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ABSTRACT: Formylglycinamide ribonucleotide amidotransferase (FGAR-AT) catalyzes the conversion of
formylglycinamide ribonucleotide (FGAR), ATP, and glutamine to formylglycinamidine ribonucleotide
(FGAM), ADP, R, and glutamate in the fourth step of the purine biosynthetic pathway. PurL exists in
two forms: large PurL (IgPurl) is a single chain, multidomain enzyme of about 1300 amino acids, whereas
small PurL (smPurL) contains about 800 amino acids but requires two additional gene products, PurS
and PurQ, for activity. smPurL contains the ATP and FGAR binding sites, PurQ is a glutaminase, and the
function of PurS is just now becoming understood. We determined the structBeeitiis subtilisPurS

in two different crystal form#2; andC2 at 2.5 and 2.0 A resolution, respectively. PurS forms a tight
dimer with a central six-strandeg@tsheet flanked by four helices. In both th; and theC2 crystal

forms, the quaternary structure of PurS is a tetramer. The concave faces of the PurS dimers interact via
the C-terminal region to form a twelve-strandedbarrel with a hydrophilic core. We used the structure

of PurS together with the structure of IgPurL frddalmonella typhimuriunto construct a model of the
PurS/smPurL/PurQ complex. The HisH (glutaminase) domain of imidazole glycerol phosphate synthetase
was used as an additional model of PurQ. The model shows stoichiometry of 2PurS/smPurL/PurQ using
a PurS dimer or 4PurS/2smPurL/2PurQ using a PurS tetramer. Both models place key conserved residues
at the ATP/FGAR binding site and at a structural ADP binding site. The homology model is consistent
with biochemical studies on the reconstituted complex.

Our laboratories have had a long-standing interest in the Scheme 1: The Reaction Catalyzed by Formylglycinamide
formylglycinamide ribonucleotide amidotransferase (FGAR- Ribonucleotide Amidotransferase (FGAR-AT)
AT)! enzymes that catalyze the fourth step in the purine
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biosynthetic pathway. These enzymes catalyze the conversion J\ i HN™ G +Pi
of formylglycinamide ribonucleotide (FGAR), ATP, and o) HHN\R5P Iﬁa’n @gﬁ; OA‘HHN‘RE,P

glutamine to formylglycinamidine ribonucleotide (FGAM),

ADP, R, and glutamate (Scheme 1). PurL is the last
remaining enzyme in the purine biosynthetic pathway to
resist structural characterization and is of interest for three

FGAR FGAM

reasons. The first is that its elusive chemistry, activation of
an amide for nucleophilic attack through an iminophosphate,
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 Abbreviations: FGAR-AT, formylglycinamide ribonucleotide ami- -~ Qur initial interests focused on crystallization of the more
dotransferase; PEG, poly(ethylene glycol); FGAM, formylglycinamidine Y
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cum St, Salmonella typhimuriupBs, Bacillus subtilis recently resulted in successful reconstitution of the active

10.1021/bi0491292 CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/23/2004



10344 Biochemistry, Vol. 43, No. 32, 2004

Ficure 1: Organization of the PurSLQ protein complex and the
corresponding genes. Panel A presents the alignment of IgPurL an
the components of the PurSLQ complex. The N-terminal domain

Anand et al.

obtained fran 1 L of culture. The cells were either frozen

in liquid nitrogen or used directly in purification. Cells (3.5
g) were resuspended in 20 mL of buffer and lysed in wash
buffer. The supernatant was loaded onto a MonoQ HR 10/
10 Pharmacia column, and the protein was eluted using a
salt gradient as decribed for the wild-type Pugs. (The
eluted protein was then loaded onto a G75 Pharmacia gel
filtration column previously equilibrated with the wash
buffer. The protein fractions were collected, and the protein
was then dialyzed against Millipore filtered water containing
0.5 mM DTT. Typically, 50 mg of SeMet-PurS were
dobtained from 3.5 g of cells.

Crystallization of PurSlInitial crystallization conditions

in IgPurL (shown in green) corresponds to the PurS dimer, the for both native and SeMet-PurS were determined using sparse

FGAM synthetase domain in IgPurL (shown in blue) corresponds
to smPurL, and the C-terminal glutaminase domain in IgPurL

(shown in red) corresponds to PurQ. Panel B presents the

organization of thepurS purQ, andpurL genes in theB. subtilis
purine operon.

form of Bacillus subtilisFGAR-AT with the ratio of the
PurS/smPurL/PurQ proteins in the complex of 2:2)L (n

matrix screens Crystal Screen 1 and Crystal Screen 2
(Hampton Research) and 20 mg/mL PurS. Native PurS was
crystallized from 2.0 M ammonium sulfate, 6% PEG 400,
100 mM HEPES, pH 7.3. The crystals were grown at room
temperature using the hanging-drop vapor diffusion tech-
nigue. Drops (6.L) containing a 2:1 mixture of protein and
reservoir solution were optimal for crystal growth. Crystals

the present paper, we report the structures of two different grew over a period of 47 days. Under these conditions,

crystal forms of theB. subtilissmall subunit, PurS, required
for FGAR-AT activity.

