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ABSTRACT. Formylglycinamide ribonucleotide amidotransferase (FGAR-AT) catalyzes the ATP-dependent
synthesis of formylglycinamidine ribonucleotide (FGAM) from formylglycinamide ribonucleotide (FGAR)
and glutamine in the fourth step of the purine biosynthetic pathway. FGAR-AT is encoded pyrthe

gene. Two types of PurL have been detected. The first type, found in eukaryotes and Gram-negative
bacteria, consists of a single 140 kDa polypeptide chain and is designated large PurL (IgPurL). The second
type, small PurL (smPurL), is found in archaea and Gram-positive bacteria and consists of an 80 kDa
polypeptide chain. SmPurL requires two additional gene products, PurQ and PurS, for activity. PurL is a
member of a protein superfamily that contains a novel ATP-binding domain. Structures of several members
of this superfamily are available in the unliganded form. We determined five different structures of FGAR-
AT from Thermotoga maritiman the presence of substrates, a substrate analogue, and a product. These
complexes have allowed a detailed description of the novel ATP-binding motif. The availability of a
ternary complex enabled mapping of the active site, thus identifying potential residues involved in catalysis.
The complexes show a conformational change in the active site compared to the unliganded structure.
Surprising discoveries, an ATP molecule in an auxiliary site of the protein and the conformational changes
associated with its binding, provoke speculation about the regulatory role of the auxiliary site in formation
of the PurLSQ complex as well as the evolutionary relationship of PurLs from different organisms.

The purine biosynthetic pathway is ubiquitous in most Scheme 1
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related by symmetry to the active site. SmPurL, with a
molecular mass between 66 and 80 kDa, is found in archaea
and Gram-positive bacteria. This enzyme is homologous to
the FGAM synthetase domain of IgPurL and requires two
other gene products, PurQ and PurS, for activity. PurQ is
equivalent to the glutaminase domain, and a PurS dimer is
structurally homologous to the N-terminal domain of IgPurL
(11, 12). Recently, the PurLSQ complex froB subtiliswas
reconstituted and its formation shown to be dependent on
the presence of small molecules: MgADP and glutamine
(13). The formation of the complex, its stability, and the
channeling of ammonia between proteins of the complex are
not yet well-understood processes.

The phosphorylated FGAR intermediate also remains
elusive, although the Stubbe laboratory showed usiay
labeling experiments that the amide carbonyl oxygen of
FGAR is transferred to inorganic phosphat®). (Four
structures of various unliganded members of the PurM

superfamily are now availableE[ coli PurM (PDB entry
Ficure 1: Overview of the reactions catalyzed by the members of 1CLI), Salmonella typhimuriunPurL (PDB entry 1T3T),
the PurM superfamily. R is ribosé-phosphate. Ris H or protein Thermotoga maritim®urL (PDB entry 1VK3), and\quifex
backbone. Ris the Asn/GIn side chain or protein backbone. TMP . . .
stands for thiamine monophosphate. Proposed intermediates aré’FleOI'_Cus ThiL _(PI_DB entry 1VQV)_]’ k_)Ut hone contain a
shown in brackets. detailed description of the ATP binding pocket due to the
lack of a nucleotide complex. To characterize the ATP and
in the purine biosynthetic pathway of prokaryotes, three FGAR binding sites, and to obtain more information about
belong to the ATP grasp superfamily and two, PurL and the key features of the reaction, we undertook a crystal-
aminoimidazole ribonucleotide (AIR) synthetase (PurM), are |ographic study of smPurL fromi. maritimacomplexed with
members of the recently discovered PurM superfanBly ( various substrates, products, and substrate analogues. Mu-
The PurM superfamily contains a poorly characterized ATP- tagenesis and biochemical assays confirmed the identification
binding motif, which was identified through multiple-  of two residues that are important for catalysis.
sequence alignments with a signature sequenceGBXP,
present in all of the family member®)( To date, five
enzymes are considered to be part of this superfamily: PurM,
PurL, selenophosphate synthetase (SelD),-imiokel hy- Materials and Methods-FGAR was prepared from
drogenase maturation protein (HypE), and thiamine phos- chemically synthesized/S-GAR using glycinamide ribotide
phate kinase (ThiL)8). transformylase (PurT) as previously describ®4).(The PurT
Besides the signature sequence, the PurM superfamilyPlasmid was a gift from H. Holden (University of Wisconsin,
members are thought to be united by a similar catalytic Madison, WI) (5). E. coli PurM containing an N-terminal
mechanism (Figure 1). PurM catalyzes the conversion of histidine tag was purified as described previously (His-PurM,
FGAM to AIR in the fifth step of the purine biosynthetic ~ Specific activity of -2 units/mg) 6). ATP, ADP, phos-
pathway. This reaction is remarkably similar to that catalyzed Phoenolpyruvate, NADH, and pyruvate kinase (PK)/lactate
by PurL, and both may act through an iminophosphate dehydrogenase (LDH) (a premixed glycerol solution with
intermediate §). This intermediate, also proposed for HypE, 660 units/mL PK and 1350 units/mL LDH) were purchased
has become another hallmark of the PurM superfamiily ( from Sigma. NHCI was from Mallinckrodt. All spectro-
Little is known about this aspect of the mechanism of SelD Photometric assays were carried out on a Cary 3-Ui¢
and ThiL; however, a phosphorylated enzyme intermediate SPectrophotometer with temperature regulation using a Lauda
is a possibility. water bath. Circular dichroism and analytical ultracentrifu-
PurLs from eukaryotic (chicken and pigeon livers), Gram- gation experiments were carried out in the Biophysical
negative Escherichia Cou, and Gram_positive bacteria Instrumentation FaC|I|ty for the Study of CompIeX Macro-
(Bacillus subtiliy have been investigated in an effort to Molecular Systems [Department of Chemistry, Massachusetts
elucidate their reaction mechanism(8) 9). These studies  Institute of Technology (MIT)].
revealed that PurL exists in two forms, designated large PurL  Cloning of TmPurL The T. maritima purL gene was
(IgPurL) and small PurL (smPurL). LgPurL is approximately cloned from genomic DNA (ATCC) by standard PCR
140 kDa and has been found in eukaryotes and Gram-procedures using the KOD HiFi DNA polymerase (Novagen)
negative organisms. Structure and sequence alignments reveand the primers TML-Ndel and TML-Notl (primers 1 and
that it consists of three major domains: the FGAM synthetase 2, Table 1 of the Supporting Information). Taq DNA
domain, the glutaminase domain responsible for the hydroly- polymerase (Invitrogen) was then used to creatéA 3
sis of glutamine and generation of ammonia, and the overhangs on the PCR product, which was subsequently
N-terminal domain which may be involved in formation of ligated into the pCRII-TOPO vector (Invitrogen) in a
the ammonia channell(). Surprisingly, a tightly bound  topoisomerase-dependent reaction to make pCRII-TOPO-
(Mg?")s-ADP species was found in the crystal structure of TML. Colonies containing the insert were selected by blue-
StPurL in an auxiliary nucleotide binding site, which is white screening on X-Gal-containing media. The insert was

EXPERIMENTAL PROCEDURES
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isolated from the pCRII-TOPO-TML plasmid by digestion
with Ndel and Notl (New England BioLabs) and ligated into

Morar et al.

MgCl, in mother liquor for 30 min. The TmPurtFGAR
complex was obtained by cocrystallization of 1 mM FGAR

pPET-24a (Novagen) at the same restriction sites to createand TmPurL using the same conditions that were used for

pET-TML. Sequencing of the gene by the MIT Biopolymers
Facility revealed a silent mutation at nucleotide position 891
corresponding to an ATC— ATT change in the lle
codon.

