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With the rapid rise of methicillin-resistant Staphylococcus

aureus infections, new strategies against S. aureus are urgently

needed. De novo purine biosynthesis is a promising yet

unexploited target, insofar as abundant evidence has shown

that bacteria with compromised purine biosynthesis are

attenuated. Fundamental differences exist within the process

by which humans and bacteria convert 5-aminoimidazole

ribonucleotide (AIR) to 4-carboxy-5-aminoimidazole ribo-

nucleotide (CAIR). In bacteria, this transformation occurs

through a two-step conversion catalyzed by PurK and PurE;

in humans, it is mediated by a one-step conversion catalyzed

by class II PurE. Thus, these bacterial enzymes are potential

targets for selective antibiotic development. Here, the first

comprehensive structural and biochemical characterization of

PurK and PurE from S. aureus is presented. Structural analysis

of S. aureus PurK reveals a nonconserved phenylalanine near

the AIR-binding site that occupies the putative position of the

imidazole ring of AIR. Mutation of this phenylalanine to

isoleucine or tryptophan reduced the enzyme efficiency by

around tenfold. The Km for bicarbonate was determined for

the first time for a PurK enzyme and was found to be

�18.8 mM. The structure of PurE is described in comparison

to that of human class II PurE. It is confirmed biochemically

that His38 is essential for function. These studies aim to

provide foundations for future structure-based drug-discovery

efforts against S. aureus purine biosynthesis.
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1. Introduction

About one third of the world’s population carry Staphylo-

coccus aureus innocuously in their nares; under certain

circumstances, S. aureus can breach natural barriers and

cause infections ranging from minor skin abscesses to life-

threatening conditions such as toxic shock syndrome and

bacteremia (Lowy, 1998). S. aureus infections, including those

caused by methicillin-resistant S. aureus (MRSA), are the

main cause of hospital-acquired infections and are becoming

prevalent in community settings (Deleo et al., 2010). It is

estimated that 0.8% of all hospital discharges in the US arise

from S. aureus infections, with an estimated annual burden of

$9.5 billion and 12 000 deaths (Lodise & McKinnon, 2007;

Noskin et al., 2005). Alarmingly, 95% of all S. aureus clinical

isolates are resistant to penicillin, once the drug of choice, and

20–50% are resistant to methicillin (Alekshun, 2005; Appel-

baum, 2006). Despite these frightening statistics, antibiotic

discovery and development is declining, with only three new

classes of antibiotics, lipopeptides, oxazolidinones and

mutilins, being brought to clinic in the last five decades

(Fischbach & Walsh, 2009). An ideal yet unexploited target for
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the development of new antibiotics is de novo purine

biosynthesis. Numerous genetic and functional studies have

shown that the virulence of many bacteria and fungi is atte-

nuated by compromised de novo purine biosynthesis

(McFarland & Stocker, 1987; Kirsch & Whitney, 1991; Perfect

et al., 1993; Drazek et al., 1995; Wang et al., 1996; Polissi et al.,

1998; Donovan et al., 2001; Cersini et al., 2003; Samant et al.,

2008). Most relevant for this study is the recent report that

Bacillus anthracis (another Gram-positive human pathogen)

purE and purK mutants are attenuated in human blood

(Samant et al., 2008) and the report that Gram-positive

Streptococcus pneumonia purE and purK mutants are atte-

nuated in a mouse model of infection (Polissi et al., 1998). In

addition, recent research in our laboratory has shown that

Staphylococcus aureus purine-biosynthesis mutants display

increased pigment production and decreased survival in a

murine-abscess model of infection (Lan et al., 2010). Finally,

inhibitors of purine biosynthesis such as 6-thioguanine (6TG)

have been shown to suppress the virulence of S. aureus (Lan

et al., 2010). However, these substrate analogs have strong

immunosuppressive activity in humans and therefore are not

suitable antibiotics.

De novo purine biosynthesis begins with phosphoribosyl

pyrophosphate (PRPP), on which the purine base is built

stepwise to generate inosine monophosphate (IMP), the

common precursor of AMP and GMP (Supplementary

Scheme 11). This pathway is composed of 11 steps in bacteria,

yeasts and plants, but only ten in animals (Tiedeman et al.,

1989; Watanabe et al., 1989; Meyer et al., 1992; Firestine &

Davisson, 1994; Firestine et al., 1994; Chung et al., 1996;

Schmuke et al., 1997; Sørensen & Dandanell, 1997). This

difference derives from the conversion of AIR to CAIR.