Recently a structure of the PurS homologue frigletha-
nococcus thermoautotrophicuiMt) has resulted from a
structural genomics projecB). The crystallographic data,
supported by size exclusion chromatography (SEC) data an

mutagenesis studies, suggested that the active form of
MtPurS is a tetramer. Based on our recent structure of.

IgPurL, the biochemical studies on the correspondig

subtilis smPurL, and the structural studies reported herein,

PurS crystallizes in the monoclinic space grde@® with
unit cell dimensiona = 42.91 A,b = 87.96 A,c = 52.68
A, andp = 94.97.

The SeMet-PurS crystals grew in 20% PEG 4K, 5%
d%cherol, 15% 2-propanol, 100 mM sodium citrate, pH 5.6.
ptimal drop size was 4L using a 1:1 mixture of protein
nd reservoir. Under these conditions, the protein crystallizes
in the space groug2 with unit cell dimensions = 89.13
A b=42.21Ac=47.03 A andd = 118.22.

a

we present arguments that the tetrameric form of the MtPurs  Data Collection and Processing'he native data were

cannot be the physiologicially relevant form. Our PurS
structures in conjunction with the accompanying structure
for the IgPurL and the glutaminase domain of imidazole
glycerol phosphate synthetase have allowed us to model th

collected on a flash frozen crystal at 100 K. The crystals
were incubated in 0.085 M HEPES, pH 7.5, 1.7% PEG400,
1.7 M ammonium sulfate, and 15% glycerol for 2 s before
deing frozen in liquid nitrogen. X-ray intensities were

PurSLQ FGAR-AT. The model suggests that the active site measured using a MAR 345 mm image plate detector and

and the inactive ADP binding site found in IgPurL will also
be present in this complex.

EXPERIMENTAL PROCEDURES

Expression and Purification of Na# PurS and SeMet-
PurS. PurS was purified as described previous. (The
purified protein was dialyzed against Millipore filtered water
containing 0.02% w/v NaNprior to crystallization trials.
Production and purification of selenomethionine (SeMet)
incorporated PurS followed the same protocol as the wild-
type PurS 2) with a few modifications. pET-PurS was
transformed intcE. coli B834(DES3) cells (Novagen Inc.),
which are auxotrophic for methionine. The cells were grown
in 1 L cultures containing M9 media supplemented with 40
ug/mL L-amino acids (excluding methionine) x1BME
vitamin solution (GibcoBRL), 0.4% (w/v) glucose, 2 mM
MgSO,, 25ug/mL FeSQ-7H,0, 100ug/mL ampicillin, 0.1
mM CaCl, and 40ug/mL L-SeMet. Each liter of growth

Cu Ko X-rays from a Rigaku RU-300 rotating anode
generator. The data were measured ino&cillation steps
with 2 min exposure times and a crystal to detector distance
of 200 mm for a total of 180

The SeMet-PurS crystal was taken directly from the drop
and flash frozen in a nitrogen stream at 100 K. The data on
this crystal were measured at the NE-CAT beamline 8-BM
at the Advanced Photon Source (APS) using a Quantum-
315 detector (Area Detector Systems Corporation) in binned
format. An X-ray absorption spectrum in the vicinity of the
Se K-absorption edge was determined for the SeMet-PurS
crystal by recording X-ray fluorescence as a function of
wavelength. Diffraction data were then collected at the peak
of the spectrum (0.9791 A). The data were measured in 1
oscillation steps with a 10 s exposure time and a crystal to
detector distance of 300 mm. To minimize systematic errors,
BijvOet pairs were acquired close in time by collecting the
data in 53 wedges followed by a wedge having inverse beam

media was inoculated with 5 mL of a saturated starter culture geometry ¢ + 180°). The DENZO @) suite of programs

containing the growth medium wittkrmethionine in place
of L-SeMet. Before inoculation, the 5 mL of starter culture

was used for integration and scaling of all data. All crystals
showed multiple lattices. For the final dataset, two lattices

cells was pelleted and washed in the growth media to removewere independently indexed and integrated using space group

