 — (o)}
o )\ o IR PO N \ ro NN
ATP ADP ) o- (H op \ 0- H fOP  p 1 o- H
OH OH g OH OH By OH OH

Mechanistic ImplicationsPurP catalyzes an ATP-depend- on these observations, in which a formyl phosphate inter-
ent ligation and is structurally and functionally unrelated to mediate is positioned in the chloride binding site, show good
the bifunctional enzyme Purt®). As is characteristic of ATP  active site geometry (Figure 7). The FAICAR synthetase
grasp enzymes, the substrate of PurP is activated by ATP-reaction requires a base near the 5-amino group of AICAR.
dependent phosphorylation. A formyl phosphate intermediate His27 of MjPurP, which is conserved throughout all PurP
is predicted, as is the case fér coli PurT (L3) (Scheme 1). sequences, possibly provides this function.

The reaction would also be mechanistically analogous to the Sequence Analysis of PurP-like GenesarP is found in
formylglycinamide ribonucleotide (FGAR) amidotransferase most Archaea with more than one cof. furiosus for
(PurL) reactions40, 41) involved in the conversion of FGAR  example, has tw@urP genes (Pf0421 and Pf1517). In
to formylglycinamidine ribonucleotide (FGAM) and the preliminary studies, neithé?. furiosusgene product showed
aminoimidazole ribonucelotide (AIR) synthetase (PurM) detectable FAICAR synthetase activity. This observation
reaction converting FGAM to AIRZ1, 42). Both of these raises the possibility that the duplicated genes might have
enzymes are believed to utilize iminophosphate intermedi- alternative functions. To explore this possibility, we per-
ates. The PurM and PurL enzymes belong to a different formed a phylogenetic analysis of PurP sequences. Using

superfamily of enzymes than ATP grasp. MjPurP as the search sequence, a BLAST sead@ (
Attempts to crystallize the PurPAICAR—formate- revealed 41 putative PurP sequences after removal of
AMPPCP complex were unsuccessful; however NijigurP- duplicates and partial sequences. These sequences come from

AICAR—AMPPCP complex binds chloride anion, which a total of 22 archaeal organisms, 17 of which contain either
likely occupies the formyl phosphate or formate binding site two or threepurP genes, and share approximately-30%

and prevents formate from binding. TR€PurP-AICAR — sequence identity. A sequence alignment and phylogenetic
AMP complex also showed a chloride in the same position tree (Figure 8) were generated using CLUSTALXM)( The
as the chloride irMjPurP; however, in both thBfPurP- purP genes divide into three groups with two outliers. The

P,—ADP and PfPurP-P—ATP complexes, a phosphate first group has five memberd¥. jannaschij Methanococcus
occupies the chloride binding site. Modeling studies based maripaludis Methanopyrus kandlerMethanosphaera stadt-
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Ficure 7: Modeled formyl phosphate intermediate for the FAICAR synthetase reaction BljthegP active site. The intermediates were
modeled to optimize the reaction trajectories while using the observed AICAR/FAICAR binding sites as a constraint.
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Ficure 8: Phylogenetic analysis of PurP orthologues. The species containing PurP-like sequences are numbered in alphabetical order, with
the number of PurP alternate forms listed in parenthédg2urP, PfPurP, and PDB structure 2PBZ are highlighted by blue, red, and green
circles, respectively. TheurO gene containing species are indicated by stars. The symboticates a partial PurP sequence from
Methanococcugannielii, whose complete genome is not available at this point.

manag andMethanothermobacter thermautotrophictlibey FAICAR synthetases, but perhaps utilizing a different formyl
each contain a singleurP gene, and we conclude that these source, and (2) whether group 3 members are silent genes,
five PurP’s are FAICAR synthetases. Fifteen organisms, catalyze a different reaction, or have other noncatalytic
including P. furiosus have twopurP genes with one group  functions.

2 PurP and one group 3 PurPfPurP (Pf1517) belongs to
group 2, which can be further divided into three subgroups
and the secon®. furiosusPurP (Pf0421) belongs to group
3. No gene product from group 2 or group 3 has been
functionally characterized. One of the PurP’s fra@imermo-

Additional questions remain to be answered regarding the
' identification of the enzymes that catalyze the last two steps
of purine biosynthesis in Archaea. PurO, the known IMP
cyclohydrolase for the final step, is not commonly present

coccus kodakarensisvhich represents an outlier from the in Archaea. With the exception Methanosaeta thermophila

alignment, has recently been structurally characterized with andT_. kodgkaren;;sihepuro gene is found only in the five
ATP bound at the active site (PDB 2PBZ) by the New York Species with a singleurP gene (groqp 1.) a_nd four halo-
Structural GenomiX Research Consortium (NYSGXRC). bacteria organisms where tharP gene is missing altogether.

Structure 2PBZ shares approximately 30% sequence identityTherefore, PurO probably functions as an uncommon catalyst

to both MjPurP andPfPurP and forms a trimer. for the last step of purine biosyntheshdjPurP is the only

Further analysis of the sequence alignment revealed that€nzyme with confirmed AICAR transformylase activity in
key active site residues are mostly conserved for group 1/Archaea to date. As a signature gene PurP’s are widely
and 2 members but not for group 3. Asn258/232, the Presentin Archaea, and given the high sequence homology
asparagine residue interacting with the carboxamide of @mong the PurP groups, itis tempting to speculate that group
AICAR, is conserved for groups 1 and 2 but replaced by a 2 PurP’s are responsible for FAICAR synthetase activity or
histidine residue in all the group 3 sequences. In addition, might even catalyze the ATP-dependent ring closure to form
the motif KXsGR(K)G present in groups 1 and 2 corre- IMP. However, it is also possible that enzymes yet to be
sponding to the P-loop is replaced by KBRG(A) at the identified in Archaea catalyze these two reactions. The
aligned position for group 3. These observations raise the answer to these intriguing questions awaits further biochemi-
questions of (1) whether group 2 members also function ascal and structural investigations.
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