In bacteria, this is a two-step conversion catalyzed by two

different enzymes. Firstly, PurK (N5-CAIR synthetase) cata-

lyzes the conversion of bicarbonate, ATP and AIR to ADP

and N5-CAIR. Subsequently, PurE catalyzes an unusual

mutase reaction in which N5-CAIR is converted to CAIR

(Fig. 1; Mueller et al., 1994). In humans this conversion is

catalyzed by a single enzyme (class II PurE), which directly

adds CO2 to the C4 position of AIR to

generate CAIR (Li et al., 2007). These

differences at the molecular level make

PurK and PurE promising targets for

the development of structure-based

therapies.

Here, we present the first compre-

hensive enzymatic and structural char-

acterization of PurE and PurK from

S. aureus. Several structures of PurK

and PurE from other organisms have

previously been described and enzy-

matically characterized (Meyer et al.,

1992; Firestine et al., 1994; Mueller et al.,

1994; Li et al., 2007; Mathews et al., 1999; Thoden et al., 1999,

2008, 2010; Settembre et al., 2004; Boyle et al., 2005;

Constantine et al., 2006; Hoskins et al., 2007). Therefore, we

chose to forgo an extensive description. Instead, we present a

comparison of the newly obtained S. aureus PurK structure

and the archetype E. coli PurK. We also compare S. aureus

PurE with human PurE. We believe that the characterization

of PurK and PurE from the major human pathogen S. aureus

will be valuable for future drug-development efforts and that

their unique features presented here may be exploitable when

trying to design specific antibiotics against S. aureus, in

particular considering the recent results on purine biosynth-

esis affecting virulence in S. aureus (Lan et al., 2010).

2. Materials and methods

2.1. Cloning, expression and purification

S. aureus PurK, PurE and PurC were cloned from S. aureus

Newman genomic DNA into the target vector pMCSG19 by

the ligation-independent cloning method (Donnelly et al.,

2006). The resulting plasmid was delivered into Escherichia

coli BL21 Star (DE3) competent cells containing pRK1037

(Science Reagents Inc.) by heat shock. Positive colonies were

selected on plates containing 100 mg ml�1 ampicillin and

30 mg ml�1 kanamycin. A 10 ml overnight culture grown from

a single colony was used to inoculate 1 l autoclaved LB

medium containing 100 mg ml�1 ampicillin and 30 mg ml�1

kanamycin. Cells were grown at 310 K and 250 rev min�1 to

an OD600 nm of 0.6 and the temperature was then reduced to

289 K. 15 min later, protein expression was induced with

1 mM IPTG and the cells were grown overnight at 289 K. The

next morning, the cells were harvested at 277 K by centrifu-

gation at 6000 rev min�1 for 8 min. All subsequent steps were

performed at 277 K. The cell pellet was suspended in 20 ml

buffer A (10 mM Tris–HCl pH 7.4, 300 mM NaCl, 1 mM

MgCl2, 10 mM �-mercaptoethanol) with 5% glycerol and

10 mM PMSF. The cells were lysed by sonication and centri-

fuged at 12 000 rev min�1 for 25 min. The supernatant was

filtered through a 0.45 mm filter and applied onto an Ni–NTA

column. The column was washed with 10% buffer B (10 mM

Tris–HCl pH 7.4, 500 mM imidazole, 300 mM NaCl, 1 mM

MgCl2, 10 mM �-mercaptoethanol) and eluted with a linear
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Figure 1
Conversion of AIR to CAIR. Mammals use a single enzyme (PurE class II), while bacteria, yeast
and plants use two enzymes (PurE and PurK).

1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: EA5142). Services for accessing this material are described at the
back of the journal.



gradient from 10% to 100% buffer B over 40 ml. Peak frac-

tions were pooled and kept at 277 K. The purity of the

proteins was verified by SDS–PAGE analysis. Fractions con-

taining pure protein were combined, concentrated and run on

a desalting column with buffer A. The polyhistidine tag was

removed by protease digestion using 0.01 mg TEV protease

per milligram of protein overnight at 277 K. A small fraction

of the protein was run on a Superdex 200 gel-filtration column

to determine the associated state of the protein in solution.