all traces ofL-methionine. Typically 3.5 g of cells were

P1. The datasets from the two lattices were scaled in space
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Table 1: Summary of Data Collection and Processing Table 2: Final Refinement Statistics
C2 form P2, form C2 form P2, form
resolution (A) 2.0 2.5 resolution (A) 25-2.0 25-2.5
wavelength (A) 0.979 1.54 total no. of non-hydrogen atoms 1360 2597
no. of refns 122 902 46 561 no. of protein atoms 1276 2505
no. of unique refins 10453 13414 no. of water molecules 184 92
redundancy 12.0 3.5 no. of reflns in refinement 19509 13053
completeness 98.0 (97.3) 98.2 (99.5) no. of reflections in test set 1821 666
Reym (%0)P 11.0(28.7) 9.7 (31.8) R factor (%} 21.7 25.5
llo 20.0 (10.0) 10.0 (5.0) Reree (%)° o _ 28.3 31.2
2Values for the outer resolution shell are given in parenthésRgm Rlvkl)ir?desvl(aAt;on from ideal geometry 0.004 0.007
=Y 5|l — OOVy dG) wherelCs the mean intensity of thid reflections angles (deg) 1 31 l 42
with intensitiesl; and common indicies k. averageB-factor (AZ) 18.1 35.0
Ramachandran plot
; ; f ot : most favored region (%) 89.6 84.9
groupC2. Final data processing statistics are shown in Table additional allowed region (%) 97 13.7
1. ggnerously allowed region (%) 0.7 1.1
Structure Solution and Refinememtitial phases were disallowed region (%) 0.0 0.4

obtained by molecular replacement, using a polyalanine aRfactor= 3 nl|Fobsd — KIFcaicd /3 il Fobsd, WhereFopsaand Feaica
dimer model based on the MtPurS structure (PDB code are observed and calculated structure factors, respecthedy. Riee,
1GTD) as the search moded)( Rotation and translation the sum is extended over a subset of reflections (8%) excluded from
searching were performed with the program CIBusing 2 Stages of refinement

data to 3.0 A resolution for the native PurS. Two dimers

were found in theP2; crystal form, resulting in one PurS (1), which is functionally most similar to BsPurQ, and the
tetramer per asymmetric unit. The tetramer showed 222 Thermus thermophilublisH (13% identity) 7), PDB code
noncrystallographic symmetry (NCS). Refinement of the 1KA9, which gave the highest score other than the StPurL
molecular replacement model was carried out at 2.5 A glutaminase domain in a PSI-BLAST8)( search using
resolution. The initial molecular replacement solutidd ( BsPurQ as the target sequence. The sequences were aligned
factor 45%) was optimized by rigid body refinement and using ClustalX §) and the alignment was manually adjusted
simulated annealing refinement. A composite omit map was with a bias toward moving insertions and deletions to loop
then used to build side chains through clear stretches ofregions of the IgPurL model. Homology models were
electron density with a polyalanine model in the rest of the generated for BsPurQ and BsPurL using Modeller version 6
regions. All model building for native PurS was performed (10, 11) using three cycles of slow MD annealing, corre-
using the computer program ®)( Successive rounds of rigid  sponding to Modeller parameters MD_LEVEE refine_3,
body refinement, simulated annealing, temperature factor LIBRARY_SCHEDULE= 2. Prior to molecular mechanics
refinement, and model rebuilding further improved the minimization, the PurQ and smPurL models were perturbed
model. The NCS constraints were kept on for initial rounds by applying random shifts betweer4 and 4 A to thenon-

of refinement and then slowly relaxed. Water molecules were hydrogen atoms. Ten models were generated in this way for
included in subsequent rounds of refinement based on theeach PurQ and smPurL. Hydrogen atoms were added with
criteria that the peak in difference electron density maps wasideal geometry and prior to full atom minimization the
greater than @ and the water molecule formed at least one hydrogen atoms of freely rotating groups were adjusted by
hydrogen bond with a protein, ligand, or water molecule. molecular mechanics energy minimization to remove bad
The final R factor of 25.5% (31.2%R.) Was high because contacts. After full atom energy minimization, the lowest

of overlap of reflections from the two separate lattices. energy model for each PurQ and smPurL was chosen for
The full atom nativeB. subtilisPurS structure was used ~modeling the PurSLQ complex. The rms deviations between
as the molecular replacement search model foomerystal ~ the lowest energy model and the other nine models ranged

form of the SeMet-PurS. Molecular replacement was per- from 1 to 1.5 A.
formed using CNSH) with the data to 3.0 A resolution. The The structure of IgPurL fron$. typhimuriunwas used as
C2 form of PurS contains a dimer in its asymmetric unit. A a template for assembling the PurS, smPurL, and PurQ
composite omit map showed some errors in the side chaincomponents. The lowest-energy homology models and a
placement. After manual adjustment of the model using O, dimer from the B. subtilis PurS crystal structure were
the model was further refined by the procedure described superimposed onto the IgPurL using matrices calculated by
above. The finalR factor after the addition of water DALI (12). Unfavorable steric contacts were resolved by
molecules was 21.7% (28.2%ee). The final refinement individually minimizing the interface regions between each
statistics are presented in Table 2. The Se atom positionsprotein pair while freezing all other atoms. The interface
were confirmed using an anomalous difference Fourier mapregions were defined as all residues having one atom
but were not directly used for phase calculation. (including hydrogen atoms) within 3.0 A of any atom in the
Construction of the PurS/smPurL/PurQ Complex Model. other protein. A final minimization of the entire structure
Models of B. subtilissmPurL and PurQ were constructed. Was performed with 10 kcal/(md\?) restraints on all non-
The BsPurL homology model was based on the FGAM hydrogen atoms.
synthetase domain &. typhimuriumigPurL (residues 215 A 4APurS/2smPurL/2PurQ complex was generated by
977; 21% identity). The PurQ homology model was based superimposing the two 2PurS/smPurL/PurQ complexes onto
on both the glutaminase domain of IgPurL (28% identity) the crystallographic tetramer of PurS from th2, crystal
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A are part of the three-strandgesheet found in each monomer.
All four helices are located on the convex face of the dimer.
They form a claw-like structure with a depression in the
center. The dimers from each space group are almost
identical.

