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ABSTRACT: Pantothenate synthetase (PS, EC 6.3.2.1) is the last enzyme in the pantothenate biosynthesis
pathway, a metabolic pathway identified as a potential target for new antimicrobials. PS catalyzes the ATP-
dependent condensation of pantoate and β-alanine to form pantothenate. Here we report the overexpression,
purification, enzyme assay, and tertiary structure of PS from Staphylococcus aureus. PS activity was
experimentally confirmed, indicating a kcat value comparable to those of enzymes from other organisms.
The structures of the apoenzyme and the reaction intermediate (pantoyl adenylate; PA) complex were
determined by X-ray crystallography to resolutions of 2.5 and 1.85 Å, respectively. Structural analysis
indicated that the apoenzyme adopts an open and relatively mobile structure, while the complex structure is
closed and entirely rigid. Structural comparison of the apoenzyme and the complex revealed how S. aureus PS
undergoes open/close conformational change, and also determined the key interactions with the adenine ring
of PA for a hinge bending domain closure. In the complex structure, PA and acetate are bound in the active
site. We suggest that the acetate mimics the substrate β-alanine. Therefore, the complex structure seems to
represent a catalytic state poised for in-line nucleophilic attack on PA. These data also offer an alternative
strategy for designing novel compounds that selectively inhibit PS activity.

Pantothenate (vitamin B5) is the precursor of the 4
0-phospho-

pantetheinemoiety of coenzymeA (CoA) and acyl carrier protein
(ACP), enzyme cofactors essential for key metabolic and energy-
yielding reactions in living cells (1, 2), including fatty acid
synthesis and oxidization, transcription, cell signaling, and the bio-
synthesis of polyketides and nonribosomal peptides (3-7). Pan-
tothenate is synthesized de novo in bacteria, yeast, and plants (8),
but mammals must obtain pantothenate in their diet, so the
enzymes of the pathway are potential targets for antimicrobial
agents. Studies in immunocompromised and immunocompetent
mice have demonstrated that aMycobacterium tuberculosismutant
defective in pantothenate biosynthesis (9) is attenuated in its ability
to cause disease, implicating the need for a functional pantothenate
biosynthetic pathway in the virulence of M. tuberculosis. Pro-
teomic analysis showed that an enzyme (Sar2676) annotated as
pantothenate synthetase (PS)1 in the pathway is upregulated in

methicillin-resistant Staphylococcus aureus (MRSA), compared with
a methicillin-sensitive strain of S. aureus (10). Thus, biochemical and
structural studies of this pathwayoffer potential for the discovery of a
drug that acts against pathogenic microbes.

The pantothenate biosynthesis pathway is best characterized
inEscherichia coli, and it comprises four enzymes encoded by the
panB, panC, panD, and panE genes (11, 12). The panC gene
encodes a PS (EC 6.3.2.1), an adenosine triphosphate (ATP)
dependent enzyme that catalyzes the condensation of D-pantoate
and β-alanine to form pantothenate (13). Native PS has been
purified frommany organisms (13), and in addition recombinant
PS has been purified and partly characterized from bacteria
(E. coli and M. tuberculosis), fungi (Fusarium oxysporum and
Saccharomyces cerevisiae), and higher plants (Lotus japonicus
and Arabidopsis thaliana) (14-16). In all cases E. coli and
M. tuberculosis PS enzymes appear to be functional homodimers
with a subunit molecular mass of about 30-35 kDa.

Previous kinetic analysis showed that PS utilizes an ordered bi-
uni uni-bi ping-pong kinetic mechanism, with ATP binding first,
followed by D-pantoate binding, release of PPi, and binding of
β-alanine (14). The enzyme-catalyzed reaction is believed to pro-
ceed in two steps: the formation of an enzyme-bound intermedi-
ate, pantoyl adenylate (PA), from ATP and pantoate, followed
by nucleophilic attack on the intermediate by β-alanine to form
pantothenate and AMP (Scheme 1).

The crystal structures of both E. coli and M. tuberculosis PS
enzymes have been reported (17-24). Several complexes and apo
structures of the M. tuberculosis enzyme are available, and the
apo structure and the pantoate complex of the N-terminal
domain structure are available for E. coli PS. In addition,
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structural genomics projects recently determined the apo struc-
tures of proteins annotated as PS of Thermus thermophilus HB8
(PDB entries 1UFV and 1V8F) and Thermotoga maritima (PDB
entry 2EJC) and the ATP complex structure of a protein
annotated as PS of Brucella melitensis (PDB entry 3INN). In
general, the PS protomer can be divided into two domains
(N- and C-terminal domains), with the active site located at the
interface of these domains. The current literature suggests that
E. coli PS is expected to utilize the hinge movement of the
C-terminal domain to open and close the active site during the
enzymatic reaction (17), because the catalytically essential resi-
dues are spatially separated into two domains in the apo structure
of the E. coli enzyme. However, this remains an assumption, due
to the absence of the ternary structure of the full-lengthE. coliPS.
Moreover,M. tuberculosis PS, whose structures are available for
both the apoenzyme and the PA complex, exhibits no large
conformational change upon substrate binding (18, 19). The
molecular mechanism of the hinge bending domain closure in PS
thus remains unknown.

Here we describe overexpression, purification, enzyme assay,
and crystal structures of the apoenzyme and the PA complex of
S. aureus PS. Structural analysis demonstrated that S. aureus PS
undergoes open/close conformational change, giving the first
direct evidence of a hinge bending domain closure in PS. The key
interactions to trigger the hingemovement are found between the
hinge region and the adenine ring of PA. The structure also
represents a catalytic state poised for in-line nucleophilic attack in
the PS reaction. These results are expected to be applicable for the
design of compounds that selectively inhibit PS activity.