The rest of the protein was concentrated to �0.2 mM and

stored at 193 K with 33% glycerol. The selenomethionine

form of PurK was expressed under the same conditions except

that it was grown in minimal medium (per litre: 12.8 g

Na2HPO4�7H2O, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 4 g

glucose, 0.5 mg thiamine, 0.1 mM CaCl2, 2 mM MgSO4). When

the culture reached an OD600 nm of 0.6, the following amino

acids were added: 100 mg lysine, 100 mg threonine, 100 mg

phenylalanine, 50 mg leucine, 50 mg valine and 60 mg seleno-

methionine. Protein expression was induced 15 min later with

1 mM IPTG and the temperature was reduced to 289 K. Every

step thereafter was identical to those used for the wild-type

protein.

2.2. Site-directed mutagenesis

Protein variants were generated using an Agilent/Strata-

gene site-directed mutagenesis kit using the following primers:

PurEH38F, 50-GAAAAACAAGTAGTATCCGCATTTC-

GTACGCCAAAAATGATGG-30 and 50-CCATCATTT-

TTGGCGTACGAAATGCGGATACTACTTGTTTTTC-30;

PurEH38N, 50-ACAAGTAGTATCCGCAAATCGTACGC-

CAAAAATG-30 and 50-CATTTTTGGCGTACGATTTG-

CGGATACTACTTGT-30; PurEH38W, 50-GAAAAACAAG-

TAGTATCCGCATGGCGTACGCCAAAAATGATGGTT-

C-30 and 50-GAACCATCATTTTTGGCGTACGCCATGCG-

GATACTACTTGTTTTTC-30; PurKF78W, 50-GATGTGATT-

ACTTATGAATGGGAAAACATTTCAGCCCAAC-30 and

50-GTTGGGCTGAAATGTTTTCCCATTCATAAGTAATC-

ACATC-30; PurKF78I, 50-GTGATGTGATTACTTATGAA-

ATTGAAAACATTTCAGCCCAAC-30 and 50-GTTGGGC-

TGAAATGTTTTCAATTTCATAAGTAATCACATCAC-30.

2.3. Crystallization and structure determination

Crystallization trials were performed by the hanging-drop

vapor-diffusion method using the different proteins at con-

centrations of 5, 10 and 15 mg ml�1. The protein solutions

were concentrated using centrifugal filter units with appro-

priate cutoffs (Amicon Ultra, Millipore). Protein concentration

was determined from the absorption at 280 nm using calcu-

lated extinction coefficients (PurK, 24 890 M�1 cm�1; PurE,

10 180 M�1 cm�1). PurK and its selenomethionine form crys-

tallized at room temperature at a concentration of 10 mg ml�1

with a reservoir solution consisting of 0.1 M Bis-Tris pH 6.5,

28%(w/v) polyethylene glycol monomethyl ether 2000 after

24 h. PurK complexed with ADP was obtained by adding ATP

to the drop to a final concentra-

tion of 10 mM for 5 h. PurE

crystallized at room temperature

at 10 mg ml�1 with a reservoir

solution consisting of 0.1 M

sodium acetate trihydrate pH 4.5,

2 M ammonium sulfate after 24 h.

Crystals were frozen in liquid

nitrogen following cryoprotection

with reservoir solution containing

20% glycerol. Data were collected

at the Advanced Photon Source

at Argonne National Laboratory

on beamlines 19-ID and 23-ID-B

and all images were indexed,

integrated and scaled using HKL-

2000 (Otwinowski & Minor,

1997). The structure of the apo

form of PurK was solved at 2.23 Å

resolution using the multiple-

wavelength anomalous dispersion

method in PHENIX (Adams et

al., 2010). PurK complexed with

ATP was solved at 2.23 Å resolu-

tion by molecular replacement

using the previously obtained

PurK structure as the search

model. The PurE structure was

solved at 1.45 Å resolution by
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Figure 2
Crystal structures of S. aureus PurK and PurE. (a) Overall structure of S. aureus PurK dimer in complex
with MgADP showing domains A, B and C in green, yellow and blue, respectively. ADP is shown in a ball-
and-stick representation. Different tones of green, yellow and blue are used for each subunit. (b) Overall
structure of S. aureus PurE showing each monomer in a different color.



molecular replacement using the structure of B. anthracis

PurE (Boyle et al., 2005; PDB entry 1xmp) as the search model

with Phaser from the CCP4 suite (Winn et al., 2011). All

models were built using the program Coot and refined with

REFMAC (Emsley et al., 2010; Winn et al., 2011). Figures were

prepared with PyMOL (DeLano, 2002). Data-collection and

refinement statistics can be found in Table 1. The atomic

coordinates and structure factors have been deposited in the

Protein Data Bank with accession codes 3orq, 3ors and 3orr.