Mutagenesis of TmPurLH72A and H32A TmPurL

native TmPurL. For the ternary complex, the TmPurL
FGAR cocrystals were soaked with 1 mM AMPPCP, 1 mM
MgCl,, and 2 MM FGAR in mother liquor for 1 h. The H72A
mutant was crystallized in 17% PEG 4K, 8% 2-propanol,
and 100 mM HEPES (pH 7.1). The H72A TmPufrL

mutants were prepared using standard site-directed mutagenAMPPCP complex was obtained by soaking the sample in

esis procedures with primers 3 and 5 (Table 1 of the
Supporting Information) 6, 17). The H32Q and H72Q

mother liquor with addition of 1 mM FGAR, 1 mM Mggl
and 1 mM AMPPCP for 2 h. The crystals for the H72A

mutants were prepared using a Quikchange mutagenesis kifmPurL—ADP complex were obtained by soaking the
(Stratagene) following standard procedures and primers 4sample with 1 mM FGAR, 1 mM MgGJ and 1 mM ADP.

and 6 (Table 1 of the Supporting Information).
Expression and Purification of wt and Mutant TmPurLs
The pET-TML plasmid containing either the wild type (wt)

All of the crystals were frozen in liquid nitrogen with 12%
glycerol with mother liquor serving as the cryoprotectant.
Data Collection and Processing'he data sets for the

or the mutant PurL gene was transformed into Rosetta(DE3) TmPurL—ATP/ATP, TmPurl-FGAR, and TmPurkt

E. coli (Novagen). Single colonies were used to inoculate 5
mL of LB medium supplemented with 3&/mL kanamycin
and 30ug/mL chloramphenicol and grown overnight at 37
°C. The saturated culture was then used to inoeulat of

LB medium containing the same antibiotics. The cell culture
was grown at 37C with shaking at 200 rpm, and after an
ODggo Of 0.7 was reached, the cells were induced with 200
uM isopropyl 5-p-thiogalactopyranoside at 2% for 6 h.
The cell pellet, usually~4 g/L, was collected by centrifuga-
tion and stored at-80 °C.

Cells (~4 g) were resuspended in 40 mL of TM buffer
[50 mM HEPES (pH 7.8) and 100 mM NacCl] with the
addition of COMPLETE Protease Inhibitors (Roche) and
lysed by sonication while being cooled in an ice/water bath.
A Sonic Dismembrator 550 device from Fischer Scientific
was used with &, in. thick flat tip ard a 5 spulse followed
by cooling fa 5 s over a period of 6 min. Cell debris was
removed by centrifugation at 17 000 rpm for 20 min. The
lysate was then loaded onto a HiTrap MonoQ FF column
(10/10, Pharmacia) equilibrated in TM buffer and washed
until the Aygo was <0.1. The protein was eluted with a 0.1
to 1 M NaCl gradient (150« 150 mL) at a flow rate of 2
mL/min while collecting 5 mL fractions. Fractions containing
TmPurL eluted at~200 mM NaCl and were concentrated
to 10 mL using a YM30 Centricon (Millipore).

FGAR—AMPPCP complexes were collected at the 8-BM
beam line of the Advanced Photon Source (APS) at Argonne
National Laboratory (Argonne, IL). A Quantum 315 detector
was used for data collection with oscillation steps of°0.5
an exposure time of 40 s, and a crystdetector distance of
300 mm for all of the data sets. The data set for the H72A
TmPurL complex with AMPPCP was collected at the SER-
CAT beam line of APS. A MAR 300 detector was used to
record X-ray intensities. The data were collected at 1
oscillation wih 5 s exposures for a total of 10@nd a
crystal-detector distance of 200 mm. The data for the H72A
TmPurL.—ADP complex were collected at the 8-BM beam
line of APS. The data were collected using a Quantum 315
detector at 0.50scillation with 30 s exposures and a crystal
detector distance of 300 mm.

The HKL2000 program suite was used to integrate and
scale all data setd8). The TmPurl-=FGAR cocrystal data
set was processed in monoclinic space grB@pwith the
following unit cell dimensions:a= 69.7 A,b=57.4 A c
= 75.5 A, andf = 114.2. The asymmetric unit (asu)
contains one monomer; the calculated solvent content is 43%.
The data for the TmPurtFGAR—AMPPCP complex were
in orthorhombic space groug;:2,2; with one monomer per
asu, 45% solvent content, and the following cell dimen-
sions: a = 58.4 A,b = 71.5 A, andc = 138.3 A. The

The concentrated protein was desalted with a Hi-Load TmPurL—ATP/ATP complex data were processed in space
Superdex 75 column (26/60, Pharamacia) equilibrated in TM groupP2;2,2; with one monomer per asu, 43% solvent, and

buffer. Protein was eluted with TM buffer at a flow rate of
2 mbL/min, and 2 mL fractions were collected. Protein-

the following cell dimensions:a = 56.9 A, b = 71.5 A,
andc = 137.4 A. The H72A TmPurt AMPPCP complex

containing fractions were concentrated to 10 mg/mL and was in orthorhombic space gro®#2,2,2; with the following

frozen in liquid N.. Typical protein yields were-20 mg of
protein/g of cells. All of the TmPurL mutants (H32A, H32Q,
H72A, and H72Q) were expressed and purified following

cell dimensions:a=56.6 A,b=70.0 A, andc = 133.5 A.
The asu contains one monomer, and the calculated solvent
content is 41%. The H72A TmPurtADP complex was in

the same protocol that was used for the wt protein (Figure 1 the P2,2,2, space group with one monomer per asu, 43%

of the Supporting Information).
Crystallization of TmPurLlInitial crystallization conditions

solvent content, and the following cell dimensiorss= 56.6
A, b= 710 A, andc = 137.0 A. Final data processing

were determined using Hampton Research Crystal Screen Istatistics are listed in Table 1.
and Crystal Screen 2. The hanging drop method was used; Structure Determination and RefinemeRhases for both

the drops contained/2_ of protein and 2:L of well solution.
The protein concentration was 10 mg/mL in 25 mM HEPES
(pH 7.7) and 50 mM NaCl. The optimized crystallization
condition was as follows: 17% PEG 4K, 4% 2-propanol,
and 100 mM HEPES (pH 7.3). The crystals grew in2l
days. The crystals of the TmPurlATP complex were
obtained by soaking the sample with 1 mM ATP and 2 mM

wt and mutant TmPurL complexes were obtained by mo-
lecular replacement using the deposited TmPurL structure
(PDB entry 1VK3). Rotation and translation were performed
using the CNS program suite with the data cutoff being at
4.0 A resolution {9). CNS and CCP4 programs were used
to refine all the structure0). Several rounds of minimiza-
tion, simulated annealing, temperature factor refinement in
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Table 1: Summary of Data Collection and Processing Stafistics

H72A H72A

TmPurlL—FGAR  TmPurL—AMPPCP TmPurlL—ADP  TmPurl.-FGAR—-AMPPCP  TmPur-ATP/ATP
resolution (A) 2.3 2.8 2.8 2.7 2.5
wavelength (A) 0.979 0.999 0.979 0.979 0.979
space group P2 P2:2:2; P2:2:2; P2,212; P212:2;
no. of reflections 39507 48531 56163 71415 74573
no. of unique reflections 19579 13589 14120 15867 18839
redundancy 2.2(2.1) 3.6 (3.7) 4.0 (4.0) 4.6 (4.4) 4.0 (3.9)
completeness 79.4 (78.4) 98.3(98.9) 90.5 (96.7) 97.7 (98.1) 96.2 (96.0)
Reym (%0)° 9.1 (22.4) 10.9(38.9) 8.2 (36.8) 14.0(38.8) 10.7 (28.7)
llo 9.2 (3.2) 9.6 (2.9) 16.8 (3.5) 8.8 (3.6) 9.8 (4.7)

2Values for the highest-resolution shell are given in parenthé@$g,= 5 5i|l; — OOVY () wherelCis the mean intensity dfl reflections with
intensitiesl; and common indiceh, k, andl.