MATERIALS AND METHODS

Construction of the Plasmid. The S. aureus panC gene (Gen-
Bank accession number YP_501370.1) was amplified by PCR
from genomic DNA of S. aureus strain NCTC8325 (forward
primer, 50-ATG ACT AAG CTG TTA CTA CGG-30; reverse
primer, 50-TTA TTC AGC TCC AAT TAT TAT AT-30). The
PCR products were ligated into pGEMT Easy vector using T4
DNA ligase (Promega), and the resulting plasmid pGEM-panC
was transformed into E. coli DH5R. The insert DNA was
sequenced to confirm that it was identical to the panC gene from
strain NCTC8325. For construction of the expression vector, the
panC gene was amplified by PCR using pGEM-panC as a
template (forward primer, 50-TAT ATA CAT ATG ACT
AAG CTG ATT ACT ACG-30; reverse primer, 50-TAT ATA
GGATCCTTATTCAGCTCCAATTATTATATTATC-30)
to generateNdeI and BamHI restriction sites (underlined). After
restriction enzyme digestion of the vector and PCR product with
NdeI and BamHI, the resulting panC fragment was then ligated
into pET16b (Novagen), generating a construct to express the
panC gene with an N-terminal His6 tag. However, the construct
was transformed into E. coli strain BL21(DE3) (Invitrogen), the
expression level of soluble PS was very low. The DNA encoding

panC gene was further cloned into a pCold TF (TaKaRa) expres-
sion vector. The panC gene was amplified by PCR from a
template of pET16b-panC (forward primer, 50-TAT ATA CAT
ATG ACT AAG CTG ATT ACT ACG-30; reverse primer,
50-TAT ATA GGA TCC TTA TTC AGC TCC AAT TA-30)
to generate NdeI and BamHI restriction sites (underlined). After
restriction enzyme digestion of the amplified DNA, the resulting
panC fragment was then ligated into the pCold TF vector,
generating a construct to express the panC gene with an N-
terminal His6 and trigger factor tag, cleavable by proteases (HRV
3C protease, thrombin, and factor Xa). The construct was
confirmed by DNA sequencing and then transformed into E. coli
DH5R cells (Invitrogen). The resulting plasmids were spin-
column purified and transformed into BL21(DE3) competent
cells for protein overexpression. The expression level of soluble PS
was much improved, confirmed by SDS-PAGE; therefore, we
decided to use this system for subsequent crystallization and
characterization experiments.
Expression and Purification. The transformed BL21(DE3)

cells containing S. aureus panC cloned into pCold TF were grown
inLuria brothmediumcontaining 100μg/mLampicillin at 37 �C to
an OD600 of 0.6-1.0 and then induced with 1 mM isopropyl β-D-
thiogalactopyranoside overnight at 15 �C.Theharvested cell pellets
from2Lof bacterial culturewere resuspendedwith 60mLof buffer
(2 mMTris-HCl, pH 8.0, 5 mMNaCl, 1 mM imidazole) and lysed
by sonication. Cell lysate was centrifuged at 6300g for 30 min at
4 �C, and the supernatant was loaded onto aNi2þ-chargedHiTrap
chelating column (GEHealthcare), whichwas preequilibratedwith
20 mM Tris-HCl, pH 8.0, 500 mM NaCl, and 10 mM imidazole.
The column was washed with 15 column volumes of the same
buffer and eluted with a linear gradient of imidazole from 10 to
500 mM in 20 mM Tris-HCl, pH 8.0, and 500 mM NaCl. The
fractions containing PS protein were pooled and concentrated, and
the protein was further purified on a Superdex 200 column (GE
Healthcare) equilibrated with 20 mM Tris-HCl, pH 8.0, 300 mM
NaCl, and 5 mM DTT. The fractions containing PS protein were
pooled and concentrated, and the N-terminal His6 and trigger
factor tag was digested with HRV 3C protease (Novagen) over-
night at 4 �C in a solution containing 50mMTris-HCl, pH7.5, and
150mMNaCl. After the solutionwas brought to a final concentra-
tion of 40% saturated (NH4)2SO4, the sample was loaded onto a
HiTrap butyl column (GE Healthcare) equilibrated with 20 mM
Tris-HCl, pH 8.0, 5 mM DTT, and saturated 40% (NH4)2SO4 to
separate the digested protein from the undigested protein, cleaved
N-terminal tag, and protease. The column was washed with 15
column volumes of the same buffer and eluted with a linear
gradient of saturated (NH4)2SO4 concentration from 40% to 0%
in 20 mM Tris-HCl, pH 8.0, and 5 mM DTT. The fractions
containing PS protein were pooled and concentrated. The protein
was further purified on a Superdex 200 column equilibrated with
20 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 5 mM DTT. The
eluted fractions were collected and analyzed by SDS-PAGE.

Scheme 1: Reaction Mechanism Catalyzed by PS
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Protein concentrations were determined using a Bio-Rad protein
assay kit with bovine serum albumin as the standard.
Coupled Assay of PS Activity. PS activity was measured

spectrophotometrically in a coupled reaction as described by
Miyatake et al. (13) and modified in ref 15; AMP, generated by
the PS reaction, was coupled toNADHoxidation viamyokinase,
pyruvate kinase, and lactate dehydrogenase. Pantoate was pre-
pared by incubating D-pantoyl lactonewith an equimolar amount
of NaOH for 20 min at 100 �C. The standard incubation mixture
contained 100 mMbuffer (as we describe below), 10 mMMgCl2,
5 mM ATP, 5 mM pantoate, 10 mM β-alanine, 1 mM phos-
phoenolpyruvate, 0.36 μM NADH, myokinase (4 units), pyru-
vate kinase (6 units), lactate dehydrogenase (6 units), and PS
(4 μg) in a final volume of 1mL. The reaction was initiated by the
addition of pantoate. An absorption change at 340 nm was
monitored using a SHIMADZU UV-2500 spectrophotometer
equipped with a temperature control unit. To investigate pH
dependency of PS activity, the assay was carried out at 30 �C
using the following buffer: Na-MES (pH 6.0-7.0), Na-HEPES
(pH 7.0-8.0), Na-Bicine (pH 8.0-9.0), Na-CHES (pH 9.0-
10.0), and Na-CAPS (pH 10.0-10.5), the concentrations of
which were 100 mM. The temperature dependency of PS activity
was explored in 100 mM Na-Bicine, pH 8.5. PS activity was
determined by utilizing the absorption coefficient of NADH at
340 nm (6220 M-1 cm-1). Experiments for each condition were
repeated three times and averaged.
Crystallization and Data Collection. The purified sample