2.4. Enzymatic assays

All enzymatic assays were carried out using a Cary 300

UV–Vis spectrophotometer at room temperature. AIR was

synthesized according to the procedure of Meyer et al. (1992).

NaHCO3 solutions were prepared fresh every day prior to

experiments.

The enzymatic assay for PurK was adapted from Meyer et

al. (1992). A schematic view of the assay is shown in Supple-

mentary Scheme 2(a). Briefly, 2 ml PurK

(10 mM) was added to a microcuvette

containing 150 ml 50 mM HEPES,

80 mM KCl, 20 mM MgCl2, 2 mM

phosphoenolpyruvate, 0.2 mM NADH,

1 unit ml�1 pyruvate kinase, 2 unit ml�1

lactate dehydrogenase, 4 mM PurE and

varying amounts of AIR, ATP and

NaHCO3. PurE was included in this

assay to ensure that no additional AIR

was present arising from the sponta-

neous decomposition of N5-CAIR.

When measuring the Km for NaHCO3

the buffer was freshly prepared and

degassed under vacuum for 1 h prior to

the experiment. The progress of the

reaction was followed by the reduction

in absorbance at 340 nm arising from

the consumption of NADH ("340 nm =

6220 M�1 cm�1) over 5 min and the

initial velocities were recorded.

The enzymatic assay for PurE was

adapted from Hoskins et al. (2007). A

schematic view of the assay is shown

in Supplementary Scheme 2(b). Briefly,

2 ml PurE (3 mM) was added to a

microcuvette containing 150 ml 50 mM

HEPES, 80 mM KCl, 20 mM MgCl2,

4 mM phosphoenolpyruvate, 1 mM

ATP, 10 mM l-aspartic acid, 1/100 of

saturated NaHCO3, 1 unit ml�1 pyru-

vate kinase, 4 mM PurK, 4 mM PurC and

varying amounts of AIR. The reaction

was followed by the increase in absor-

bance at 282 nm arising from the

formation of SAICAR ("282 nm =

8607 M�1 cm�1) over 5 min and the

initial velocities were recorded.

In all the coupled assays, control runs

were performed to ensure that the enzyme under investigation

was rate-limiting. Generally, 200–1000-fold excesses of the

coupling enzymes were used.

3. Results

3.1. Structures of apo PurK and PurK complexed with ADP at
2.3 Å resolution

S. aureus PurK forms a homodimer in the crystalline lattice

(Fig. 2a) and in solution as shown by gel-filtration chromato-

graphy (Supplementary Fig. 1). This protein belongs to the

ATP-grasp superfamily and is composed of three domains (A,

Met1–Val123; B, Pro124–Ile188; C, Lys189–Asn374; Fig. 2a).

Domain A contains a five-stranded parallel �-sheet flanked

by two �-helices on each face. A helix–residue–helix motif

characteristic of the ATP-grasp superfamily connects domains

A and B. Domain B is composed of two �-helices and a four-
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Table 1
Statistics for crystallographic structure determination.

Values in parentheses are for the highest resolution bin.

Protein
(PDB code)

Apo PurK
(3orr)

PurK complexed
with MgADP (3orq)

Apo PurE
(3ors)

Data collection
Space group P21 P21 P21

Unit-cell parameters
a (Å) 66.1 66.4 81.3
b (Å) 53.3 53.4 78.2
c (Å) 107.4 110.4 93.0
� = � (�) 90.0 90.0 90.0
� (�) 95.3 94.7 113.9

Wavelength 0.97951, 0.97937,
0.97196

1.03321 0.97937

Resolution limits (Å) 50–2.23 (2.40–2.23) 50–2.15 (2.23–2.15) 50–1.45 (1.51–1.45)
No. of independent reflections 34628 (3208) 42717 (2693) 187255 (20172)
Completeness (%) 83.8 (45.7) 94.5 (63.9) 99.5 (96.9)
Multiplicity 3.1 (1.9) 3.5 (2.5) 3.7 (3.3)
hI/�(I)i 24.6 (1.64) 22.9 (2.57) 16.9 (2.70)
Rmerge† (%) 0.057 (0.460) 0.057 (0.361) 0.075 (0.389)

Refinement
Resolution limits (Å) 40–2.23 44.1–2.23 50–1.45
No. of reflections 34554 35400 177862
Rwork/Rfree‡ 19.4/25.1 17.1/21.6 17.8/20.2
No. of atoms