PurS Tetramerln both theP2; and theC2 crystal forms,
the quaternary structure of PurS is a tetramer. In the case of
the P2; crystal form, the tetramer is formed by two PurS
dimers (A/B and C/D) that are related by a NCS 2-fold axis
(Figure 3A). However, in the case of tl@&2 crystal form,
the tetramer is formed by two dimers (AB andBA) that
are related by a crystallographic 2-fold axis (Figure 3B). For
both tetramers, the concave faces of the PurS dimers interact
via the C-terminal regions (straneB) to form a twelve-
strandegB-barrel. The core of thg-barrel is very hydrophilic
and is lined with residues Glu77, Arg75, Lys5, Tyr7, and
Tyrd2 from each of the four monomers. The helices are
located on the convex surface of the tetramer.

The hydrogen-bonding interactions responsible for the
formation of the tetramer are different in the two crystal
forms (Figure 4A,B). In the case of tHe2; crystal form
Ficure 2: Structure oB. subtilisPurS: (A) stereodiagram of the (Figure 4A)’ the tetramer is stabilized by four hydrogen

PurS dimer witha-helices in blue angs-strands in green; (B)
topology diagram for the PurS dimer. The secondary structural bonds formed between backbone atoms. The carbonyl

elements are labeled and the numbers for the first and last residue©Xygen and the amide nitrogen atoms of Val78A and Val78D
are given. The figure was prepared using MOLSCRIRE—18) are hydrogen bonded to the amide nitrogen and oxygen atoms
and RASTER3D 19). of Tyr76D and Tyr76A, respectively.

. ) ) The halves of the tetramer in th@2 crystal form are
form. The_ m_terface region between the two PurS dimers was siated by approximately 2Qvith respect to the tetramer of
then minimized. The point group symmetry of the PurS he pp, crystal form (Figure 4B). This results in a shift of
tetramer allows for two possible orientations of the second o hydrogen bonding pattern by two residues with respect
2PurS/smPurl/PurQ complex. Both orientations were ex- 1, thep2, form. The tetramer is stabilized by two hydrogen
amined and neither resulted in . u_nfgvo_rable interactions bonding interactions between the backbone carbonyl oxygen
between the two halves. Energy minimization of the complex a15ms of Val78A and the amide nitrogen atoms of Val78D
was carried out using the GB/SA solvation mode)and 5 the symmetry-related subunit. The tetramer is further
AMBER94 force field (4) implemented in version 7.2 of  gahilized by bridging water molecules that form hydrogen

the program MacroModellg). Structures were minimized  ponqs with the carbonyl oxygen atom of Tyr76 and the amide
to a gradient of 0.05 kJ/(md). nitrogen atom of GIugo.

RESULTS Crystal Pa_cking ContactsThe two c_rystal f(_)rms of PurS
show very different crystal packing interactions. The PurS
PurS Dimer The three-dimensional structure of PurS was tetramers are more densely packed in @#crystal form
determined by molecular replacement using a MtPurS dimer (solvent content 47%) thaP2, crystal form (solvent content
as the search moded)( B. subtilisPurS crystallizes in two ~ 60%). The tetramer of the2; crystal form packs against an
crystal forms,P2; and C2, under different crystallization  adjacent tetramer by interactions between heflxand the
conditions: one at pH 5.6 and the other at 7.3. The PurSloop 49-53. This is in contrast to the MtPurS structure in
monomer consists of 84 amino acids of which the first 80 whichal is involved in tetramer formatior8) (Figure 3C).
are visible in the experimental electron density maps for both The backbone carbonyl atom of Leul5A in helxi
the P2; andC2 crystal forms. In theC2 crystal form, there  hydrogen bonds to the NE1 nitrogen atom of His24C from
are two molecules in the asymmetric unit, whereas in the the adjacent tetramer. Hydrogen bonds also form between
P2, crystal form, there are four molecules in the asymmetric the backbone amide nitrogen atom of Asp53D and the OE1
unit. The PurS monomer consists of three antiparallel oxygen of Asp51D.
ﬁ—strands flanked by two helices (Figure 2) Healix extends The tetramer in space groug2 makes crystal packing
away from thes-sheet structure and is involved in interac- contacts with 10 different tetramers. The crystal contacts
tions with the adjacent PurS monomer, whereas heBx  primarily involve residues in helixxl and helixa2. The
packs against strangB. crystal packing interface is mostly hydrophilic and includes
PurS forms a tight dimer (2800%%uried surface area), several ordered water molecules. Key hydrogen bonding
which is generated by the noncrystallographic 2-fold axes interactions include the hydroxyl group of Ser20B to the OE2
in both theC2 andP2; space groups. The dimer interface is oxygen atom of GIu60A and NZ nitrogen atom of Lys64A
formed primarily by extensive hydrogen bonding interactions to the amide oxygen atom of GIn23B. There are also
between strand82 andf2' (residues A33-A48 and B33- hydrogen bonds between Asn32B and Thr69A, His32B, and
B48). These strands extend through the entire width of two Thr69A, Arg49B with Asp53A, Asp53B with Arg49A,
monomers and form 12 hydrogen bonds. These strands alsdslu55B with Tyr2A, and Glu76B with GIu80A.
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A