was buffer-exchanged by dialysis against 50mMNa-HEPES, pH
7.5, and 5 mMDTT and then concentrated to 10 mg/mL. Initial
crystallization conditions were obtained with hanging-drop
vapor diffusion using several crystal screening kits at 20 �C. Cry-
stals appeared within 3 days under the conditions of 200 mM
sodium formate, pH 7.0, 20%PEG3350 (no. 28), 200mM sodium
acetate, pH 7.0, 20% PEG3350 (no. 26), and 200 mM sodium
bromide, 20% PEG3350 (no. 46) of the PEG/ION 2 crystal
screen kit (HamptonResearch). Optimization of these conditions
yielded single crystals using a mixture of 3 μL of the proteins
(10mg/mL) and 3 μL of precipitant solution containing 10-12%
PEG3350, 16-20% PEG400, and 200 mM sodium acetate,
pH 9.0 at 20 �C. These crystals typically have the dimensions
of 0.05 � 0.05 � 0.2 mm.

For cocrystallization with ATP and pantoate, a dialyzed
sample was concentrated and incubated for 10 min at 4 �C in
the presence of 10mMATP, 10mMpantoate, and 5mMMgCl2.
The final protein solution contained 50 mMNa-HEPES, pH 7.5,
5 mM DTT, 10 mM ATP, 10 mM pantoate, 5 mM MgCl2, and
10 mg/mL protein. Crystallization was performed with hanging-
drop vapor diffusion, and crystals appeared within 3 days under
the conditions of the PEG/ION crystal screen kit 2. Optimization
of these conditions yielded single crystals using a mixture of 3 μL
of the proteins (8 mg/mL) and 3 μL of precipitant solution con-
taining 10-12% PEG3350, 16-20% PEG400, 200 mM sodium
acetate, pH 9.0, and 10 mM sodium iodide at 20 �C. These
crystals typically have the dimensions of 0.05 � 0.05 � 0.2 mm.

The crystals used for refinement of the apoenzyme and cocrystal
structures were mounted in a loop and then immediately flash-
frozen in a cryostream of N2 gas at 100 K. Diffraction data were
collected at 100 K using the synchrotron radiation at SPring-8
(Japan). Data reduction and scaling were done with the program
HKL2000 (25). Data processing statistics are listed in Table 1. The
crystals of the apoenzyme and the cocrystals with ATP and
pantoate belong to space groups P65 and P21, respectively.

Molecular Replacement, Model Building, and Refine-
ment. The crystal structure of the apoenzyme was determined by
the molecular replacement (MR) method using the CCP4
program MOLREP (26) with the structure of subunit A of the
E. coli PS (17) (PDB entry 1IHO) as a search model. The model
refinement was carried out using the program CNS (27), with
manual inspection and modification using the CCP4 program
COOT (28, 29). NCS averaging between two monomers within
the dimer was attempted but did not improve the calculated
electron density maps; thus, no NCS restraints were applied.
After one round of simulated annealing, the CNS was used for
positional and individual B-factor refinement (27).

To determine the structure of the enzyme cocrystallized with
ATP and pantoate, the refined structure of the apoenzyme was
used as a search model for the MR method. Initial attempts to
solve the structure by the MR method with the structures of
monomeric or dimeric apoenzymes were unsuccessful. A solution
was obtained using the CCP4 program MOLREP by the
following protocol: the structure of the N-terminal domain
(residues 1-175) was first identified, and the molecules were
fixed; a solution of the rotation and translation functions of the
structure of the C-terminal domain (residue 176-283) was then
obtained. After one round of simulated annealing, the CNS was
used for positional and individualB-factor refinement (27). After
solvent molecules had been incorporated into the structure, a
Fourier difference synthesis revealed electron density clearly
corresponding to the PA, which is the reaction intermediate
formed by ATP and pantoate in the presence of Mg2þ. The
complex with PA was subjected to additional rounds of structure

Table 1: Data Collection and Refinement Statistics

apoenzyme PA complex

data collection

radiation source SPring-8 BL44XU SPring-8 BL41XU

space group P65 P21
cell dimensions (Å, deg) 131.7, 131.7, 89.2 46.0, 91.5, 87.3, 103.1

resolution range (Å) 114.0-2.5 85.1-1.85

no. of observed reflections 158004 218193

no. of unique reflections 30571 59235

completeness (%) 99.4 (97.8)a 98.3 (89.4)

I/σ(Ι) 17.5 (2.2) 5.7 (2.5)

Rmerge (%) 4.3 (37.2) 9.1 (34.4)

refinement

no. of amino acid

residues (subunit A/B)

278/279 283/283

no. of water molecules 33 457

no. of other moleculesb 0 12

no. of protein

non-hydrogen atoms

4371 4442

Rcryst (%) 22.2 20.1

Rfree (%) 24.1 22.8

average B-factor (Å2)

protein molecules 71.4 24.9

water molecules 49.0 33.2

rmsd

bond lengths (Å) 0.0076 0.0055

bond angles (deg) 1.295 1.254

Ramachandran plot

most favored/additionally

allowed (%)

86.1/12.7 90.9/8.7

generously allowed (%) 0.8 0.4

disallowed (%) 0.4 0.0

aHighest resolution shell is shown in parentheses. bPantoyl adenylate,
acetate, and PEG400.
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refinement with no NCS restraints. The stereochemistry of
both structures was validated using the CCP4 program PRO-
CHECK (30). The asymmetric units (ASUs) in the apoenzyme
and the PA complex crystals contained one dimer each. The final
atomic coordinates and structure factor amplitudes (PDB entries
3AG5 for the apoenzyme and 3AG6 for the PA complex) have
been deposited in the Worldwide Protein Data Bank (wwPDB;
http://www.wwpdb.org) and the Protein Data Bank Japan at the
Institute for Protein Research in Osaka University (PDBj; http://
www.pdbj.org/). The refinement statistics for both refined co-
ordinate sets are presented in Table 1.
Analysis of Domain Movement. The movement of the

domains of two PS structures was analyzed with the web-based
program DynDom (31). In this analysis, the DynDom default
settings were used as follows: the minimum domain size assigned
was 20 residues, minimum ratio 1.0, and the sliding window
length used was 5 residues. Hinge residues were identified at the
transition point between the two dynamic domains.