Protein 5889 5913§ 9919}
Heteroatoms 217†† 255‡‡ 955§§

B factors (Å2)
Protein 40.5 50.3 14.1
Water 32.4 64.3 34.2

R.m.s. deviations
Bond lengths (Å) 0.016 0.016 0.008
Bond angles (�) 1.39 1.436 1.164

Ramachandran statistics (%)
Favored 97.3 97.4 98.9
Allowed 2.7 2.5 1.1
Disallowed 0 0.1 0

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ � 100. ‡ R factor =

P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj � 100,
where Fobs is the observed structure-factor amplitude and Fcalc is the calculated structure-factor amplitude. § These
include multiple conformations for Met31. } These include multiple conformations for Asn21, Ser49, Ile56 and Ser99
in chain A, Met44, Ser75 and Ser99 in chain N, Lys2, Lys14, Met43, Ile94 and Ser99 in chain C, Ser3, Ser11, Lys14, Glu27,
Met43, Ile56, Ser99, Ser147 and Glu153 in chain D, Met1, Ser11, Met43, Met44, Ile53 and Leu159 in chain E, Met44 and
Ser75 in chain F, Glu17, Met43, Met44, Ile50, Ser99 and Leu140 in chain G and Trp13, Ile15, Glu17, Glu27, Met43, Met44,
Ser49, Glu53, Thr88, Ser99, Ile114, Ser136, Asn142 and Asn145 in chain F. †† The heteroatoms include 217
waters. ‡‡ The heteroatoms include two ADPs, two Mg2+ ions, two pyrophosphates, one glycerol and 186
waters. §§ The heteroatoms include 16 sulfates and 865 waters.



stranded antiparallel �-sheet. Domain C contains a C-shaped

nine-stranded antiparallel �-sheet flanked by two �-helices on

the inside and three on the outside. Domains A and C pack

against each other and against domains A and C from the

other monomer to form the main body of the enzyme (Fig. 2a).

Domain B protrudes away from the main body of the enzyme,

forming a cleft that closes over domain C in the ADP-bound

form. Higher temperature factors indicate the mobility of the

B domain (Supplementary Fig. 2a), which is also apparent

when comparing the relative position of the B domain in the

ADP-bound and apo forms. An overlay of the apo and the

ADP-bound forms of the enzyme shows that the C� atoms of

domains A and C align with a root-mean-square deviation

(r.m.s.d.) of only 0.2 Å, while the C� atoms of the B domains

align with an r.m.s.d. of 2.9 Å (Supplementary Fig. 2b).

Another indication of the flexibility of the B domain is the

absence of electron density observed for the loop that extends

from Gly152 to Gly158 in the apo form of the enzyme, thus

indicating its disorder. This loop wraps around the diphos-

phate in the ADP-bound form. In the ADP-bound form we

observed very clear electron density for MgADP in the ATP-

binding site, indicating that ATP hydrolysis has occurred.

The electron-density quality for MgADP and the B domain

is better for chain A of the dimer and the discussion below

refers to this chain only. Fig. 3(a) shows the Fo � Fc electron-

density maps for MgADP and its interactions with the

surrounding residues. ADP is anchored by Glu191 from

domain C, which forms hydrogen bonds to the 20-hydroxyl and

30-hydroxyl groups of the ribose. The adenine base is held in a

hydrophobic pocket surrounded by Leu186, Ile188, Phe256

and Tyr185, which forms �-stacking interactions with the base.

The N6 position of adenine forms hydrogen bonds to Glu183

and the carbonyl O atom of Lys184, providing base-specificity.

The diphosphate group interacts on one side with Arg108,

Lys148 and Gln159 from the B domain and on the opposite

side with an Mg2+ ion in an octahedral geometry coordinated

by Glu254 and Glu267 from the C domain.

The binding site for AIR lies between domains A and C

(Thoden et al., 2010). Attempts to obtain the AIR-bound form

either by cocrystallization or soaking failed to reveal any

electron density for AIR. In monomer B of the ADP-bound

form we observed electron density in the AIR site that we

assigned as glycerol. Fig. 4(a) shows a close-up view of the

AIR-binding site with AIR modeled in based on the structure

of Aspergillus clavatus PurK complexed with AIR (Thoden et

al., 2010; PDB entry 3k5i). To generate this model we simply

superimposed the two structures and placed AIR in the

S. aureus structure. According to this model, AIR forms

interactions from its 20-hydroxyl and

30-hydroxyl groups to Glu77. The phosphate

interacts with Arg347 and Lys340. Ile20 and

Phe78 provide a hydrophobic environment

for the imidazole base.