Table 2: Refinement Statistics

H72A H72A
TmPurl—FGAR  TmPurL—AMPPCP TmPurL—ADP  TmPurlL—FGAR—AMPPCP  TmPurt-ATP/ATP
resolution (A) 56-2.3 20-2.8 50-2.8 43-2.7 32-25
total no. of non-hydrogen 5113 4703 4626 4852 4755
atoms
no. of proteins 4618 4429 4476 4625 4473
no. of ligands 24 38 30 63 78
no. of waters 471 236 120 164 204
no. of reflections in 17841 12154 11559 15163 18234
refinement
no. of reflections 900 653 616 741 896
in test set
R factor (%} 19.3 18.5 20.8 19.1 20.0
Reree (%0)° 25.0 28.3 27.6 26.6 25.3
rms deviation from
ideal geometry
bonds (A) 0.006 0.007 0.007 0.006 0.007
angles (deg) 14 1.4 1.4 1.4 1.4
averageB factor (A2) 23.7 26.0 42.0 24.1 24.7
Ramachandran plot
most favored 87.7 84.4 83.2 86.0 89.8
region (%)
additional allowed 115 15.2 15.4 12.8 9.6
region (%)
generously allowed 0.6 0.2 1.2 1.0 0.4
region (%)
disallowed 0.2 0.2 0.2 0.2 0.2

region (%)

aR factor = Ynul|Fobd — K|Fcall/YnklFobd, WhereFops and Fea are observed and calculated structure factors, respectiv@lye is the sum
extended over a subset of reflections that were excluded from all stages of refinement.

CNS, and Refmac5 refinement in CCP4i followed by manual (Pierce). Samples (4Qc.) were then diluted to 9.#M and
map refitting in O R1) were performed. A composite omit placed in double-sector Epon centerpieces with quartz
map was used when the models were refined manually.windows in an An60Ti four-hole rotor. Sedimentation was
Water molecules were included in subsequent rounds of monitored at 30 000 rpm for 24 h at 2& by continuous
refinement on the basis of the criteria that the peak in scanning at 280 nm along the length of the cell.
difference electron density maps was higher tham2d the SEDNTERP software from J. Philo was used to calculate
water molecule formed at least one hydrogen bond with a buffer density (1.00197 g/mL), viscosity (0.01002 P), and
protein, ligand, or solvent atom. Final data refinement protein partial specific volume from the amino acid content
statistics are listed in Table 2. (0.7444 mL/g) 22). Data (100 traces for each experiment)
Protein Concentration DeterminatiorProtein concen-  were fit using SEDFIT88 from 0.5 to 20 S using a continuous
trations were calculated using theg, [51 610 Mt cm™® distribution of sedimentation coefficients derived from solu-
obtained from ProtParam from the EXPASY website tions to Lamm equation228).
(www.expasy.ch)]. Circular Dichroism Spectroscopgircular dichroism (CD)
Sedimentation Velocity Analytical Ultracentrifugation (SV- spectra were collected on an AVIV model 202 CD spectro-
AUC). SV-AUC experiments were performed using an photometer (AVIV Biomedical, Inc., Lakewood, NJ). Pro-
Optima XL-1 analytical ultracentrifuge (Beckman Coulter, teins were dialyzed before the experiment against 10 mM
Fullerton, CA). Before each experiment, protein samples K,HPQO, buffer (pH 7.0) for 16 h using a Slide-A-Lyzer
were dialyzed against 50 mM Tris (pH 8.0), 20 mM KCI, cassette (Pierce) with a 10 kDa MWCO membrane. Spectra
and 20 mM MgCj for 24 h in a Slide-A-Lyzer cassette with  were collected for each samplegM) at 25°C ina 0.1 cm
a 10 kDa molecular mass cutoff (MWCO) membrane path length quartz cuvette in argon-degassed dialysis buffer
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by scanning from 300 to 190 nm at 0.5 nm increments with
a 0.2 s integration time.

Quantitation of Binding of [8“C]ADP or [8-1“C]ATP to
TmPurL. TmPurL (45 nmol) was added to a final volume
of 250uL containing 50 mM Tris (pH 8.0), 20 mM KCl, 20
mM MgCl,, and either 3 mM [84C]JADP (658 cpm/nmol,
Moravek Biochemicals, Brea, CA) or 3 mM [8E]JATP (659
cpm/nmol, MP Biomedical, Irvine, CA), and the reaction
mixture was incubated at 3T for 5 min. The [81C]ATP-

containing solutions also contained 1.5 mM PEP and 4 units/

mL PK (451 units/mg Sigma P-7768).

After being incubated, the sample was then applied directly
to a Sephadex G-50 column (1 cw 20 cm, Sigma)
equilibrated with 50 mM Tris (pH 8.0), 20 mM KCI, and 20
mM MgCl, at room temperature. Fractions of 0.5 mL were
collected, and 0.2 mL was mixed with 7 mL of Emulsifier-
Safe scintillation fluid (Perkin-Elmer) and analyzed by
scintillation counting. The remainder of the fraction was

Morar et al.
RESULTS

Structure Determination and Quality Assessment for the
Final Models The three-dimensional structures of the
TmPurL complexes were determined by molecular replace-
ment using the deposited TmPurL structure determined by
the Joint Center for Structural Genomics (JCSG, PDB entry
1VK3) as the search modell9). The resolution for the
structures ranged from 2.3 to 2.8 A, and the results, including
final R factors andRyee Values, are summarized in Table 2.

TmPurL consists of 603 residues with a molecular mass
of 66 kDa; however, all five structures have disordered
regions. In the TmMPurt ATP/ATP complex, and both H72A
TmPurL—AMPPCP and H72A TmPurtADP complex
structures, residues 18@07 were excluded from the model
due to the lack of clear density. This region was also missing
in the deposited structure. In the TmPwEGAR and
TmPurL—FGAR—AMPPCP complexes, residues 18807
are ordered and present in the final models. Due to poor

characterized by UV absorbance at 260 and 280 nm using &electron density, residues 485 are absent from the H72A

Bio-Rad Ultramark plate reader in a 96-well UV-transparent
plate (Corning). Protein content was quantified using a Lowry
assay 24) against a BSA standard and by tAgo

Enzyme AssaydmPurL was assayed in the absence of
PurS and PurQ by monitoring NBI-dependent FGAM
formation. FGAM synthesis was monitored directly using a
coupled, discontinuous assay with His-PurM and the modi-
fied Bratton—Marshall assay9). Each assay contained, in a
final volume of 40QuL, 100 mM Tris (pH 8.0), 20 mM KCl,
20 mM MgChk, 1.5 mM PEP, 10 units/mL PK, 20 units/mL
His-PurM, 750 mM NHCI, 10 mM ATP, and 5 mM
B-FGAR. The reaction was initiated by the addition of
enzyme {1-10 ug) and the mixture incubated at 3T
before the reaction was quenched with 100of 1.33 M
K.HPO, (pH 1.4) and 20% trichloroacetic acid followed by
derivitization and quantitation of AIR9].

TmPurL—AMPPCP structure, and residues 37%/8 are
absent from the TmPurtATP/ATP structure. All structures
contained one residue, Leu551, in the disallowed region of
the Ramachandran plot. This residue is located in a tight
turn involved in the binding of the phosphate tail of the
auxiliary ATP, and its electron density is unambiguous. The
quality of all models was verified using PROCHECRS].

Overall Structure.The fold of TmPurL is very similar to
that of the FGAM synthetase domain of laigetyphimurium
PurL (StPurL) €0). As in the FGAM synthetase domain of
StPurL, TmPurL can be divided into four subdomains: Al
and A2 make up the core of the enzyme, B1 is the N-terminal
subdomain, and B2 is the C-terminal subdomain (Figure 2A
and Figure 2 of the Supporting Information). The core of
the enzyme contains a central mix@dbarrel made of eight
long strands from subdomains Ag1—£4) and A2 (313—

ADP formation was assessed using a coupled assay aP?16). The barrel is flanked by four helicest5 ando6 on

37 °C with PK and LDH, monitoring NADH oxidation at
340 nm € = 6200 Mt cm™Y). The assay buffer was the

the N-terminal side (Al subdomain) and4 andal5 on
the C-terminal side (A2 subdomain). The B1 subdomain

same as described above except that it also contained 0.£0NSists of a seven-stranded mixed sheet, three long helices

mM NADH, 20 units/mL PK, and 42 units/mL LDH.