RESULTS

Expression andPurification.The S. aureusNCTC8325 panC
gene encoding the PS was cloned into a pCold TF expression
vector, which produced PS protein fused to the protease-
cleavable His6 and trigger factor tag at its N-terminus. The
recombinant protein was isolated from bacterial lysate by Ni2þ-
affinity chromatography and cleaved with HRV 3C protease to
remove the N-terminal tag. The digest results in the N-terminal
addition of 18 amino acids. The digested enzyme was further
purified to homogeneity with a yield of 1.3 mg of pure PS per 1 g
of wet cells by using consecutive hydrophobic interaction chro-
matography and size exclusion chromatography. This system
yielded a pure protein, judged by SDS-PAGE. The size exclusion
chromatography profile demonstrated that the PS exists as a
dimer in solution (data not shown), which is consistent with the
previous observations of the enzymes from E. coli (17) and
M. tuberculosis (18).
Optimum pH and Temperature. The recombinant enzyme

activity was assayed to confirm the effect of an additional
N-terminal peptide. Although purification and preliminary crys-
tallographic analysis have been done for PS from S. aureus strain
Sar2676 (32), the enzyme activity of S. aureus PS has not been
reported to date. Our assay demonstrated that the kcat value for
S. aureus PS under the optimal condition (100 mM Na-Bicine,
pH 8.5, 30 �C) was 1.5 s-1 (Figure 1), which is similar to those of
the E. coli and M. tuberculosis PS enzymes (14, 16, 33). Further
characterization demonstrated that the recombinant enzyme has
a pH optimum between pH 8.0 and pH 9.0 and a temperature
optimum of 30 �C (Figure 1). These enzymatic characteristics
again are similar to the PS enzymes from other sources (16). The
biochemical data confirmed that the additional N-terminal peptide
in recombinant S. aureus PS has little effect on enzymatic activity.
Structure Solution. The model of the apoenzyme has been

refined against data at 2.5 Å resolution to a crystallographic R
factor of 22.2% (Rfree of 24.1%) (Table 1). The ASU of the
apoenzyme crystal contains two PS protomers (subunits A and
B), which are roughly related by a noncrystallographic 2-fold axis
with rmsds of 0.70 Å for the CR atoms of the structured regions
(Supporting Information Figure S2). The secondary structures of
the two monomers in the ASU are highly similar. No electron
density was observed for residues 65-69 of subunit A and 64-67
of subunit B of the apoenzyme, due to disordered structures in the

crystals. The extra 18 residues at the N-terminus are also
structurally disordered. The final model of the apoenzyme
contains 557 of 566 expected residues of the dimer and 33 water
molecules. The Wilson B-factor of the data (60.9 Å2) is compar-
able to the average B-factor of the model (71.4 Å2).

The cocrystal structure has been refined against data at 1.85 Å
resolution to a crystallographic R factor of 20.1% (Rfree of
22.8%) (Table 1). This crystal also contains two PS monomers
per ASU (subunits A and B), which are roughly related by a
noncrystallographic 2-fold axis with rmsds of 0.46 Å for the CR
atoms (Supporting Information Figure S2). The two monomers
in the ASU have highly similar secondary structures, and some
structural elements differ from those of the apoenzyme (Figure 2).
All of the residues of subunits A and B (residues 1-283) of the
cocrystal structure could be readily traced. The electron density
showed a PAmolecule in each active site. The two PAmolecules
have average temperature factors of 23.0 and 25.9 Å2, which are
virtually identical to the average temperature factors of the
surrounding protein atoms. This result suggests that the active
sites of the cocrystal structure are fully occupied by PA. It is
worth noting that the active site also accommodates an acetate
molecule, which is contained in the crystallization solution as a
precipitant. Acetate could not be found except for the active site,
although there is 200 mM acetate in the crystallization solution.
The eight PEG400 molecules used as a precipitant in crystal-
lization are bound to the molecular surface (Supporting Infor-
mation Figure S1). The final model of the PA complex contains
566 amino acid residues, as well as two PA, two acetate, eight
PEG400, and 457 water molecules. The Wilson B-factor of the

FIGURE 1: PS activity under various conditions. (A) pH and (B)
temperature dependence of kcat for S. aureus PS. (A) Assays were
performedusingvariousbuffers at 30 �C.Thekcat valueswereplottedas
squares ([) forNa-MES, squares (0) forNa-HEPES, triangles (2) for
Na-Bicine, circles (b) for Na-CHES, and triangles (Δ) for Na-CAPS.
(B) Assayswere performed for 0.1MNa-Bicine at pH8.5. The optimal
activity was observed at pH 8.5 in Na-Bicine.
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FIGURE 2: Sequence alignment among PS proteins. Sequences were aligned with CLUSTALW (35), and this figure was generated using ESPript (36).
Identical residues are highlighted in red, whereas the light blue color denotes similar sequences. The residues discussed in this paper are surrounded by the
yellowsquares.Helicesof the structuresaredenotedbycoils, andβ-strandsof thosearedenotedbyarrows.The secondary structural elementsofS.aureusPS
enzymes, theapoenzymeofE.coliPS(PDBentry1IHO), theapoenzyme (PDBentry3COV),and thePAcomplex (PDBentry1N2H) ofM.tuberculosisPS
weredeterminedwith theprogramDSSP(37).Thetriangles (2) indicate the residues involved in thesterichindrancebetweentheN-andC-terminaldomains.
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data (21.1 Å2) is comparable to the averageB-factor of the model
(24.9 Å2).