Ficure 3: Quaternary structure @&. subtilisPurS: (A) the tetrameric structure Bf subtilisPurS as formed in space gro&@;; (B) the

tetrameric structure oB. subtilisPurS as seen in space groGg. Each tetramer has 222 point symmetry with the 2-fold axes aligned
vertically, horizontally, and perpendicular to the page. The red/blue pair and the yellow/cyan pair form the dimers shown in Figure 2. The
hydrogen bonding between red and cyan monomers and the blue and yellow monomers are different for the two tetramers (see Figure 4 and
the text for a description). Panel C presents the tetrameric structure reported for MBRUFBe(figure was prepared using MOLSCRIPT

(16—18) and RASTER3D 19).

A

Ficure 4: Hydrogen bonding scheme at the tetramer interf88458'). Panel A presents hydrogen bonds for the tetramer in space group
P2,. Panel B presents the hydrogen bonds for the tetramer in space G&ufhe monomer designations correspond to the labeling in
Figure 3. Panel C shows a section of tHg 2- F. electron density in the vicinity of the tetramer interface in space gR#jpcontoured

at 1.50. Panel D shows a section of thE2— F electron density in the vicinity of the tetramer interface in space gfeipontoured at
1.50. The figure was prepared using MOLSCRIPI6{18) and RASTER3D 19).

Model of PurSQL Complexour recent biochemical studies the StPurL glutaminase domain (residues 101894) were
on smPurLs have demonstrated that an active complex isused with Modeller 11) to generate the PurQ model shown
formed from PurS/smPurL/PurQ in a ratio of 2:1:1. Our SEC in Figure 5A (red). More challenging was the model of the
studies did not, however, allow a definitive distinction smPurL protein (21% identity), which contains many more
between this stoichiometry and 4:2:2 stoichiomef)y The loops than PurQ. The structure of this domain within the
observation of two tetrameric BsPurSs (Figure 3A,B) would IgPurL identified four subdomains (A1, B1, A2, and B2).
seem to support the latter option. The biochemical data, our Structure-based sequence alignment of all smPurLs with the
recent structure of IgPurL, the wealth of knowledge about corresponding domain (residues 21%/7) of the IgPurL
the class | glutaminase domains, andBhsubtilisstructures were generated (Supporting Information). The modeling
of PurS offer the opportunity to model the smPurL FGAR- results are shown in Figure 5A and the exploded view of

AT. the complex in Figure 5B.
Initially we made a homology model of the PurQ and For the PurS component, the BsPurS X-ray structure was
smPurL proteins. For PurQ, tfigermus thermophiludisH, used. Amazingly, the BsPurS showed no significant sequence

the glutaminase domain of imidazole glycerol phosphate similarity to any part of StPurL. There is however, a striking
synthase, which has 13% sequence identity with PurQ, andstructural similarity between the N-terminal domain of
the C-terminal glutaminase domain of IgPurL, which shows StPurL and the BsPurS dimer (Figure 5C). The basic
28% sequence identity with PurQ, were employed. Structure-topology is a half-barrel maintained by extensive hydrogen
based sequence alignments and the structures of HisH andonding interactions between strafisand32' in the case
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B PurQ

@36

Ficure 5: Predicted structure of the PurSLQ complex. Panel A presents a stereoview of the model of the 2PurS/smPurL/PurQ complex.
The model consists of a PurS dimer shown in light green/dark green, smPurL shown in blue, and PurQ shown in red. The positions of the
PurQ and smPurL actives site are labeled. The location of the structural ADP molecule is also indicated. Panel B presents an exploded view
the PurSLQ complex. Subdomains of smPurL are indicated=(Adyan, B1= blue, A2= pink, and B2= magenta). Structural elements
involved in protein/protein interactions are labeled using the secondary structure designations for StPurL in the case of the smPurL and
PurQ domains (see Supplementary Figure 1). Panel C presents a comparison of the PurS dimer and the N-terminal portion{id€ijlues 1

of StPurL. The view is normal to the 2-fold axis of the PurS dimer and the pseudo-2-fold axis of the StPurL N-terminal domain. Secondary
structural elements and the N- and C-termini are labeled. The figure was prepared using MOLSORE8) @nd RASTER3D 19).