Determination of Kinetic ConstantKinetic parameters
for ATP were determined using the PK/LDH coupled assay
with 0—10 mM ATP in the presence of saturating amounts
of FGAR (5 mM) and NHCI (750 mM). Kinetic parameters
for FGAR were determined using the Brattoklarshall
assay with 65 mM FGAR in the presence of saturating
amounts of ATP (10 mM) and NAEI (750 mM). For H72A
TmPurL, the concentration of FGAR was varied from 0 to
32 mM. Parameters for NJ&I were determined using the
Bratton—Marshall assay with €750 mM NH,CI in the
presence of saturating amounts of ATP (10 mM) and FGAR
(5 mM). Data were analyzed using a nonlinear regression
analysis with KaleidaGraph (Synergy) and eq 1.

v = Vil SI(Kp, + [S]) (1)

Preparation of FiguresAll figures were prepared using
ChemDraw, MOLSCRIPTZ5), and PYMOL @6). All the

stereoview figures were prepared using PYMOL and
RASTERS3D 7).

(more than 10 residues in length), and three short helices.
The helices form most of the interdomain contacts with the
Al subdomain, while the sheet is more solvent-exposed. The
B2 subdomain is the smallest of the four. It contains a five-
stranded antiparallgl-sheet which is flanked by two helices.
The helices come in contact with the A2 subdomain, while
the sheet is exposed to the solvent.

Nucleotide Binding in the Aaté Site.Four structures of
TmPurL complexed with various nucleotides were obtained.
A ternary complex of TmPurL with a nonhydrolyzable ATP
analogue, (Mg"),-~AMPPCP, and FGAR was obtained from
cocrystallization of the enzyme with FGAR and soaking with
AMPPCP and MgCl Soaking of the wt enzyme with Mggl
and ATP vyielded a structure with (Mg)-ATP in the active
and auxiliary sites, resulting in the TmPurATP/ATP
structure. Soaking of the H72A mutant TmPurL crystal with
FGAR, AMPPCP, and MgGlyielded a structure with
(Mg?")-AMPPCP in the active site. Soaking the H72A
TmPurL mutant crystals with FGAR, ADP, and MgCl
resulted in a structure containing (fgs -ADP. While the
number of bound magnesium ions varies between complexes,
one ion is observed in the same binding site for all structures
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Auxiliary Site Active Site

Ficure 2: (A) Overall structure of the TmPurtAMPPCP-FGAR ternary complex. TmPurL can be divided into four major subdomains:

Al (colored cyan), B1 (colored blue), A2 (colored pink), and B2 (colored magenta). Helices colored yellow are equivalent of the linker
domain in StPurL 10). The loop colored red is disordered in the previously reported structures and becomes ordered upon FGAR binding.
Shown in ball-and-stick representation are the AMPPCP and FGAR molecules bound in the active site and a phosphate ion bound in the
auxiliary site. (B) Stereoview that zooms in on the bound nucleotide analogue (colored gray). The signature binding n®#XPXs

highlighted in orange. Magenta spheres represent magnesium ions, and red spheres represent water molecules. Residues shown in ball-
and-stick format are magnesium ligands.

and appears most relevant for nucleotide binding (see below).molecules. Mg2 is ligated by thg- and y-phosphates of
As shown in Figure 2A, the active site is located in a cleft AMPPCP, Asp236, and Asp94 (Figure 3). All of the residues
formed by the A1, A2, and B1 subdomains. Inthe TmPurL  that serve as ligands to the magnesium ions are highly
FGAR—AMPPCP ternary complex, the substrate analogue conserved among smPurLs and IgPurLs. While the coordina-
(AMPPCP) is bound in the active site. The adenine base oftion and positioning of Mgl vary between complexes of
the nucleotide is sandwiched between two parallel strands,different nucleotides, Mg2 binding is consistent for all
p14 andp15, of subdomain A2 on one side and helig of structures.
subdomain Al on the other side (Figure 2B). Residues Tyr35, The nucleotides from the other three complexes bind in
lled42, Leud5, and Val474 make up the hydrophobic pocket the same location as and with an orientation similar to that
for adenine binding (Figure 3). The N6 atom of the adenine of the AMPPCP molecule in the PurlFGAR—AMPPCP
base donates a hydrogen bond to the side chain of Asn442ternary complex. The adenine ring utilizes the same hydro-
while N1 accepts a hydrogen bond from the same residue.phobic contacts and hydrogen bonds in all four complexes.
Unlike most ATP binding motifs, which usually utilize acidic ~With the exception of the-phosphate, the overall interac-
residues to form hydrogen bonds with tHedhd 3-hydroxyl tions in phosphate tail binding are similar in all structures.
groups of the ribose moiety, no interactions are observed Residues Tyr35 and Asn478, strictly conserved within PurLs,
between the ribose of AMPPCP and PurL. A highly and magnesium ions are involved in the binding of the
conserved glutamate, Glu51, is located within hydrogen nucleotide phosphate groups. Glu70, Asp94, and Asp236,
bonding distance of the ribose; however, the side chain of conserved throughout the PurM superfamily, serve as
this residue is disordered, and its conformation could not be magnesium ligands. The Mg2 binding site, which utilizes
determined. The phosphate tail of AMPPCP is bound Asp94 and Asp236 as ligands and consistently appears in
perpendicularly to a strardoop—helix motif, composed of  all complexes, is likely to be conserved in PurLs. Moreover,
p6 and 09, of subdomain A2 via two magnesium ions, Asp94 is part of the signature DBRAXP motif, suggesting
termed Mgl and Mg2. Mgl is coordinated by thephos- that Mg2 binding is conserved among PurM superfamily
phate of the analogue, Asn478, Glu70, and two water members.
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Ficure 3: Active site of TmPurL. (A) Stereoview of the active site of the TmMPuAIMPPCP-FGAR ternary complex. FGAR and AMPPCP

and residues that come in direct contact with the substrates are depicted using ball-and-stick representation. Magenta spheres represent
magnesium ions. Hydrogen bonds and metal coordination bonds are depicted with dashEglirfesdensity for the ligands and magnesium

ions with a contour level of 1bis colored blue. (B) ChemDraw representation of the active site shown in panel A. Residues labeled in

red are highly conserved among smPurlLs and IgPurLs. D94 is the aspartate of the signature binding n®AXBPX

In both the ATP and AMPPCP complexed structures, the backbone was clear but is observed in two conformations.
y-phosphate of the nucleotide points into the active site, but In the ATP-bound complex, the orientation of this loop is
with different orientations. In the AMPPCP structure, the ~180° opposite from that in the ADP binary and FGAR
angle defined by the C and O atoms of the C6 carbonyl group AMPPCP ternary complexes. In the latter complexes, the
of FGAR and the phosphorus atom of thephosphate is  loop is brought closer to the nucleotide binding site compared
approximately 160 The C6 carbonyl oxygen atom is located to the ATP complex with a root-mean-square deviation
3.9 A from the phosphorus atom and 3.5 A from the closest (rmsd) of 10 A determined using PROFIR9). In all
phosphate oxygen atom. The-phosphate in the ATP  complexes, the interactions between the loop and ATP, as
complex was modeled with 50% occupancy pointing both well as the rest of the protein, are unclear due to poor side
into and away from the active site and FGAR binding chain density. However, the loop is positioned to partially
location (Figure 4A). The high flexibility of the phosphate shield the nucleotide from the solvent upon complex forma-
tail in the absence of the second substrate is a likely reasontion.
for the observed variations. This flexibility also results in  Auxiliary ATP Binding Site.Soaking the wt TmPurL
greater thermal motion of magnesium ion Mg2, which has a crystal with ATP resulted in an ATP molecule bound in the
B factor of 50, rather tharr20, as observed for magnesiums auxiliary binding site as well as the active site. This site is
in the other complexes. related to the active site by 2-fold pseudosymmetry (Figure