In the apo structure, one residue (Leu117) has angles (subunit
A, ψ = 75�, j = 54�; subunit B, ψ = 65�, j = 52�) in the dis-
allowed region of the Ramachandran plot (34), whereas all main
chain dihedrals fall within the most favorable, additionally
allowed, and generously allowed regions in the PA complex
(Table 1). Leu117 lies in areas of well-defined electron density in
both the apoenzyme and the PA complex. Leu117 is located next
to the short 310 helix (residues 112-114) in subunit A of the
apoenzyme, while the residue is sandwiched between two short
310 helices (residues 112-114 and 119-121) in subunit B. The
latter 310 helix (residues 119-121) becomes a regular R-helix
when PA is bound (discussed in detail later). The structures of
E. coli and M. tuberculosis PS enzymes indicate that the
equivalent residues (Leu118 in E. coli PS and Leu127 in
M. tuberculosis PS) in the apo structure are located in a similar
region of the Ramachandran plot and are also located next to the
equivalent 310 helix (Figure 2), suggesting that structural features
are shared among E. coli (17), M. tuberculosis (18, 19), and
S. aureus PS enzymes.
Overall Structure. The crystal structure of the S. aureus PS

enzyme exhibits a dimer (Figure 3A), which is in good agreement
with the molecular weight estimated by size exclusion chroma-
tography. The dimeric structure of the S. aureus PS resembles a
butterfly (Figure 3A), and the dimeric quaternary architecture is
basically the same as that of M. tuberculosis and E. coli PS
enzymes (17-19). The PS monomer consists of two well-defined
domains, the N-terminal domain (residues 1-175) and the C-
terminal domain (residues 176-283) connected by a hinge region.
The subunit has an R/β architecture, in which the N-terminal
domain adopts a Rossmann fold, and the C-terminal domain
consists of a three-stranded antiparallel β-sheet and two R-helices
(Figure 4A). The apo structure represents an open state of the
enzyme (Figure 3A), as the active site is solvent-accessible
(Figure 4C) and the catalytically essential residues are spatially
separated into domains (Figure 4A). On the other hand, the PA
complex structure adopts a closed conformation (Figure 3B),
expected to be catalytically relevant. The active site of the PA
complex is almost embedded within the molecule (Figure 4D).

The C-terminal domains of the apoenzyme appear to be
flexible, with poorly resolved electron density and high crystal-
lographic temperature factors (average CR temperature factors
of 72.6 Å2 for subunit A and 100.2 Å2 for subunit B), compared
to those of the N-terminal domains (58.0 Å2 for subunit A and
62.4 Å2 for subunits B). In the overall structure, the three regions
are particularly highly mobile. The first region is the loop
(residues 57-75) between β2 and R2 (Figures 2 and 4A). This
region corresponds to a loop (residue 74-88) in M. tuberculosis

PS, which has been proposed to function as a gate to the active
site cavity (18, 19). In the same way, this disordered loop of
S. aureus PS also became ordered in the PA complex structure,
suggesting that this loop may be functionally similar to that of
M. tuberculosis PS. The second is the region (residues 111-124)
containing the two short 310 helices between βD and R3
(Figures 2 and 4A) with average CR temperature factors of
92.9 Å2 for subunit A and 89.6 Å2 for subunit B, respectively. In
the PA complex, this region is consolidated by several interac-
tions with the C-terminal domain (e.g., Glu118 to Arg273) to
undergo a conformational disorder-to-order transition. The
latter half of this region (residues 118-121) becomes a regular
R-helix (RD2) with low temperature factors upon ligand binding
(Figures 2 and 4B). The third is the two helices (R6 to R7) in the
C-terminal domain of subunit B (average CR temperature factor
of 114.4 Å2), but the equivalent region of subunit A has a
relatively low temperature factor (average CR temperature factor
of 72.0 Å2). This is likely caused by the differences in crystal
packing contacts, because subunit A contacts a neighboring
molecule in the crystal whereas subunit B does not.

Unlike the apo structure, the structure of the PA complex is
entirely well-defined with relatively low temperature factors
(averageCR temperature factor is 23.7 Å2). TheN- andC-terminal
domains of the PA complex have similar average CR temperature
factors of 22.2 and 26.1 Å2, respectively. The highly mobile
regions in the apo structure are virtually ordered in the PA
complex structure. The region (residues 57-75) forms structu-
rally ordered β2 and R2. The side chain Gln62 in this region
participates in direct interaction with PA (Figure 5A,B), thereby
stabilizing the active site of the PA complex. The above-described
region (residues 111-124) and the two helices (R6 to R7) of the
C-terminal domain also have relatively low temperature factors
of 20.6 and 25.8 Å2 for residues 111-124 and R6 to R7, and both
of the values are comparable to the overall average temperature
factors. Thus, the presence of bound PA leads to a rigid structure;
however, in the absence of the reaction intermediate, the structure
adopts a more open and flexible conformation.
Dimerization. The ASU of the apoenzyme crystal and that of

PA complex crystal each contain one functional dimer with two
well-defineddomains permonomer. In the apo structure, theN- and
C-terminal domains can be superimposed on each other (rmsd of
0.8 Å over 170 aligned CR atoms for the N-terminal domain, and
0.51 Å over 108 alignedCR atoms for theC-terminal domain), while
those of PA complex can be superimposed on each other (rmsd of
175CRpositions and 0.32 Å for theN-terminal domain, and 108CR
positions 0.30 Å for the C-terminal domain). However, the struc-
tures of the two protomers in the ASUs are not completely identical
for both of the crystals. In both of the structures, the C-terminal
domains differ slightly in orientation relative to the N-terminal

FIGURE 3: Ribbon diagrams of the apoenzyme and the PA complex of S. aureus PS dimer. (A) The N-terminal domains of the apoenzyme are in
blue, and the C-terminal domains are in light blue. (B) TheN-terminal domains of the PA complex are in orange, and the C-terminal domain is in
yellow.
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domains. Observation indicates that the symmetry axes that relate
the N- and C-terminal domains are not equivalent in the apo-
enzyme and the PA complex structures. This feature resembles
those of M. tuberculosis and E. coli PS enzymes (17-19).