The spatial organization of the ATP-

binding and AIR-binding sites agrees with

the previously proposed model for catalysis

(Thoden et al., 2008). According to the

proposed mechanism, ATP reacts with

bicarbonate to generate ADP and carboxy-

phosphate, which migrates to the AIR active

site where it is nucleophilically attacked by

the 5-amino group of AIR to generate

N5-CAIR. In our structural model

the �-phosphate of ATP would lie �6 Å

apart from the N5 exocyclic amine of AIR,

with the binding site for bicarbonate located

approximately in the middle. The residues

which are proposed to interact with

carboxyphosphate, Arg271, Lys348 and

Glu155, are conserved among PurK

proteins.

3.2. Comparison of S. aureus PurK and
E. coli PurK

Given the availability of structural and

enzymatic data for E. coli PurK, we decided

to examine differences between this protein

and S. aureus PurK. S. aureus PurK and

E. coli PurK share 30% sequence identity

(see sequence alignment in Supplementary
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Figure 3
(a) Stereoview of the S. aureus PurK ATP-binding site showing Fo � Fc electron-density maps
at 2� for MgADP, surrounding residues and interactions. The Mg2+ ion is shown in green. (b)
Overlay of the S. aureus PurK ATP-binding site with MgADP (orange) and the E. coli PurK
(PDB entry 3eth) ATP-binding site (gray). Residues that differ in the two structures are
labeled.



Fig. 2) and have a common tertiary structure (r.m.s.d. = 1.8 Å

over 355 residues). S. aureus PurK is slightly larger (374 versus

360 amino acids) as a result of a long loop in the N-terminus

which is not present in the E. coli protein, as well as an

additional �-helix–�-strand motif in the A domain inserted

between strand �2 and helix �3 of the E. coli homolog. E. coli

PurK has an additional 15-residue helix in the C-terminus.

Interestingly, several differences exist between the active sites

of S. aureus PurK and E. coli PurK. Fig. 3(b) shows a close-up

detail of the ATP-binding sites of the two structures. Most

notably, Tyr185 of S. aureus PurK, which forms �-stacking

interactions with the adenine base of ATP, is replaced by a

glycine in E. coli PurK. Ile188, which is located on the

opposite side of the adenine base in S. aureus PurK, is

replaced by a phenylalanine in E. coli PurK and does not

�-stack with the adenine base.

Regarding the AIR-binding site, one

remarkable difference exists between

the structures of S. aureus and E. coli

PurK. Fig. 4(b) shows a superposition of

the AIR-binding sites of E. coli and S.

aureus PurK with AIR modeled in

based on superposition with the A.

clavatus structure. Phe78 of S. aureus

PurK is replaced by an isoleucine in E.

coli PurK. This isoleucine, Ile50, points

away from the active site in the E. coli

structure, while Phe78 projects into the

active site, taking up the space that AIR

is likely to occupy when present. This

different orientation of Ile50 compared

with Phe78 suggests the possibility of

Phe78 adopting a different conforma-

tion away from the active site to leave

room for the imidazole base of AIR. In

addition, the temperature factors for

this residue are higher than those of the

side chains of neighboring residues,

indicating flexibility (average B values

for side-chain atoms: Tyr76, 30 Å2;

Glu77, 39 Å2; Phe78, 64 Å2; Glu79,

56 Å2; Asn80, 58 Å2). We propose that

S. aureus PurK uses Phe78 to fill the

void when AIR is not present. This

difference needs to be considered when

searching for inhibitors based on the

structure.

3.3. Enzymatic analysis of S. aureus
PurK wild-type, F78I and F78W protein
variants

Enzymatic analysis of S. aureus PurK

was performed using a coupled assay

as described in x2. In this assay the

consumption of ATP by PurK is coupled

to the generation of pyruvate by pyru-

vate kinase. The pyruvate produced is

then coupled to NADH consumption

by lactate dehydrogenase, which is

monitored at 340 nm (Supplementary

Scheme 2a). The steady-state kinetic

parameters for this enzyme are shown in

Table 2. As indicated by the Michaelis

constants, the affinities of the enzyme
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Table 2
Kinetic parameters of PurK variants.

Reported errors are those obtained from curve-fitting the appropriate data set.

