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ABSTRACT: Pantothenate synthetase (PS) fromMycobacterium tuberculosisrepresents a potential target
for antituberculosis drugs. PS catalyzes the ATP-dependent condensation of pantoate andâ-alanine to
form pantothenate. Previously, we determined the crystal structure of PS fromM. tuberculosisand its
complexes with AMPCPP, pantoate, and pantoyl adenylate. Here, we describe the crystal structure of this
enzyme complexed with AMP and its last substrate,â-alanine, and show that the phosphate group of
AMP serves as an anchor for the binding ofâ-alanine. This structure confirms that binding ofâ-alanine
in the active site cavity can occur only after formation of the pantoyl adenylate intermediate. A new
crystal form was also obtained; it displays the flexible wall of the active site cavity in a conformation
incapable of binding pantoate. Soaking of this crystal form with ATP and pantoate gives a fully occupied
complex of PS with ATP. Crystal structures of these complexes with substrates, the reaction intermediate,
and the reaction product AMP provide a step-by-step view of the PS-catalyzed reaction. A detailed reaction
mechanism and its implications for inhibitor design are discussed.

Pantothenate (vitamin B5) is an essential precursor for the
biosynthesis of coenzyme A and acyl carrier proteins, both
of which play critical roles in many cellular processes,
including energy metabolism and fatty acid metabolism (1).
Microorganisms and plants can synthesize pantothenate,
while animals obtain this essential nutrient from their diet
(2). Therefore, the pantothenate biosynthetic pathway offers
targets for developing drugs against microbial pathogens.
Recently, Jacobs and co-authors (3) reported that aMyco-
bacterium tuberculosis(MTB)1 mutant defective in the de
novo biosynthesis of pantothenate is highly attenuated in both
immunocompromised and immunocompetent mice. This
observation indicates that a functional pantothenate biosyn-
thetic pathway is essential for virulence of MTB.

The pantothenate biosynthetic pathway comprises four
steps catalyzed by enzymes encoded by thepanB, panC,
panD, and panE genes (4). The panC gene encodes a
pantothenate synthetase (PS), which catalyzes the last step
of pantothenate biosynthesis, the ATP-dependent condensa-
tion of pantoate andâ-alanine to form pantothenate. The

panCgene product in several organisms has been identified
and characterized, including those inEscherichia coli(5),
Saccharomyces cereVisiae, higher plantsOryza satiVa and
Lotus japonicus(6), fungusFusarium oxysporum(7), and
M. tuberculosis(8). The PS enzymes fromE. coli, higher
plants, and MTB form dimers in solution.

The E. coli PS enzyme structure belongs to the cytidyl-
yltransferase superfamily (5). It has two distinct domains, a
large N-terminal domain having a Rossmann fold and a
smaller C-terminal domain containing a helical layer above
a three-stranded antiparallelâ-sheet. On the basis of a
structural comparison of theE. coli PS with other members
of cytidylyltransferase superfamily having known structures,
von Delft et al. (5) deduced the ATP and pantoate binding
sites of theE. coli PS and proposed a hinged domain
mechanism for opening and closing of the enzyme active
site cavity.

We have determined the crystal structure of the MTB PS
enzyme and its complexes with a nonhydrolyzable ATP
analogue (AMPCPP), pantoate, and a pantoyl adenylate
reaction intermediate (9). The MTB PS has the same fold
as the E. coli enzyme, and the structures of substrate
complexes confirm the binding sites for ATP and pantoate
predicted from theE. coli PS structure. However, in the MTB
PS structure, the domains of each subunit have a closed
conformation, in contrast to those of theE. coli PS structure
(5), and there is no significant movement between domains
among all structures of the apoenzyme and various com-
plexes. A flexible region, which forms a wall of the active
site cavity, becomes ordered in the reaction intermediate
complex and closes the active site cavity, thus acting as a
gate to the active site cavity of the MTB PS enzyme.

† This work was supported by NIH Grant GM 62410 to D.E. D.E.
is an Investigator of the Howard Hughes Medical Institute.

‡ Coordinates and observed structure factor amplitudes for the
structures described in this paper have been deposited in the Protein
Data Bank (entries 2A88, 2A84, 2A86, and 2A7X).

* To whom correspondence should be addressed. Phone: (973) 854-
3470. Fax: (973) 854-3101. E-mail: shuishu@phri.org.

§ Public Health Research Institute.
| University of California.
1 Abbreviations: MTB,Mycobacterium tuberculosis; PS, pantoth-

enate synthetase; AMPCPP,R,â-methylene adenosine 5′-triphosphate;
AMP, adenosine 5′-monophosphate; ATP, adenosine 5′-triphosphate;
IPTG, isopropylâ-D-1-thiogalactopyranoside; NCS, noncrystallographic
symmetry; PMSF, phenylmethanesulfonyl fluoride.