The dimer interface of both the apoenzyme and the PA complex
is extensive, with the apoenzyme having a buried area of 2850 Å2

and with that of the PA complex having a buried area of 2800 Å2,
calculatedwith theCCP4programAREAIMOL(28). Intersubunit
interactions are also roughly conserved in the apo and the PA
complex structures, involving more than 30 residues of the
N-terminal domains. Of those, a remarkable feature is the
intersubunit two-stranded antiparallel β-sheet (residues 106-
110). In addition, extensive interactions are found in the region
(residues 164-166), which makes contact with Gln12, Gly105,
Ile106, Lys135, and Asn138 of the other subunit. Additionally,
Asn134 and Asn138 extensively interact with Asn134, Asn138,
Phe165, and His167 of the other subunit via bridging water
molecules.
Active Site Structure. Crystal structures of M. tuberculosis

PS revealed that the active sites of both the apoenzyme and the
PA complex are almost embedded into the molecule. In contrast,
the active site of the apoenzyme of S. aureus PS is exposed to the
solvent (Figure 4C), in the same manner as that of E. coli (17).
The side chain of Arg188, which is believed to be responsible for
both ATP and β-alanine binding, is located approximately 10 Å
from the predicted substrate binding site in the N-terminal
domain (Supporting Information Figure S4). Therefore, the
structure of the apoenzyme of S. aureus appears poised in the
unobstructed conformation, ready to accept available substrates.

In the PA complex, the active site is shielded from the solvent
(Figure 4D), so that PA and acetate are sequestered in the active
site pocket. The residues involved in binding PA can be divided
into two groups: those interacting with the pantoyl group of PA

and those interactingwith the adenylate group of PA. The residues
belonging to the former group are listed as follows: the side chains
of Gln62 and Gln154 that are hydrogen bonded to the pantoyl
group, the backbones of Pro29 and Thr30, and the side chains of
Val132 and Phe147 that form hydrophobic interactions with
methylene carbon of the pantoyl group (Figure 5A,B). Addition-
ally, there are several water-mediated hydrogen bonds to the
pantoyl group. The residues participating in binding of the
adenylate group are more extensive: Met31, His35, His38,
Tyr72, Tyr146, Gly148, Asp151, Val177, and Lys185 are involved
in the binding of the adenylate group. Of these, the backbone
amide and carbonyl of Val177 appear to play a key role in the
domain movement, as discussed later. Except for the above-
mentioned residues, the adenine aromatic face makes a stacking
contact with the aliphatic portion of the Lys150. Lys150 has been
proposed to interact with β-phosphate of ATP in the first
condensation reaction (18, 33). In the apo structure, the side chain
of Lys150 on the loop (residues 149-151) is exposed to solvent.
With PA bound, new hydrogen bonds are formed between the
backbone carbonyls of Lys149 and Lys150 (from the N-terminal
domain) and the side chain of Asn277 (from the C-terminal
domain) to drive the domain closure. This then forms a 310 helix
of the region (residues 149-151), which adopts the loop structure
separated by β4 and R4 in the apoenzyme. The domain closure
rearranges the interactions involved in the neighboring residues. In
the apoenzyme, the side chain of Asp151 is hydrogen bonded to
the backbone amides of Ala152, Glu153, and Gln154. In the PA
complex, the side chain of Asp151 directly participates in binding
PA and in forming the tunnel of predicted substrate pathway,
implying that the Asp151 might determine the orientation of
substrate β-alanine so as to achieve a nucleophilic attack.

Strikingly, an acetate molecule is bound in the vicinity of PA.
The carboxyl group of the acetate forms hydrogen bonds to the

FIGURE 4: Monomer structure of S. aureus PS in the apoenzyme and the PA complex. (A, B) Stereo cartoon of the apoenzyme and the PA
complexmonomer.Relative toFigure 3B, themoleculewas rotated 45� clockwise around the vertical axis. Color codinganddisplay of the ribbons
are the same as in Figure 3. The loops (residues 57-75 and 111-124) are colored in pink, and an internal disordered region is shown as a dotted
line. (C,D)Apoenzyme and PA complexmonomer. The residues involved in PAbinding are inwhite. The region (residues 119-121) is colored in
olive green.
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side chains of Gln62, Arg122, and Arg188 (Figure 5A,B). The
methyl group of the acetate molecule is located 4.2 Å apart from
the C11 of PA. The residues involved in binding PA and acetate
are highly conserved in all PS enzymes, except Val132, Tyr146,
Val177, andLys185 (Figure 2). The nonconserved residues except
for Val132 (Ile in E. coli enzyme) interact via only backbone
amide or carbonyl, suggesting that all PS enzymes shares a
common reaction mechanism.
DomainMovement upon Substrate Binding.Although the

subunit structures of the apoenzyme and the PA complex cannot
be closely superimposed (rmsd of 3.9 Å over 278 alignedCR atoms),
individual domains can be superimposed well (rmsd of 0.7 Å over
170 aligned CR atoms for the N-terminal domain, and 0.9 Å over
108 aligned CR atoms for the C-terminal domain), indicating that
a large domain movement occurs when PA is bound. From this
structural analysis, therefore, the first direct evidence has been
obtained of a hinge bending domain closure in PS (Figure 6A), as
was proposed for the E. coli PS (17).

When the movement of the domains was analyzed by the
programDynDom (31), the following results were obtained. The
conformational changes can be described as the rigid body

movement of two domains (rotation of 37�) (Figure 6B). The
two identified rigid domains are composed of residues 1-175 and
residues 176-283, which roughly correspond to the N- and
C-terminal domains. The region (residues 174-176) was identi-
fied as the “bending residues” between the two domains.