of the BsPurS dimer and strand2 andg4 in the case of  f-strands allow two half-barrels to join into a tetrameric
StPurL. In both folds, the centrlsheet core is flanked by  structure shown in Figure 3.

four helices that are involved in interactions with neighboring  The initial model of a 2PurS/smPurL/PurQ complex
domains in the case of StPurL and PurQ and smPurL in the (Figure 5A) was constructed by superimposition of Bhe
case of BsPurS. One difference is that the PurS dimer hassubtilis PurS dimer and the smPurL and PurQ homology
additional edge strand83 ands3', and forms a six-stranded  models onto the crystal structure of StPurl).(Multiple
half-barrel, while the N-terminal domain of StPurL forms a homology models were generated by randomization for the
five-stranded half-barrel. In the case of PurS, the additional PurQ and smPurL proteins. The models all showed the same
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general features after minimization, and the lowest energy
models of PurQ and smPurL were chosen for assembly of
the PurSLQ complex. The individual proteins superimposed
easily on the StPurL template resulting in very few bad

contacts between protein modules. The final model of the
PurSLQ complex shows a slight gap of a few angstroms

between PurS and PurQ proteins, corresponding to a gap

between the N-terminal and glutaminase domains of StPurL.
Closing of the gap is possibly associated with ammonia
channel formation in the active form of the complex.
Although the gap could be closed by manual adjustment, it
is retained in the model that we describe here.

Formation of the 2:1:1 complex buries 1437 At the
PurS/PurQ interface, 13442At the PurS/smPurL interface,
and 2965 A& at the smPurL/PurQ interface. The binding of
PurQ and smPurL to the PurS dimer is asymmetric with one
of the PurS monomers (light green in Figure 5) providing
most of the interactions with PurQ and smPurL. The main

interaction between the PurS dimer and PurQ is through helix

al (light green) of PurS, which spans residues-36, with
the loop preceding helixx32 in PurQ (PurQ and smPurL

structural descriptions correspond to StPurL numbering as

shown in Supplementary Figure 1). Residues 19, preced-
ing helix al in PurS, interact with smPurL via a stretch of
10 residues followings17 in the B1 domain. A loop
precedingx17 in the A2 domain of smPurL interacts with a
loop following a36 in PurQ. The N-terminal portion of PurQ
also interacts with residues froo20 in the B2 domain of
smPurL. Helixa13 in the B1 domain interacts with residues
following 526 in PurQ, and helix14 interacts with residues
precedingo32. The active sites of smPurL and PurQ are
separated by about 30 A.

4PurS/2smPurL/2PurQ Complex Mod&he observation
of a tetrameric structure in two different crystal forms of
BsPurS suggested the possibility of a 4PurS/2smPurlL/2Pur
complex. We constructed models for this complex by

superimposing two 2PurS/1smPurL/1PurQ complexes on the

BsPurS tetramer from thB2; crystal form. Two arrange-

ments are possible: a cis complex (Figure 6A) in which the
PurQ domains are on the same sides of the barrel forme
by the tetrameric core and a trans complex (Figure 6B) in
which the PurQ domains are on opposite sides of the
tetrameric core. No unfavorable interdomain contacts are

created in the assembly of either the cis or the trans 4purs/d
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PurS
tetramer

A
PurQ

PurQ

smPurL

B

smPurL

PurS smPurL

tetramer

PurQ

smPurL

Ficure 6: Model of the 4PurS/2smPurL/2PurQ complex: (A) the
cis complex; (B) the trans complex. The view is along the axis of
the barrel formed by the PurS tetramer. The PurS tetramer is shown
in green as a tube representation. PurQ and smPurL are shown as
surface diagrams in red and blue, respectively. The figure was
prepared using MOLSCRIPTL6—18) and RASTERS3D 19).

with 158 Gu positions gives an rms deviation of 2.7 A for
the P2, form and 2.8 A for theC2 crystal form. Between
the two structures, the helices align better than the central
pB-core, and the major structural differences are in a loop
spanning residues 4%3, which contains a four residue gap

Qin BsPurS relative to MtPurS. This loop also shows

significant variation in the two crystal structures of BsPurS.
The differences may result from crystal packing or from
differences in the pH of crystallization (pH 7.3 for tR2;
form and pH 5.6 for theC2 form). Sequence alignment of

gl4 different PurS sequences also shows high sequence

variation in this loop.

Despite the similarities in the dimeric structures of the
BsPurS and MtPurS, the tetrameric structures are very
ifferent (Figure 3A,B compared to Figure 3C). In the

2smPurL/2PurQ complex, and no interference with ligand MtPurS structure, the tetramer is stabilized by hydrophobic

binding sites is observed.