1554 Biochemistry2006,45, 1554-1561

10.1021/bi051873e CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/24/2006



Kinetic analysis of the MTB PS suggests that the enzyme-
catalyzed reaction proceeds through two steps: the formation
of an enzyme-bound intermediate, pantoyl adenylate, from
ATP and pantoate, followed by nucleophilic attack on the
intermediate byâ-alanine to form pantothenate and AMP
(8). This two-step mechanism is supported by the structure
of the reaction intermediate complex, which shows that
pantoyl adenylate can exist stably in the enzyme active site.
Structures of complexes with AMPCPP, pantoate, and
pantoyl adenylate give a direct view of the first step of the
PS-catalyzed reaction. Some important active site residues
that were suggested by the crystal structures have been
studied recently by site-directed mutagenesis and kinetic
analysis, and their roles in substrate binding and catalysis
have been confirmed (10). However, the mechanism of the
second half of the reaction has remained elusive, because of
the lack of knowledge of binding interactions of the last
substrate,â-alanine.

In this work, we determined a structure for MTB PS
complexed withâ-alanine. This structure gave direct evi-
dence that the binding site for this last substrate in the
pathway exists only after formation of the pantoyl adenylate
intermediate. We also obtained a new crystal form, in which
the flexible region (gate to the active site) is locked in an
inactive form. An ATP complex structure in this crystal form
confirmed ATP binding interactions deduced from the
AMPCPP complex and the function of the His47 side chain.
Together, these crystal structures lead to a detailed view of
the overall reaction mechanism. A model of the tetrahedral
intermediate of the second half of the reaction was con-
structed from theâ-alanine complex. This tetrahedral inter-
mediate provides a basis for design of PS inhibitors.

MATERIALS AND METHODS

Cloning, Expression, and Purification.The detailed pro-
cedures for cloning of thepanC gene, expression, and
purification of the protein have been described (9). Briefly,
the MTB panCgene (Rv3602c) encoding the pantothenate
synthetase was amplified from the genomic DNA of MTB
strain H37Rv and inserted into a pET30a plasmid (Novagen)
between restriction sitesNcoI andHindIII. BL21(DE3) cells
containing the pET30-PanC plasmid were grown in LB
medium containing 50µg/mL kanamycin at 37°C and
induced with 0.4 mM IPTG for 3 h. Cells were collected
and lysed by lysozyme treatment followed by sonication in
20 mM HEPES (pH 7.8), 500 mM NaCl, and 0.5 mM PMSF.

The protein was purified from a Ni2+-charged HiTrap
chelating column (Amersham) with 20 mM HEPES (pH 7.8),
500 mM NaCl, and a linear gradient of imidazole. The PS
protein was subjected to enterokinase (New England Biolabs)
digestion for cleavage of the N-terminal fusion tag and
further purified with a second round of chromatography on
a Ni2+-HiTrap column followed by Superdex 75 column
(Amersham) gel filtration.

Crystallization and Data Collection.Crystallization was
carried out as described previously (9). Crystals in space
group P21 were obtained from drops set up with well
solutions containing 10-15% PEG 3000, 5% glycerol, 2%
ethanol, 20 mM MgCl2, 150 mM Li2SO4, and 100 mM
imidazole (pH 8.0) at 20°C. We obtained a new crystal form,
which is in space groupC2, from similar conditions, except
with 2% 2-propanol in place of ethanol and with 200 mM
Li2SO4.

To obtain crystals in complex withâ-alanine, crystals of
both P21 and C2 space groups were soaked in the mother
liquor with both AMP andâ-alanine (∼10 mM each) added
for ∼14 h. In another experiment, theC2 crystals were also
soaked in the mother liquor with both ATP and pantoate
(∼10 mM each), in the hope of placing the pantoyl adenylate
in the active site.

Before data collection, crystals were soaked for 2-5 min
in a cryogenic solution similar to well solutions or substrate
soaking solutions with glycerol added to 30%, and they were
then flash-frozen in a cryo stream of N2 gas at 100 K.
Diffraction data were collected at 100 K on a Rigaku FRD
generator with an R-AXIS IV++ detector. Data reduction and
scaling were carried out with DENZO and SCALEPACK
(11). Data processing statistics are listed in Table 1. The
P21 crystal form has two PS molecules per asymmetric unit,
while theC2 crystal contains one molecule per asymmetric
unit. The data were converted to CCP4 format and structure
factor amplitudes calculated by TRUNCATE and other
programs in the CCP4 suite (12).