A different conformation of a flexible loop that consists 2A). The auxiliary ATP is located in a cleft between the
of residues 4855 and caps the nucleotide from the solvent centrals-barrel, subdomains A1 and A2, and the N-terminal
is observed between the various complexes (Figure 4A). In sheet and helices of subdomain B2. The hydrophobic pocket
the H72A mutant TmPur AMPPCP structure, this loopis  of the adenine ring consists of Leul09, lle119, Leul38,
completely disordered, while in the other structures, the C Ala366, and Phe370 (Figure 5). The N6 atom of the adenine
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Ficure 4. Conformation changes in the active site. (A) Superposition of AMPPCP from the ternary complex (blue) with the ATP molecules
from the ATP complex (red) showing the flexibility of the phosphate tail. The loop capping the nucleotide from the bottom is shown as a
ribbon illustrating the variation in conformation. (B) Stereoview of a superposition of the FGAR-bound vs unbound complexes. Colored
blue is the uncomplexed enzyme, and colored gray and magenta is the complexed enzyme. Magenta indicates the part of the large loop that
becomes ordered upon FGAR binding and gray the residues that shift upon FGAR binding.

base donates hydrogen bonds to Asp107 and Glul137, whileall three phosphates of the ATP, is also absent in the active
the N1 atom accepts a hydrogen bond from Aspl07, site of TmPurL. Mutagenesis data (described below) further
assuming that Asp107 is protonated in a buried environment. confirm that the enzyme contains only one active site.
The 2-hydroxyl group of the ribose ring interacts with the FGAR Binding and the Associated Conformational Change.
backbone of Gly136. The' 3iydroxyl group is bound by the  The structure of the TmPurL ternary complex with FGAR
backbone carbonyl of Gly388 and the amide nitrogen of and AMPPCP and the structure of the TmPu4RGAR
Gly386. All three phosphates of the ATP molecule are ligated binary complex show a FGAR molecule bound in the active
by a magnesium ion. Additionally, thfephosphate hydrogen  site of the enzyme (Figure 3). The orientation of the FGAR
bonds to His556, angi-phosphate interacts with Arg139, molecule in both complexes is identical. It is held in place
His405, Lys429, Ser548, and Ser549. Residues Gly136,through hydrogen bonding to residues that are highly
Glu137, and Gly386 are highly conserved among smPurLs conserved among smPurLs and IgPurls; these residues
(Figure 5B). include His32, Ser71, His72, Asn73, His74, Arg93, Glu280,

When the auxiliary ATP binds, some conformational GIn282, and Ser480. The proximity of His32 and His72 to
changes in the enzyme are observed compared to thehe site of amidine formation suggests that these residues
unbound structures. The most dramatic movement with a play roles in catalysis. As discussed subsequently, these
rmsd d 5 A is that of a strand consisting of residues 363  residues were targeted for mutagenesis. The phosphate
373 toward the ATP molecule, bringing some of the moiety of FGAR is ligated by Ser71, Asn73, His74, and
hydrophobic residues such as Ala366, Val369, and Phe370Ser480. The 2hydroxyl group of the ribose moiety donates
closer to the adenine moiety of ATP. Another notable change a hydrogen bond to Glu280, while thé-t8ydroxyl group
is the flipping of the backbone carbonyl of Pro385, which donates a hydrogen bond to the backbone carbonyl of
is part of a turn utilized in binding the ribose of the ATP  Gly189. This ribose Sphosphate binding site is distinct from
molecule. In the absence of the auxiliary ATP, this carbonyl that found in other purine biosynthetic enzym&3. (The
group hydrogen bonds to the backbone amide of Gly388. formyl group is bound by Arg93, GIn208, and GIn282
When ATP binds, Gly388 interacts with thé-t3ydroxyl (Figure 3B).
group of the ribose moiety of the nucleotide; in turn, the  Aloop of 22 residues (186207) that is disordered in both
carbonyl of Pro385 flips to avoid a close contact with ATP, the deposited TmPurL and StPurL structures is ordered in
and the amide nitrogen of Gly386 forms a hydrogen bond both FGAR-bound structures (Figures 2A and 4B). This loop
with the 2-hydoxyl group of the ribose (Figure 5C). Residues comes directly in contact with the substrate via residue
373—-378 were excluded from the model of the ATP complex Gly189 that accepts hydrogen bonds from thedhd 3-
due to the lack of density; this region is present in the other hydroxy groups of the FGAR ribose moiety. Gly189 in turn
structures. donates a hydrogen bond to Ala193 within the loop (Figure

Even though phosphate was absent from the purification 4B). While the backbone of His74 interacts with the
buffers or the crystallization conditions of TmPurL, a strong phosphate moiety of FGAR, the side chain hydrogen bonds
phosphate density was found in the ternary AMPPCP to the main chain of Glu195, also within the loop. Ala190
FGAR and binary AMPPCP structures. The phosphate ion and Ser194 form a hydrogen-bonded pair. These interactions
is located at the-phosphate position of the auxiliary ATP  involving residues 188195 allow formation of a small
(Figure 5B). It accepts hydrogen bonds from Arg139, Ser548, a-helical segmeni7. The rest of the region (residues 196
Ser549, and Lys429. 205) comes in contact with a loop of residues 4839 in

A comparison of the two symmetry-related ATP binding subdomain A2. This loop shifts by approximately 2.5 A
sites reveals sufficient differences to suggest that the auxiliarycompared to the apo structure to satisfy hydrogen bond
site is not catalytic. The active site lacks positively charged interactions with the previously disordered region. The side
residues utilized in ATP binding by the auxiliary site. The chain of Asp196 donates a hydrogen bond to the main chain
hydrogen bonding network between the enzyme and theof Thr484 and in turn accepts bonding from GIn486 and
ribose, as well as the unusual magnesium binding utilizing Gly487. Residues Leu197 and Thr484 also make a hydrogen
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FicurRe 5: Auxiliary site of TmPurL. (A) Stereoview of the auxiliary site of the TmP&ATP ternary complex depicting, in ball-and-stick
representation, direct interactions of the auxiliary ATP molecule with the residues of the protein. A magenta sphere represents a magnesium
ion. Hydrogen bonds are depicted with dashed lifigs;- F. density contoured at 205is colored blue. (B) ChemDraw representation of

the auxiliary site shown in panel A. Residues labeled in red are highly conserved among smPurLs. (C) Stereoview of the conformational
changes associated with auxiliary ATP binding. ATP-bound TmPurL is colored gray, and the unbound form is colored magenta. The ATP
molecule is colored black using ball-and-stick representation, and the magnesium ion is colored cyan; the phosphate ion present in the
unbound structure is colored orange.

bonding pair. The ordering of the loop completely shields tion can be monitored by coupling the reaction to PurM or
the FGAR molecule from the solvent and is likely to protect ADP formation can be monitored by coupling the reaction
intermediates from hydrolysis. to PK/LDH (13). Intriguingly, the PK/LDH assay could not
Activity of wt TmPurL Given that we have not yet be used to monitor GIn-dependent product formation with
reconstituted a. maritimaFGAR-AT complex from sm-  the BsPurLSQ complex due to the appearance of long lag
PurL, PurQ, and PurS, we chose to assay smPurL activity phases in the kinetics that were not present when BsPurL
by monitoring NHCI-dependent FGAM synthesis. We have was assayed in the absence of PurS and PurQ witiCNH
previously shown that iB. subtilissmPurL FGAM forma- as the nitrogen sourceld). This eventually led to the
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Table 3: Kinetic Parameters for TmPurL Table 4: Binding of Nucleotide to TmPurL