The domainmovement leads to the rearrangement of the hydro-
gen bond network between the N- and C-terminal domains. In
the apoenzyme, the interdomain interactions are mainly made
by hydrophobic residues such as Leu117, Ala152, Gln153,
Asp175 (N-terminal domain), Ile176, Tyr246, Leu251, and
Phe262 (C-terminal domain), although two hydrogen-bonding
interactions are found between the side chain of Asn277 and the
backbone carbonyl of Lys150 and between the side chain of
Glu159 and the side chain of Tyr248. As described in “Active
Site Structure”, Lys150 may play a crucial role in the first
condensation reaction (18, 33). When PA is bound, the side
chain of Tyr248, which interacts with Glu159 in the apoenzyme,
swings to interact with the backbone carbonyl of Ala152.
Additional interactions are found between the side chain of
Tyr191 and Asp68 (2.8 Å), the side chain of Asp68 and Arg188
(2.8 Å), the side chain of Asn277 and the backbone carbonyl of

FIGURE 5: Active site in the PAcomplex. (A)The viewof the active site is shownwithPA, acetate, and residues that are involved in PAand acetate
binding. Color coding of the protein side chains is by atom type with the carbons in white, oxygens in pink, nitrogens in blue, and phosphorus in
red, and the carbons of PA and acetate are colored in cyan. (B) LIGPLOT (38) diagram of the active site of the PA complex. Color coding of the
PAmolecule is byatomtypewith the carbons inblack, oxygens inpink, nitrogens inblue, andphosphorus inpurple.Watermolecules are shown in
cyanballs.Hydrogenbonds are indicated by green dotted lines, andhydrophobic interactions are represented asbarbed circle sections. (C)Fo-Fc

omitmapandβ-alaninemodel.The carbonsof themodeledβ-alanineare colored inpink.TheFo-Fcmap are contoured at 2.0σ, generatedbefore
inclusion of PA and acetate in the model.
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Lys149 (3.1 Å), and the side chain of Ser 187 and the backbone
carbonyls of Gly32 and Ala33 (3.2 and 2.5 Å). A salt bridge
between the side chains of Glu118 and Arg273 was also formed.
In addition, many water-mediated interactions are generated by
the domain movement.

Together with the newly generated interactions, the domain
movement induces disorder-to-order transitions. Asp68 is lo-
cated in the disordered region in the apoenzyme, while the side
chain of Asp68 of the PA complex directly interacts with Arg188
and Tyr191 to undergo the disorder-to-order transition of region
65-69. Because previous structural studies revealed that Arg188
directly participates in binding of ATP (the first substrate) and
β-alanine (the third substrate) (18, 19), the disorder-to-order
transition of Asp68 must be crucial for the multiple states in the
enzymatic reactions. In the PA complex, the side chain of Glu67
is salt-bridged to the side chain of Arg122, which directly
participates in acetate binding.

The region (residues 118-122) with the high temperature fac-
tors in the apoenzyme conserves polar residues such as Glu118,
Lys121, and Arg122. This region also becomes ordered when
PA is bound. Consequently, these polar residues appear to
constitute the entrance of the active site cavity in the PA complex
(Supporting Information Figure S5). Glu118 is salt-bridged to the
side chain of Arg273, thereby connecting the N- and C-terminal
domains.

DISCUSSION

Mechanism of PA-InducedDomainMovement.When the
overall structures of the apoenzyme and the PA complex of
S. aureus PS are superimposed based on the N-terminal
domains, a slight but significant structural difference is ob-
served at the linker (residues 174-176) between the N- and
C-terminal domains (Figure 6A). This superimposition reveals
that the interactions between the adenine ring of PA and the
backbone amide and carbonyl of Val177 are newly formed
when PA is bound, which is likely to trigger a large structural
transition. This is also consistent with DynDom analysis, which
indicated that the region (residues 174-176) is identified as
containing the “bending residues”. Since ATP is the first substrate
in the reaction (Scheme 1), it is thus tempting to speculate that the
first substrateATPwould trigger the domainmovement, although

this hypothesis must be proven by solving the S. aureus PS
structure in complex with ATP or ATP analogues.
Acetate as a Substrate Analogue. Themodeled structure of

β-alanine (the third substrate) based on acetate indicates the
amino group of β-alanine is positioned 1.6 Å apart from the C11
of PA (Figure 5C), which is close enough to achieve a nucleo-
philic attack. Therefore, we infer that the acetate mimics the
substrate β-alanine, indicating that the PA complex structure
corresponds to a catalytic state poised for the nucleophilic attack
of β-alanine on PA in the enzymatic reaction (Scheme 1).
Although the crystal structures of the various complexes of
M. tuberculosis PS have been reported (18, 19, 21, 22), no reports
on the structures of PA together with the β-alanine analogues are
available so far. The crystal structure of the β-alanine-AMP
complex of M. tuberculosis PS (PDB entry 2A86) has been
reported, but this state does not coincide with the catalytic
mechanism to be bi-uni uni-bi ping-pong. The acetate binds to
the similar position of the carboxylate of β-alanine in the
β-alanine-AMP complex of M. tuberculosis PS (Supporting
Information Figure S3). Assuming that acetatemimics β-alanine,
the complex structure represents a catalytic state in the PS
reaction. This structure exhibits the detailed binding structure
of β-alanine in the presence of PA, which is different from that of
the β-alanine-AMP complex (18). For example, in the S. aureus
PS complex, the side chains ofGln62,Arg122, andArg188 tightly
bind to the carboxyl group of the acetate with distances of 2.7,
2.9, and 3.0 Å, respectively, whereas the side chains of corre-
sponding residues are positioned with distances of 2.9, 8.5, and
4.1 Å in the M. tuberculosis PS β-alanine-AMP complex.
Distinct Modes of Domain Movement for S. aureus and