Molecular Replacement, Model Building, and Refinement.
The structure of the apoenzyme (9) was used to calculate
initial phases for the data sets by molecular replacement with
AMORE (13). Structural models were refined against the
diffraction data using CNS (14) and/or REFMAC (15). After
each cycle of refinement, models were manually adjusted
with electron density maps using O (16). All models were
refined for a few cycles of REFMAC with TLC refinement
(17) until convergence. The same subsets of data forRfree

Table 1: X-ray Diffraction Data forM. tuberculosisPantothenate Synthetase and Complexesa

apo (1) AMP (2) ATP (3) â-alanine (4)

space group C2 C2 C2 P21

resolution (Å) 50-1.7 50-1.7 50-1.55 50-1.85
Rmerge

b,c (last bin) 0.059 (0.372) 0.039 (0.220) 0.060 (0.343) 0.083 (0.547)
completeness (%)b 97.3 (88.8) 88.0 (47.0) 87.6 (30.8) 99.8 (98.1)
I/σb 21.3 (2.8) 33.8 (5.2) 30.7 (3.9) 23.6 (2.5)
redundancyb 3.3 (2.8) 4.2 (3.1) 6.6 (3.5) 2.7 (2.2)
cell dimensions

a (Å) 119.82 120.25 118.95 47.99
b (Å) 44.98 44.94 44.88 70.64
c (Å) 82.14 82.23 82.13 81.68
â (deg) 125.50 125.56 125.26 99.21

a All data collected at the cryogenic temperature of 100 K.b The numbers in parentheses are for the last bin of data, which is from 1.76 to 1.7
Å, from 1.76 to 1.7 Å, from 1.61 to 1.55 Å, and from 1.90 to 1.85 Å for data sets 1-4, respectively.c Rmerge) ∑|(Ihkl - 〈Ihkl〉)|/∑Ihkl, where〈Ihkl〉
is the average ofIhkl over all symmetry equivalents.
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calculation were kept between the CNS and REFMAC
programs. No NCS restraints were applied for theP21 data
set in the final REFMAC refinement cycles. Final refinement
statistics for the refined coordinate sets are reported in Table
2.

RESULTS

Binding Interactions ofâ-Alanine.Our earlier work (9)
indicated that the binding site forâ-alanine exists only after
the reaction intermediate, pantoyl adenylate, is formed in
the active site. On the basis of the structure of the reaction
intermediate complex, it is likely that the phosphate group
of pantoyl adenylate serves as an anchor for the binding of
â-alanine by offering hydrogen-bonding partners and/or
favorable charge-charge interactions. Furthermore, an AMP
molecule bound at the active site can also assist the binding
of â-alanine from its phosphate group. In this work, when
we soaked crystals of PS in a solution containingâ-alanine
and AMP, we obtained a crystal structure of the PS enzyme
in complex withâ-alanine and AMP from theP21 crystals,
which has a dimer in the asymmetric unit.

Figure 1 shows the initialFo - Fc difference electron
density forâ-alanine. Clear electron density was seen for
â-alanine only in subunit A of the dimer. Theâ-alanine
molecule binds in the active site of subunit A in the upper
part of the active site cavity, with its amino group near the
phosphate group of AMP (Figure 2A). The amino group
forms hydrogen bonds to the phosphate group of AMP and
to two water molecules. Both water molecules are fixed in
position through one hydrogen bond to the phosphate group
and a second hydrogen bond to the side chain of Asp161 or
Tyr82. The carboxyl group ofâ-alanine has one hydrogen
bond to the Nε2 atom of the Gln72 side chain. This carboxyl
is also close to the side chains of Arg198 and His135, with
distances of∼4.0 and 3.4 Å, respectively, which is favorable
for charge-charge interactions andπ-electron interactions.
One side ofâ-alanine faces side chains of Met40 and Tyr82;
the other side faces several ordered water molecules in the
active site cavity. The binding ofâ-alanine is not as tight as
that of other substrates, and its binding site in the crystal is

not fully occupied. However, because the initial model is
essentially the correct structure, the initialFo - Fc electron
density gives unmistakable density for the binding of
â-alanine in the active site of subunit A.