Km (MM) Keat (5712 incubation  incubation nuleotide:protein
wt enzyme time (min) temperature®C) pH molar ratio
FGAR 1.05+/— 0.06 0.40+/—0.01 wt enzyme
ATP 0.26+/— 0.04 0.41+/—0.02 3 mM ADP 5 37 8.0 0.042-/—0.024:1
NH.CI 158+/— 10 0.39+/—0.01 3mM ATP 5 37 8.0 0.74-/—0.07:1
H32A mutant ND <0.000F 1 mMATP 30 25 8.0 0.66-/—0.09:1
H32Q mutant ND <0.0001 1mMATP 30 25 7.0 0.76-/—0.05:1
H72A mutant H32A
FGAR® ~38 mM ~0.020 3mM ATP 5 37 8.0 0.74+/—0.03:1
H72Q mutant ND 0.0019+/— 0.0003 H72A
3 mM ATP 5 37 8.0 0.45-/—0.01:1

a Activity calculated fromVmax as determined using eq 4This
corresponds to K, of 5.7 mM for NHs. ¢ Not determined? No activity
could be detected above the lower limit of detection for the Bratton  in the B. subtilis smPurL appears to be slightly weaker,
Marshall assay® The H?ZA _mutant could not be saturated with FGAR, ) a|though rapid protein aggregation abov&in the absence
anq severe substrate inhibition was obser_v_ed above 16 mM, making it of ADP has made its binding difficult to study (A. Hoskins
difficult to calculate an accuraté,. In addition,K, values for ATP . S .
and NH,CI could not be accurately determined due to the inability to and J. Stubbe, unpublished results). The binding of ATP in

saturate with FGAR, the high background ATPase, and the poor the auxiliary site in one of our crystal structures raised the
sensitivity of the PK/LDH assay Activity determined at 8 mM FGAR possibility that ATP, rather than ADP, acts as a tight-binding
aciiiy was determined at 4 i FGAR, Suggesting the enzyme was S\ Uotural component with TmPurl.
activity was , H H H H
satura);ed; however, the low activity preven'?e% furtr?er analygis. To address this questlo_n, bmdl.ng é@]ADP or_ATP to
TmPurL was monitored in solution by incubation of the
o ) nucleotide and enzyme at 3€ and pH 8.0, followed by
realization that ADP was acting as a necessary structuralseparation of the protein and unbound nucleotide at room
cofactor for assembly of the FGAR-AT complek3]. temperature (Figure 3 of the Supporting Information).
At 37°C and pH 8.0, we were readily able to demonstrate Experiments were also carried out to mimic crystallization
TmPurL FGAM synthetase activity~0.34 unit/mg, Table  conditions (25°C and pH 7.0). The results are summarized
3). A contaminating ATPase7% of wt FGAM synthesis)  in Table 4. They indicate that while only a small amount of
was present in all enzyme preparations (including the H32 ADP can be isolated with the enzyme (0.04 equiv), the
and H72 mutants described below) and was subtracted fromenzyme readily forms an isolatable complex with ATP (0.7
initial velocity measurements. As with tiie subtilisenzyme, equiv). The calculated stoichiometry is based upon an
the NH,Cl-dependent activity is not ADP-dependent, since extinction coefficient of TmPurL [from ProtParam
inclusion of PEP and PK in the assay buffer had no effect (www.expasy.ch)].
on the observed activities. Assays were attempted at higher The ATP binding data are reminiscent of observations
temperatures to replicate the physiological conditions for the made by both the Buchanan and Stubbe laboratories on the
thermophilic enzyme; however, precipitation was observed chicken liver FGAR-AT. Buchanan and colleagues noted
at=50°C, and these experiments were not pursued further. many years ago that this enzyme has the unusual property
It is possible that the enzyme is only heat-stable as the of being able to form a tight, isolatable complex with FGAR
assembled FGAR-AT complex. and ATP (0.7 ATP/enzyme ratio) in the absence of glutamine
A kinetic analysis of the enzyme revealed several interest- (30, 31). The ATP likely binds in the active site of chicken
ing features (Table 3). First, thies values for both the  liver PurL, as the auxiliary site should contain ADP on the
ATPase and FGAM synthetase activities are very close (0.40basis of sequence homology with StPurL. In contr&stoli
and 0.41 sY), indicating ATP hydrolysis is coupled to FGAM  IgPurL is unable to form an isolatable complex with ATP in
formation. Second, it is interesting to note that the enzyme the presence or absence of FGAB)( Therefore, at least
can be readily saturated with N&I (K, = 158 mM). one, but not all, FGAR-AT enzymes can bind substrates
Assuming that the enzyme uses Nas its actual substrate, tightly. We favor the idea that tight ATP binding in TmPurL
this corresponds to K, of 5.7 mM at pH 8.0, indicating s occurring in the auxiliary site and not the active site on
that the enzyme displays binding characteristics similar to the basis of thé,, for ATP (2604M); however, more work
those of BsPurL K, = 3.5 mM) (13). Finally, given that  is necessary to rule out tight, active site ATP binding for
these assays are conducted under nonphysiological temperTmPurL.
ature and salt conditions in the absence of the PurS and PurQ Activity of H32A(Q) and H72A(Q) TmPurlThe crystal
subunits and with NECI rather than the natural substrate, structures of TmPurL in the presence of substrates, substrate
glutamine, we were particularly surprised by the very high analogues, and products implicate the role of two conserved
activity displayed by this enzymekf: ~ 0.4 s?). This histidine residues in catalysis. To investigate this proposal
turnover is nearly 10-fold higher than any other reportedNH  further, four site-directed mutants of the enzyme were
Cl-dependent activity for a FGAR-ATO( 13, 30). After the constructed and assayed using procedures developed for the
T. maritimaFGAR-AT complex has been assembled in vitro, wt enzyme. No FGAM synthetic activity was detected for
it will be interesting to determine what similarities are shared either the H32A or H32Q mutant, indicating that the rate is
with the B. subtilisFGAR-AT complex. less than 1/4000 of that of the wt enzyme. This result
Binding of ADP and ATP by TmPurlln the case of  implicates His32 as playing an essential catalytic role.
StPurL, the ADP cofactor occupying the auxiliary site is  The H72A mutant displayed 1/20 of the wt activity with
bound so tightly that it copurifies with the enzyme and can a dramatically increaseag, for FGAR (Table 3). In contrast,
be removed only by protein denaturatidi®). ADP binding the H72Q mutant displayed 1/200 of the wt activity, and a
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Km could not be determined due to the slow turnover. Results surface, with the ribose and the phosphate tail being largely
with the H72A and H72Q mutants indicate that this residue exposed to the solvent. The solvent accessibility of the
is not essential for catalysis but may function as a general nucleotide is distinct from the mode of ATP binding in the
base catalyst given its position adjacent to the FGAR amide ATP grasp motif used by several enzymes in the purine
and is important for FGAR binding. pathway. In the ATP grasp superfamily, MgATP binding
An additional conclusion that can be drawn from the triggers a conformational change that results in inaccessibility
H32A(Q) and H72A(Q) mutants is that mutation of active of the entire ATP molecule, not just thephosphate. In the
site residues inactivates the enzyme despite leaving thePurM superfamily, the adenine moiety of the ATP is
auxiliary ATP-binding site intact. This indicates that despite sandwiched between the N-terminal ends of two parallel
having the capacity to bind the ATP substrate, the auxiliary S-strands14 andf15, in subdomain A2 on one side and
site is not capable of Ni€I-dependent FGAM synthesis. helix a3 of subdomain Al on the other side (Figure 2). The
Biophysical Characterization of wt and Mutant TmPurL  ®-helix exhibits amphipathic character, with several posi-
Given the many problems we have encountered with protein tively charged residues pointing to the solvent, and hydro-
aggregation with BsPurl1@), it was important to determine ~ Phobic residues lining the adenine moiety.
that the effects on activity observed with tfiie maritima The phosphate tail is bound via two magnesium ions
H32 and H72 mutant enzymes were due to the active sitePerpendicular to a strandurn—helix motif, 56 anda9, of
mutations rather than protein aggregation or unfolding. To subdomain A2. The stabilization of the binding of the tail,
address protein folding, CD spectroscopy and SV-AUC Mediated entirely through the magnesium ions, is very
experiments were carried out. different from that in the classical mononucleotide binding
As shown in Figure 4 of the Supporting Information, CD fold or the ATP grasp motif where the phosphates of the

spectra of the wt and mutant enzymes are similar, indicating ATP @ré bound by conserved positively charged residues.