Km for AIR
(mM)

Km for ATP
(mM)

Km for HCO3
�

(mM)
kcat

(min�1)
kcat/Km†
(mM�1 min�1)

PurK wild type 13.9 � 1.7 43.2 � 6.7 18.8 � 3.9 1490 � 66 107 � 17
PurK F78I 51.3 � 6.1 ND ND 950 � 75 18.5 � 2.9
PurK F78W 103 � 34 ND ND 1080 � 270 10.5 � 6.1

† Km for AIR.

Figure 4
The active site of S. aureus PurK. (a) Stereoview of the S. aureus PurK AIR-binding site with AIR
modeled in based on the A. clavatus complex structure (PDB entry 3k5i). (b) Overlay of the AIR-
binding sites from S. aureus PurK (orange) and E. coli PurK (PDB entry 3eth; gray). AIR is
modeled based on the superposition with A. clavatus PurK (protein not shown for clarity). Note the
different orientations of Phe78 in S. aureus PurK and Ile50 in E. coli PurK. The r.m.s.d. was 0.94 Å.



for AIR and ATP were 13.9 and 43.2 mM, respectively. These

Km values are similar to those reported for the E. coli

ortholog: 26 and 90 mM, respectively (Firestine & Davisson,

1994). We determined the Km for HCO3
� to be 18.8 � 3.9 mM

(Supplementary Chart 1); to our knowledge, this value has

never been measured before for other orthologs and is within

the range of bicarbonate concentrations found in bacteria

(Merlin et al., 2003). Finally, this enzyme displays a catalytic

efficiency (kcat/Km) of 107 mM�1 min�1, which is similar to that

reported for E. coli PurK.

We explored the role of Phe78 in enzyme function by site-

directed mutagenesis. We speculated that Phe78 is used to fill a

void in the enzyme active site when the substrate is not present

and that it has to be flexible in order to leave room for AIR to

bind. We tested this hypothesis by substituting this amino acid

with isoleucine (to mimic other PurK enzymes) and with

tryptophan (as a bulkier residue). Both of these substitutions

resulted in a notable decrease in Km and kcat, as can be seen in

Table 2. These effects may be explained by the fact that a

bulkier residue such as tryptophan would have reduced

mobility, resulting in lower catalytic efficiency, and by the fact

that a smaller residue such as isoleucine would leave an empty

space, resulting in a more flexible and less active enzyme.

Taken together, these results show the

importance of Phe78 in S. aureus PurK.

3.4. Structure of S. aureus PurE at 1.45 Å
resolution

Similar to other PurE enzymes, S. aureus

PurE forms a homooctamer in the crystal-

line lattice (Fig. 2b) and in solution as

revealed by gel-filtration chromatography

(Supplementary Fig. 1). The octamer has the

shape of a box with approximate dimensions

of 75 � 75 � 40 Å and 422 symmetry. Each

monomer is composed of a main domain

and a C-terminal �-helix that extends over

the adjacent monomer. The main domain is

composed of a five-stranded parallel �-sheet

with two �-helices packing against one face

and three �-helices on the opposite face.

Each face of the octamer has four shallow

binding sites located at the interface of three

monomers. In our structure each active site

is occupied by two sulfates. Fig. 5(a) shows

an overlay of the active sites of S. aureus and

E. coli PurE with CAIR modeled in based

on the E. coli structure (Hoskins et al., 2007;

PDB entry 2nsj). Based on this model,

Asp12 anchors CAIR through the formation

of hydrogen bonds to the 20-hydroxyl and 30-

hydroxyl groups of the ribose. The phos-

phate group interacts with the positively

charged Arg39 as well as with Ser9 and

Ser11. The imidazole base is located in a

hydrophobic pocket flanked by Ala63,

Ala67, Leu69 and Pro104 from the adjacent monomer. The

N3 position of the imidazole ring forms a hydrogen bond to

Ser36. The N5 amino group is held by hydrogen bonds to the

carbonyl O atoms of Gly64 and Ala66. The carboxylic group

of CAIR forms hydrogen bonds to the backbone amide N

atoms of Ala37 and His68.

The organization of the active site is consistent with the

proposed mechanism for this enzyme, in which His38 func-

tions as a general acid/base catalyst that assists with the

conversion of N5-CAIR to CAIR without exchange of CO2

with the medium (Meyer et al., 1999; Hoskins et al., 2007;

Schaefer et al., 2007).