M. tuberculosis PS Enzymes.Whereas the overall structure of
the PA complex of S. aureus PS closely resembles that of the PA
complex ofM. tuberculosisPS (rmsd of 2.3 Å over 278 alignedCR
atoms), the structure of the apoenzyme of S. aureus PS cannot be
superimposedwell on that ofM. tuberculosisPS. The comparison
suggests that S. aureus PS undergoes open/close conformational
change upon substrate binding, while M. tuberculosis PS is
retained with no large transition (close/close). As the apoenzyme
of E. coli adopts an open structure (17), the open/close mechan-
isms might be shared in both S. aureus andE. coli PS enzymes. A
question naturally arises as to why S. aureus PS (probably E. coli
PS as well) has the open/close transition, whereasM. tuberculosis

FIGURE 6: Superposition of the apoenzyme and the PA complex of S. aureus PS. (A) Illustration of the potential role of Val177 in triggering
domainmovement.The interactionbetween the adenine ringofPAandVal177 is shown (reddotted line). (B) The structuresof the apoenzymeand
the PA complex were superimposed based on theN-terminal domains. PA is shown as stick models. The N-terminal domain of the apoenzyme is
represented by the blue surface, and C-terminal domains are shown as ribbon diagrams, showing the 37� rotation of the C-terminal domain.
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PS does not. It is unlikely that the domain movement arises from
inherent structural propensities of the linker between the N- and
C-terminal domains, because no obvious correlation between
their sequences of the linker (residues 174-176) and the hinge
bending domain closure is observed among the three PS enzymes
(Figure 2).

Wang et al. proposed that relatively tight interdomain inter-
actions, including two salt bridges (Arg253 to Glu126 and
Arg267 to Glu159), might contribute to fix the relative positions
of the N- and C-terminal domains in M. tuberculosis PS (18).
Such tight interactions are not found at the interface of the
domains of the apo structures ofS. aureus andE. coliPS enzymes.
However, this hypothesis is not fully consistent with the other PS
homologues of T. thermophilus HB8 and T. maritima. The
structures of these homologues have been deposited as apoen-
zymes, both of which adopt the closed structures.T. thermophilus

HB8 PS homologue only conserves the latter salt bridge (Arg256
to Glu144), and T. maritima PS homologue has neither of them.
In addition to the interactions, we propose that the steric
hindrance between the N- and C-terminal domains may be a
determinantof the domainmovement characteristics. InFigure 2,
the residues involved in the steric hindrance are shown as
triangles. In S. aureus PS, the close to open transition generates
new interdomain interactions. Of those, Phe262 approaches
Ala152 to make a hydrophobic interaction between the side
chains upon the close to open transition (Figure 7A). However, if
the open form of M. tuberculosis PS is modeled by rigid-body
fitting using the apo structure of S. aureus PS, the model pro-
duces steric hindrance, because the corresponding residues of
M. tuberculosis PS are more bulky (Tyr162 and Arg267)
(Figure 7B), and Arg267 is also involved in the interdomain salt
bridge. Thus, the steric hindrance can explain why M. tuberculosis
PS cannot adopt an open structure. If the closed form of the E. coli
PS is modeled by rigid-body fitting using the PA complex structure
of S. aureus PS, no steric hindrance is found between the N- and
C-terminal domains (Figure 7C). Similarly, the structures of the PS
homologue ofT. thermophilusHB8 (PDB entries 1UFV and 1V8F)
are consistent with the proposal (Supporting Information Figure
S6). An exception is the apoenzyme of T. maritima PS that is
expected to adopt an open structure, based on our proposal, but the
crystal structure is closed. It can be explained by the several other
interdomain interactions (see Supporting Information Figure S6).
The coordinates ofB.melitensis PS homologue (PDB entry 3INN),
which have been deposited as ATP complex, show the closed
structure.B.melitensisPShomologue has neither tight interdomain
interactions proposedbyWang et al. nor steric hindrance (Support-
ing Information Figure S6); therefore, B. melitensis PS homologue
might undergo open/close conformational change. Since models
generated by rigid-body fitting without adequate atomic fitting can
be unreliable, whether such features characterize the hinge bending
closure of PS enzymes awaits further mutagenesis studies.
Toward Developing New Inhibitors. The structures of the

apoenzyme and the PA complex of S. aureus PS provide not only
a detailed view of the domain movement but also the detailed
structure of how PA and acetate are bound, which represents
a catalytic state in the enzymatic reaction. Studies of the
intermediate-based drug design are currently underway for
M. tuberculosis PS (21, 22), and the PA-based approach seems
to be very effective. For example, nonhydrolyzable PA-mimick-
ing compounds effectively inhibit the activity of M. tuberculosis
PS (21, 22).We anticipate that a PA-based approach in combina-
tion with acetate would be ideal for new compounds that
selectively inhibit PS activity. Additionally, a compound that
binds tightly to the hinge region would hamper the hinge move-
ment, which points the way to an innovative strategy for
designing a novel inhibitor for S. aureus PS.
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SUPPORTING INFORMATION AVAILABLE

Binding structure of PEG400, shift of each CR when the two
protomers in the ASU are superimposed, superimposition of the
active sites of S. aureus PS and M. tuberculosis PS, ATP-binding

FIGURE 7: Modeled structures of PS enzymes. PS enzymes of
S. aureus (A), M. tuberculosis (B) (PDB entry 3COV), and E. coli
(C) (PDB entry 1IHO) are shown. The apo and PA complex
structures of S. aureus PS are colored in yellow and light blue,
respectively. The modeled structures in (B) and (C) are colored in
white. The residues of N- and C-terminal domains involved in the
steric hindrance are shown as red surface and space-filled sphere
models, respectively, and the residues are labeled.
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models, electrostatic surface of the PA complex, and modeled
structures of PS homologues ofT. thermophilusHB8,T. maritima,
and B. melitensis are all available free of charge via the Internet at
http://pubs.acs.org.
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