that the mutant enzymes are folded. Previous studies on Bs! "€ turn in this strandturn—helix motif contains three

smPurL demonstrated aberrant behavior on gel filratigy (~ S€quential glycines and an alanine (G388, A389, G390, and
but normal behavior on SV-AUC3@). Therefore, to look G391) which aIIt_JW fo_r its tightness. The flnggrprlnt sequence
for aggregation on the TmPurL, we carried out SV-AuC nitially used to identify the PurM superfamily, DIEAXP,
experiments. The data (Figure 5 of the Supporting Informa- Makes up a helixtumn—strand motif,a5 and /2, of the
tion and Table 2) indicate that the predominant species in aCtive site pocket (Figure 2B). Asp94 of the fingerprint serves
solution for both the wt and mutant enzymes is the smPurL &S @ ligand to one of the magnesium ions, while the GAXP
monomer. Higher-molecular mass aggregates were observednOlif participates in the formation of the centfabarrel. A
for only the H72A mutant and correspond t®6% of the flexible loop of 'sul.)domaln A1l caps the nucleotide from the
total protein species. The CD and SV-AUC data indicate POttom upon binding.
that the loss of activity observed with the H32 and H72 = Remarkably, all of the secondary structural elements, the
mutant enzymes is likely due to the absence of the histidine Nydrophobic pocket containing the helix with a large number
side chain rather than protein misfolding or aggregation. Of basic residues, the glycine-rich turn used in phosphate
Active Site of the H72A MutanStructural analysis of tail binding, and the flexible loop capping the nucleotide,
H72A PurL in comparison to the wt structure revealed that are also observed in the active sites of large StPurL, EcPurM,
this mutation did not affect the active site globally. No gnd AaThiL (Figure 6A)'.A5p94 of the fmg_erprlnt sequence
dramatic changes in the position of the mutated residue and" -IngI’D url\l;l stru(cj:t/LAJ\ralI;/lalllgpri_\ll\_lltglAsp?r]lS n:hStPurL, ASp.94
surrounding residues are observed. The mutation appeared . crurivl, and Asp/L in Thil.. AlSo, the other magnesium
to have no effect on the ATP binding site. However, it did '”d'F‘g residues and the residues that make up the hydro-
affect binding of FGAR. All cocrystallization attempts with ?ho_k?m pockgt for ?:(jenme;ge S:I'ELongly %Onse“fd amonfg the
FGAR and the mutant under identical conditions that were tz;nll%mem %rs ( '?E{’;e P )M ese fo s_lerva |0n§dco?f_|rrg
successful with the wt protein were unsuccessful. Moreover, a 5 memf ers o _f L:‘rth sulper 3m| y Wer;a identine
soaking FGAR into the native protein crystals completely c.orr_(lec.ty sod ?frl InhSptI;? of the tOW degree of sequence
destroyed them, while soaking of the mutant at equivalent simiiarity and the short ingerprint region.

; ; ; ; Comparison of PurL and PurM Acte Sites.While the
concentrations resulted in no physical change in the crystals. N X :
Py g y secondary structure used for ATP binding in the active site

DISCUSSION of TmPurL is very similar to that in the active site of PurM,
the FGAR/FGAM versus FGAM/AIR binding sites appear
ATP-Binding Motif of the PurM SuperfamilymPurL is to be quite different. The PurM structure lacks the helix
a member of the PurM superfamily of ATP-utilizing enzymes composed of residues 2@7 (a2) that binds the formyl
that contain the DXGAXP motif identified through BLAST group of FGAR and contains a catalytically important
searches and multiple-sequence alignments. This superfamilyesidue, His32. Also, the large loop that undergoes a
is quite small with only five members having been identified disorder-order transition upon FGAR binding in PurL
to date (Figure 1). While structures of three of these enzymes,(residues 186200) is absent in PurM. Both of these
StPurL, E. coli PurM, andA. aeolicusThiL, have been  structural elements are used to bury the substrate deeply in
determined, all are in the unliganded for6) {0). TmPurL the active site pocket of PurL.
complexes reported here thus provide the first structural |n the reported EcPurM structure, the N-termini of two
insight into this novel ATP-binding motif. monomers (residues-20) were found to partially cover the
The nucleotide molecule binds in a large cleft formed by active site cleft, while the N-termini of the other two
the core of the enzyme, subdomains Al and A2, and the monomers in the crystallographic asu were disorde6d (
N-terminal subdomain, B1 (Figure 2A). It binds close to the Sequence alignments reveal that Tyr9, Gly13, Vall4, Aspl5,
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A

B TmPurr 36 SHTKKYIRR-LPK 67 FKIESH 72
StPurl 220 KIFN-LFEKKMIEKN 291 MKVETH 296
EcPurM B21 AL-VGRIKGVVEKK A62 SGTDGV A67
AaThil AlQ0 GL-IDLIKKTLES A40 LTTDVL A4S

102 233 GRQDLGAGEVLSATSELV 250
326 499 FIHDVGAGELSNAMPELV 516
Al02 A244 AIRHLTGCEFWENIPRVL A261
A79 A204 ASMDIS-DRLVADANKLA A221

TmPurL 85 ATGVGGIIREVLAN
StPurl 309 ATGSGGEIKREGAT)
EcPurM ABS5 IDLVAMCVNELVV
AaThil A62 WKAISVNVSVIAD

TmPurl 440 ITNCVNYG 447 474 VAS@NASLY 482
StPurlL 736 LSRNWMAR 743 772 IPVEKDSMS 780
EcPurM B105 FLDYYATG Bl1l2 B137 LVGEETREM B145
AaThil B82 ALISLNLF B89 B115 VVGENISKS B123

Ficure 6: (A) Stereoview of the nucleotide-binding pocket of the novel ATP-utilizing superfamily: superposition of TmPurL (blue),
StPurlL (red), EcPurM (yellow), and AaThiL (green). The black stick figure represents the AMPPCP molecule bound in the active site of
TmPurL, and the magenta spheres are the magnesium ions. The numbering is of the TmPurL residues that make up the pocket. (B) Sequence
alignment of the residues involved in ATP binding in the active site based on the structural superposition of TmPurL, StPurL, EcPurM, and
AaThiL. Residues highlighted in red are highly conserved among the members of the novel ATP binding family, and residues highlighted

in yellow are strongly conserved.

and Gly19 are all conserved among PurMs and could play strictly conserved among PurMs, found in the active site of
important functional roles. On the basis of the structural EcPurM (Figure 7B). The location and orientation of these
superposition of TmPurL and EcPurM, the N-terminus of histidine residues are different from those of the conserved
PurM could serve the same function @2 (residues 26 His32 and His72 in TmPurL. This observation would also
37) of PurL and partially shield the active site. However, a support different FGAM binding, if the histidine residues
conformational change moving the N-terminus closer to the indeed play similar roles in the catalytic mechanisms of both
active site would be necessary to accomplish this task. enzymes.

The superposition of the PurM and PurL structures also  Whether PurM undergoes a conformational change to
reveals that in PurM a highly conserved hali% (residues accommodate its substrate, whether FGAM itself binds
190-205) extends at an angle of approximaté &@ay from differently, or whether both occur cannot be deduced from
the large flexible loop of PurL and away from the active the simple comparison of the available structures of the two
site (Figure 7A). The area occupied by the base of this helix enzymes. A crystal structure of PurM in complex with
overlaps with that occupied by FGAR in PurL. PurM could FGAM or AIR as well as careful modeling of the substrate
undergo a different conformational change to bind its in the active site would provide more information about the
substrate: a reorientation of the hetiboop motif in the binding site. This would allow for further speculation about
active site instead of an ordering of a similar motif as seen the relationship between the two enzymes and their reaction
in PurL. This movement would allow for the extra room in  mechanisms.
the active site pocket needed to bind FGAM. It would also  Implications for the Catalytic MechanisrBeveral mech-
cover the substrate, thus providing a more stabilizing anisms have been proposed for amidine formation (Figure
environment and preventing hydrolysis of the reacting 8) (34). One involves nucleophilic attack on the amide
intermediates. carbonyl by ammonia which forms the tetrahedral intermedi-

In EcPurM, a sulfate molecule is bound in the active site ate or transition state (td or ts 1, respectively) that is then
in a position proposed to be the binding location for the 5 phosphorylated by ATP (td or ts 2). This intermediate
phosphate of the FGAM moleculé)( The superposition of  collapses to generate FGAM. The second involves ATP
the PurM and PurL structures places the sulfateGd\ from phosphorylation of the amide oxygen which forms an
the B-phosphate of the FGAR molecule and 10 A from the iminophosphate. This intermediate then interacts with am-
y-phosphate of ATP. This observation suggests that FGAM monia to generate the same td or ts 2 as in the previous
will bind in a different orientation in PurM compared to PurL. mechanism that then collapses to form product. Both
Also, there are two histidine residues, His190 and His247, mechanisms have enzymatic precedent: the former in
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Ficure 7: Comparison of the TmPurL and EcPurM active sites. (A) Stereoview of a superposition of TmPurL (blue) and EcPurM (red).
FGAR bound in TmPurL is shown as a green ball-and-stick figure, and a sulfate ion bound in EcPurM is shown as a yellow ball-and-stick
figure. Numbering in black is of TmPurL residues and in red is of EcPurM residues, with A and B labels used to distinguish the two
monomers in the EcPurM dimer. (B) Close-up stereoview of the active site showing the conserved Asp94 fromGAXPXnotif and
the catalytic histidines. PurL is colored light blue with the FGAR molecule colored green, and PurM is colored pink with the sulfate ion
colored yellow.