3.5. Enzymatic analysis of S. aureus PurE and the role of
His38 in catalysis

We performed steady-state kinetic measurements using

the assay described in x2. Given the instability of N5-CAIR

(t1/2 = 0.9 min at pH 7.8 and 303 K), the substrate of PurE for

the forward reaction, we decided to use a coupled assay to

enzymatically characterize S. aureus PurE (Supplementary

Scheme 2b). In this assay, PurK is used to generate N5-CAIR

in situ and PurC is used to convert CAIR to SAICAR. The
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Figure 5
The active site of S. aureus PurE. (a) Overlay of the S. aureus PurE active site (in orange) with
E. coli PurE containing CAIR (PDB entry 2nsj; gray; r.m.s.d. = 0.58 Å). Sulfates present in the
S. aureus structure are shown as ball-and-stick models. Labels correspond to S. aureus residues.
(b) Overlay of the S. aureus PurE active site (in orange) with the human PurE active site
(human PAICS; PDB entry 2h31; gray; r.m.s.d. = 0.83 Å; Li et al., 2007). Labels are only shown
for the residues that differ between the two structures.



generation of SAICAR is then followed by monitoring

the UV absorption at 282 nm ("282 nm = 8607 M�1 cm�1). The

Michaelis and catalytic constants for this protein are very

similar to those reported for E. coli PurE (Km = 33.1 mM for

S. aureus PurE versus 22.2 mM for E. coli PurE and kcat = 912

versus 954 min�1).

We also confirmed the role of His38 as a general acid/base

catalyst by mutating this histidine to asparagine, phenyl-

alanine and tryptophan. All these substitutions rendered the

enzyme inactive even in the presence of a hundredfold excess

of enzyme compared with the wild type.

3.6. Comparison of S. aureus PurE and human PurE

Given the different substrate specificity of bacterial PurE

and human PurE (Fig. 1), we decided to examine the differ-

ences in their active sites. Human PurE is part of a bifunc-

tional enzyme composed of a SAICAR synthetase domain

(PurC) and an AIR carboxylase domain (PurE). S. aureus

PurE and human PurE share 28% sequence identity (51%

identity between S. aureus and E. coli PurE) and an overall

tertiary structure (r.m.s.d. = 1.1 Å; Supplementary Figs. 4 and

5). Fig. 5(b) depicts a superposition of the active sites of

S. aureus PurE and the human bifunctional enzyme PurC–

PurE. The most notable difference is that Arg39 and Gly65 in

the bacterial structure are replaced by Gly304 and Arg331 in

the human structure. These arginines interact with the nega-

tively charged phosphate of the substrate from opposite sides.

In addition, His68 is replaced by Gly334 in human PurE.

These differences might explain why 4-nitro-5-aminoimida-

zole (NAIR) acts as a potent in vitro inhibitor of Gallus gallus

PurE (the closest human homolog to be characterized) with a

Ki of 0.34 nM, but only as a modest inhibitor of the E. coli

enzyme (Ki = 0.5 mM) (Firestine et al., 1994), which suggests

the possibility that compounds with higher affinity for the

bacterial protein might be developed.

4. Conclusion

Here, we have presented a comprehensive structural and

enzymatic characterization of the purine-biosynthesis enzymes

PurK and PurE from S. aureus, which we believe are

promising targets for the development of selective drugs

against S. aureus. Purine-biosynthesis enzymes play major

roles in bacterial virulence (Firestine et al., 2009; Lan et al.,

2010; Jenkins et al., 2011); among them, PurK and PurE are

suitable targets as PurK is absent in humans and PurE uses

different substrates. The structure of S. aureus PurK obtained

at 2.23 Å resolution supports the previously proposed cata-

lytic mechanism; however, several differences are seen in

the structure compared with the archetype E. coli PurK. An

additional �-helix–�-strand motif is present in the A domain

of S. aureus PurK and the AIR-binding site of S. aureus PurK

contains an unconserved phenylalanine (isoleucine in E. coli)

which occupies the putative position of the imidazole ring of

AIR. Enzymatically, S. aureus PurK has similar Km and kcat

values to E. coli PurK. Although the differences in S. aureus

PurK do not affect the enzyme function, such differences

might be useful when trying to design inhibitors for S. aureus

PurK.

With regard to PurE, several differences exist between the

S. aureus and human proteins, such as an arginine coming from

opposite sides of the substrate, that may account for the

differences in substrate specificity (Fig. 1). In addition, these

structural differences may account for the fact that NAIR

inhibits the human enzyme but not the bacterial enzymes,

suggesting that it may be possible to develop specific inhibitors

for the bacterial enzyme.
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