DISCUSSION

Comparison of Dimeric and Tetrameric Structures of
BsPurS and MtPurSDespite the low sequence identity

interactions of the two pairs of helices through the convex
surface of the dimer (Leull, Leul6, Ala2l, lle23, Leu29,
and Leu 30 from helixx1 and Leu66, Leu67, Leu71, and
Leu72 from helixa2). Analysis of the tetramers for th2;
andC2 crystal forms of BsPurS shows no similar interactions
to those found in MtPurS. In fact one of the faut helices

between MtPurS and BsPurS (25%), the structures of BsPurSrequired for tetramer formation in the MtPurS (Figure 3C)

and MtPurS both form tight dimers with a central six-
strandegb-sheet flanked by four helices. The dimer interface
is formed by interactions between the cenffadtrands 52
andf2', each 12 residues long and related by a 2-fold axis.
Two monomers form an interdigitated dimer in which helix
al and the first half of strang2 insert into the adjacent
monomer (Figure 2A). The concave surface of the six-
strandedj-sheet is exposed, and the convex surface is
flanked by the fouir-helices. A structural superposition of
the MtPurS dimer onto the BsPurS dimer using DALRY

is involved in direct interaction of PurS with smPurL in our
modeled complex structure (Figure 5A). Thus the tetrameric
form of MtPurS is unlikely to be a part of the physiologically
active form of FGAR-AT. It is possible that the presence of
a His-tag in MtPurS disrupts the biologically relevant
tetramer by inserting between the dimer hal\&sklowever,
this possible artifact does not exist for BsPurS, which was
expressed in a non-His-tag construct.

Evidence for a Single Acte Site in smPurL®Our structure
of IgPurL provided strong evidence for a gene duplication
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Ficure 7: Ligand binding sites for the PurSLQ complex. FGAR, ATP, and ADP were generated by superposition of the ligands from
StPurL using FGAR and ATP molecules that were modeled into the IgPurL activdsifeafhel A shows the FGAR and ATP binding site.

Panel B shows selected regions of sequence alignment between BsPurL and StPurL, corresponding to the FGAR/ATP binding site. Panel
C shows the MgADP binding site. Panel D shows selected regions of sequence alignment between BsPurL and StPurL, corresponding to
the structural ADP binding site. Conserved residues with Aradius of the ligands are shown in a ball-and-stick representation in panels

A and C. The figure was prepared using MOLSCRIR®+18) and RASTER3D 19).

ai7

event in the FGAM synthetase domain that by itself would glycine-rich region thought toéda P loop for phosphate
suggest the possibility of two active sites. However, the binding in StPurL, align with residues 11318 in BsPurL.
structure further revealed an unexpected tightly bound ADP This region is proposed to assist ATP binding. Residues
in one of these sites, suggesting that only the second site502—507 in StPurL, corresponding to residues 2237 in
was involved in catalysis. Structure-based sequence align-BsPurL, contain a conserved aspartate residue, which is
ments required for the homology model of the smPurL possibly involved in metal binding. Residues Lys292,
(Figure 7A,B, and Supplementary Figure 1) provide strong Pro299, GIn471, Glu546, and Glu549 in StPurL also align
support for identification of only a single active site where with residues Lys96, Pro103, GIn245, Glu317, and Glu320
FGAR and ATP bind (Figure 7A). The homology model of in BsPurL. Active site residues 24250 and residues 316
BsPurL preserves the key structural features of the central322 are completely conserved among all smPurLs but
FGAM synthetase domain of StPurL where the active site different in IgPurL.
lies between the Al and B1 subdomait} (The alignment A superposition of the PurSLQ complex onto the crystal
of 26 smPurL sequences reveals that the N-terminal half (A1 structure of StPurL reveals a possible channel similar to the
and B1 domains, Figure 5B) contains 63 fully conserved one formed by the N-terminal, A1, and B1 domains of
residues out of 350 total. In the other putative active site of StPurL. The analogous channels in BsPurSLQ and StPurL
the homology model, between the A2 and B2 subdomains have similar residues near the entrance of the FGAR/ATP
(Figure 5B), the number of fully conserved residues is only binding site; residues Arg121, lle131, and Glu252 in BsPurL
17. The higher degree of conservation in the A1 and B1 correspond to Arg317, 11e316, and Glu478 in StPurL. In
subdomains is consistent with an FGAM synthetase active addition, Phe1094 in StPurL, which probably acts as a gate
site residing in the N-terminal half of smPurL. to the glutaminase domain in StPurL, corresponds to residue
Putative active site residues that are absolutely conservedPhe52 in BsPurQ. The interiors of the channels show
among both smPurLs and IgPurLs are found in four segmentsconsiderable variation, both between large and small PurLs
of the polypeptide chain. Ser214, Glu215, and His216 in and within the small PurLs.
StPurL correspond to residues Ser52, Glu53, and His54 in  The PurSLQ model provides an explanation for the loss
BsPurL. These residues are on a loop thought to cap theof one of the smPurL active sites following gene duplication.
putative binding site for FGAR. Residues 29297 in StPurL As in the case of IgPurL, the homology model of smPurL
structurally align with residues 98102 in BsPurL and are  from B. subtilisshows 2-fold pseudosymmetry suggesting
proposed to line the entrance to the active site cleft and bindgene duplicationX). The PurSLQ complex model as with
the B-phosphate of FGAR. Residues 44450, a disordered,  the sequence alignments suggests that only one of the halves
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is catalytically active. There is only one glutaminase domain, ADP is required for formation of th@&. subtilis PurSLQ
and it contacts the N-terminal half of smPurL. In addition, complex @).