H
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Ficure 8: Two possible mechanisms for amidine formation originally proposed by Westhed@)eR(is ribose 5phosphate; td means
tetrahedral and ts transition state.

glutamine synthetase catalyzed phosphorylation of the sul-in catalysis. The location of His72, which is oriented by
foximine analogue of glutamine3%) and the latter in the  Gly83 in the active site (Figure 3B), suggests that it might
CTP synthetase reactior3q). It should be noted that in  function as a general base catalyst to remove a proton from
glutamine synthetase, phosphorylation of the sulfoximine NH;* in mechanism 1 (Figure 8, top pathway) or to
occurs on the nitrogen and not the oxygen of the inhibitor deprotonate the amide in mechanism 2 (Figure 8, bottom
(37, 38). An additional twist that can be accommodated pathway). Rate decreases of-2200-fold are not uncommon
within both mechanisms is the initial phosphorylation of the with mutations of general base catalysts in enzyn3&k (t
enzyme by ATP30). Thus far, all efforts to provide evidence is likely that His72 also plays an important role in FGAR
of intermediates in the IgPurL-catalyzed reaction have beenbinding and in the orientation of the FGAR amide toward
unsuccessful3o, 32). ATP. The role of His32 is more difficult to assess, although
The structure of the TmPurtFGAR—(Mg?"),AMPCP it is clearly essential for catalysis. The orientation of the
complex, sequence alignments, and the resulting mutagenesig-phosphate of ATP relative to this residue is key to defining
studies have demonstrated the importance of two histidinesits function. ATP analogues such as AMPPCP can have
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Ficure 9: Comparison of the TmPurL and StPurL auxiliary sites. A stereoview of a superposition of the TaPLPLcomplex (blue)

and StPurL (yellow and orange). ATP bound in TmPurL is shown as a ball-and-stick figure colored black, and the magnesium ion is
colored magenta; ADP bound in StPurL and the three associated magnesium ions are colored orange. StPurL is represented by two colors:
yellow for the FGAM synthetase domain and orange for the glutaminase domain. The numbering in black is of TmPurL residues; the
numbering in red is of the glutaminase domain of StPurL.

different metal coordination from ATP and consequently  On the basis of these results, TmPurL was thought to have
different phosphate orientations. With this caveat in mind, an auxiliary ADP-binding site as well. Thus, it was a
this residue could be involved in stabilization of the surprising discovery that this enzyme indeed binds ATP
tetrahedral or iminophosphate intermediates. Alternatively, rather than ADP in its auxiliary site (Figure 5). Incubation
His32 could be involved in covalent catalysis. The exact role of radiolabeled substrates followed by gel filtration allowed
of each His and the identification of intermediates require isolation of the complex of TmPurL with ATP but not ADP.
further studies. This result further suggests that TmPurL is different from

While the histidines are completely conserved in both the B. subtilisenzyme, as BsPurL is known to bind ADP
IgPurLs and smPurLs, they are not conserved among other(13). However, the addition of TmPurQ and TmPursS could
PurM superfamily members. Thus, it is unlikely that the yield further surprises, and further work is needed on intact
common chemistry of the superfamily members involves an FGAR-AT complexes.
iminophosphate (Figure 1). Structure-based sequence align- Structure-based sequence alignments strongly suggest that
ments of family members and the ternary structure reveal it it is unlikely that the auxiliary site will catalyze FGAM
is only the ATP binding site that is conserved (Figure 6). If synthesis. Futhermore, a comparison of the TmPurL active
common chemistry is the unifying theme of these superfamily site and the auxiliary ATP site shows that there is insufficient
members, it likely involves only the role of thephosphate  space in the latter to accommodate a FGAR substrate
in product formation. The phosphate binding sites are unusualmolecule. The role of the auxiliary ATP, or possibly ADP
because of the lack of positively charged amino acids. As in an intact TmPurLSQ complex, as a regulator required for
first delineated from model studies, ATP hydrolysis likely formation of the PurLSQ complex is more probable. The
involves a dissociative transition stati)), and this structure  superposition of StPurL and TmPurL shows a high degree
supports such a mechanism of phosphorylation in PurLs and,of similarity in the location and binding orientation of the
consequently, other superfamily members. This dissociative auxiliary ADP and ATP molecules, respectively (Figure 9).
mechanism is in accord with early studies of Westheimer, From this comparison, the most dramatic conformational
who first postulated an iminophosphate intermediate gener-changes upon ATP binding affect the secondary structural
ated by a “metaphosphate-like” transition state for this type elements that should directly interact with PurQ (the glutami-
of reaction 84). The detailed mechanism of ATP hydrolysis nase domain in IgPurLs). More specifically, the flexible
and phosphoryl transfer by PurM superfamily members also loop—helix motif that is partially disordered upon ATP
require further study. binding in TmPurL, residues 36378 (residues 648654

Role of the Auxiliary Binding Sit&Some of the members  in StPurL), in superposition comes in contact with a large
of the new ATP binding superfamily such as PurM, ThiL, l00p of the glutaminase domain, residues 116470. Also,
and HypE are known to be dimers of approximately 35 kDa the large loop (residues 38388 of TmPurL) involved in
per monomer & 41). However, TmPurL is a 66 kDa Pinding of the ATP molecule via Gly386 and Gly388 (Figure
monomer that contains 2-fold pseudosymmetry also seen in) Superimposes onto residues 6&68 in StPurl that
the FGAM synthetase domain of large StPurL. In StPurL, directly contact a loop, residues 1265275 of the glutami-
an auxiliary site related to the active site by this 2-fold N@se domain. Whether the conformational changes observed
pseudosymmetry was discovered to contain an ADP moleculeUPon ATP binding are significant and whether they are the
required for the structural integrity of the enzyni®) Also only changg necessary for formation of the complex remain
it is known that small BsPurL requires MgADP for the ©OP€n questions.
formation of the PurLSQ complex, illustrating the regulatory  Inthe AMPPCP, ADP, and FGAR complexes, a phosphate
role of this nucleotide X(3). ion is bound in the auxiliary site at the position of the
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y-phosphate of ATP. Partial occupancy of the TmPurL On the basis of the available evidence, a dissociative
auxiliary site by AMPPCP is observed when the concentra- mechanism for ATP hydrolysis is favored; however, neither
tion of the analogue is increased by a factor of 10 (data not of the two possible mechanisms (Figure 8) can be ruled out
shown). The tightly bound phosphate makes seven hydrogendefinitively. The chemical diversity of the second substrate
bonds with nearby residues and is not displaced by thein the PurM superfamily suggests that the unifying feature
AMPPCP molecule as expected. The geometry of the of this superfamily is the chemistry of thg-phosphate
methylene group and its electrostatics could prevent snugtransfer of the ATP molecule (Figure 1). An auxiliary site
binding of the magnesium ion to all three phosphates; also, of TmPurL, structurally equivalent to the auxiliary ADP
a hydrogen bond between the bridge oxygen and Ser548binding site of StPurL, was found to bind an ATP molecule
would be missing in analogue binding. These small changesand could play a regulatory role in formation of the PurLSQ
could altogether have a weakening effect on the binding of complex (Figure 9).
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