the entrance to the possible active site cleft in the C-terminal 4PurS/2smPurL/2PurQs 2PurS/1smPurl/1PurQ Com-
half is blocked by the helix connecting the A2 and the B2 plex? The two crystal forms oB. subtilis PurS show two
domains. Using the 2-fold pseudosymmetry to model a PurQ giferent but closely related tetramers. In addition, the
and a PurS on the A2/B2 sides results in blocking the FGAR mtpyrs can also form yet another tetrameric structure. The
entry point into the active site on the A1/B1 side of smPurL. gifferent crystal forms demonstrate the plasticity of the
Therefore, if smPurL were to contain two active sites, the tetrameric interface of which the buried surface area is about
PurQ domain of the 2-fold related site would block entry of 5094 that of the dimeric interface. Size exclusion chroma-
FGAR. Utilization of both potential active sites would require tography experiments on the MtPurS have been reported to
both PurQ and smPurL proteins to bind their substrates beforesupport a tetrameric structur@){while SEC on BsPurS gave
complex formation and complete dissociation of the complex gp, ambiguous result (30 kDa for a monomer of 10 kI2) (
to release products. SEC of theB. subtilisSFGAR-AT also gave ambiguous results
Evidence of an ADP Binding Site in smPurThe crystal (153 kDa, while a 2:1:1 complex would be 125 kDa). The
structure of IgPurL shows a deeply buried ADP molecule crystallographic data reported herein and our modeling
plus three Mg" ions bound in the C-terminal half of the  stydies show that a 4PurS/2smPurl/2PurQ complex can be
FGAM synthetase domainl). The ADP binding site is  constructed using the tetrameric PurS without creating
related to the FGAM synthetase active site by 2-fold ynfavorable interaction components. Thus while the crystal-
pseudosymmetry. Despite the low sequence conservation inggraphic data support a 4:2:2 structure, further biophysical
the C-terminal half of smPurLs with the IgPurLs noted above, methods are required to distinguish between this structure

there are sufficient similarities to generate a proposed ADP gnd the 2:1:1 complex in solution under physiological

binding site for PurSLQ (Figure 7C,D). The conserved
residues Glu483, Asn487, Asp636, Glu639, and Glu648 in
the vicinity of the M@* binding site in BsPurL, for example,
align with conserved Mg binding residues Glu718, Asn722,
Asp884, Asp887, and Glu896 in StPurL. Most of the strong
interactions occur between the andj-phosphates of ADP
and the Mg* ions, which in turn are stabilized by hydrogen
bonding interactions with the protein either directly or
through water molecules.

Similar to StPurL, the adenine base of ADP is located in
a hydrophobic pocket formed in BsPurL by residues Leul37,
Val426, Ty427, Tyr430, and Val334. In StPurL, the adenine
is further stabilized by hydrogen bonding interactions of the
N3 nitrogen atom with Asn668. In the case of BsPurL, the
N1 nitrogen atom of the adenine base hydrogen bonds to

conditions.
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Asn135. Sequence comparison of smPurLs shows that thisSUPPORTING INFORMATION AVAILABLE
residue is always aspartate or asparagine. Conserved Lys649,

which helps to stabilize the-phosphate of ADP, is located
at the C-terminus of the helix that bridges the two halves of
the StPurL FGAM synthetase domain. This residue is Lys423
in BsPurL and is also conserved among smPurLs. Among
the small and large PurLs, there is some variability in the
ribose binding region. In BsPurL, a conserved Lys450 is
positioned to bind the ADP sugar moiety, but there is no
counterpart of this residue in StPurL. StPurL utilizes the
backbone nitrogen atom of Ala678 to hydrogen bond to the
O3 hydroxyl of the ribose group of ADP, and Gly447 in
BsPurL is positioned to form an analogous interaction.

In the region where Mg/ADP binds in StPurlL, core
pB-strand 13 does not align structurally with BsPurL and is
much shorter in length. Residues 37409 that form a loop-
strand-loop moiety in StPurL have no structural counterpart
in smPurL. The sequence alignment of IgPurL with that of
smPurlL reveals a 15-residue gap in this region. A six-residue
strand in smPurL replaces the loop-strand-loop moiety
present in this region. As a result, the cenfiddarrel in the
case of smPurL is wider than that of IgPurL. The observation
of a structural ADP molecule in the crystal structure of
StPurL @), and the location of conserved residues in the
PurSLQ model suggest a similar ADP binding site for
smPurL. Recent biochemical studies have now shown that

Structure-based sequence alignment of all smPurLs with
the corresponding domain (residues 2857) of the IgPurL.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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