Table 2: Atomic Refinement of Models forM. tuberculosisPantothenate Synthetase and Complexes

apo (1) AMP (2) ATP (3) â-alanine (4)

resolution (Å) 20-1.7 20-1.7 20-1.55 20-1.85
Rwork (Rfree)a 15.7 (18.8) 15.3 (17.7) 15.0 (17.0) 15.6 (19.5)
rmsd for bonds (Å) 0.019 0.019 0.018 0.022
rmsd for angles (deg) 1.64 1.70 1.71 1.78
no. of protein atoms 2067 2062 2065 4216
averageB factors, protein atoms (Å2)b 27.1 24.6 22.8 30.5
no. of other molecules
[averageB factors (Å2)]

2 glycerols (36.4) 1 AMP (19.6) 1 ATP (17.3) 2 AMP molecules (24.5, 27.7)d

1 sulfate (45.8) 1 sulfate (69.9) 2 Mg atoms (23.5, 53.4)c 2 â-alanines (42.3, 54.3)e

287 waters (41.3) 2 glycerols (40.8) 3 glycerols (39.2) 2 sulfates (93.9)
313 waters (37.7) 294 waters (35.7) 5 glycerols (39.8)

5 ethanols (46.0)
313 waters (37.5)

a R factors were calculated using data in the resolution range for refinement without aσ cutoff. Rfree was calculated with a subset of data (8%)
never used in the refinement.Rwork was calculated against the data used in the refinement.b B factors reported for the protein atoms are totalB
factors after TLC refinements.c The first Mg2+ with a B factor of 23.5 Å2 is coordinated by the phosphates of ATP. Positive electron density was
found between side chains of Asp88 and Asp89 with distances to the oxygen atoms of 2.14 and 2.50 Å, respectively, and a Mg2+ was modeled into
the electron density. A water molecule with a distance of 2.46 Å could be another ligand to this ion. The highB factor indicates a low occupancy.
d The two averageB factors that are listed are for the AMP molecules in subunits A and B, respectively.e Two â-alanine molecules were found in
the structure. The first one with a lowerB factor was found in the active site of subunit A; the other was found at the dimer interface with a low
occupancy. The latter might be an artifact from a high concentration ofâ-alanine in the soaking solution.

FIGURE 1: Section of the initial difference electron density map
(Fo - Fc) in the active site of subunit A of theP21 crystal showing
electron density forâ-alanine and AMP. The difference density
was calculated at 1.9 Å after rigid body refinement with the
apoenzyme structure (PDB entry 1MOP) as a model and contoured
at the 2.2σ level. Superimposed on the electron density is the final
refined model. The side chains that are shown have little movement
relative to those in the apoenzyme and, thus, have little initial
difference electron density. This figure was prepared with PYMOL.
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No clear electron density forâ-alanine was found in the
active site of subunit B, presumably because of the disordered
loop in the crystal that contains Tyr82 (9). Similarly, in the

C2 form crystal, which has one molecule per asymmetry unit
and the flexible loop disordered (see below for more details),
no â-alanine was found in the active site when crystals were
soaked in a solution containing both AMP andâ-alanine.

When we superimposed the structure of theâ-alanine
complex with that of the pantoyl adenylate complex (Figure
2B), the amino group ofâ-alanine was positioned above the
carbonyl group of pantoyl adenylate such that the nitrogen
atom was 3.38 Å from the carbonyl carbon. With changes
in only one torsion angle (see the movie in the Supporting
Information), the amino group ofâ-alanine can move toward
the carbonyl carbon for a nucleophilic attack and attain a
nearly perfect geometry for a tetrahedral intermediate. In
comparison to that of AMP, the phosphate group of pantoyl
adenylate is slightly shifted, presumably because of its
bonding restraint. This shift allows the O1R atom of pantoyl
adenylate to form a hydrogen bond with the amino group of
â-alanine, serving as an anchor for the initial binding of
â-alanine.

Structure of the C2 Crystal Form.A new crystal form was
obtained which differs from the crystals in space groupP21.
This crystal form is in space groupC2 with one polypeptide
chain per asymmetric unit. The protein molecule in theC2
crystal is present as a dimer that is essentially identical to
that in theP21 crystal, but in theC2 crystal, the 2-fold axis
of the dimer coincides with one crystal symmetry axis. The
interface between subunits of the dimer is essentially identical
for the two crystal forms. However, in theC2 crystal, the
flexible region between secondary structure elementsâ3 and
R3, which forms one wall of the active site cavity, differs
significantly from that in theP21 crystal (Figure 3). A large
portion, from residue 76 to 86, is completely disordered. The
first turn of helix R3 unwinds, and helix 3103 in the P21

crystal also unwinds and forms an extended structure in
which most residues are partially disordered, as indicated
by high B factors. This structural difference is induced by
crystal packing and the intrinsic flexibility of the loop, which
functions as a gate to the active site cavity (9).

ATP Binding Interactions.In theP21 crystal, the disordered
loop becomes ordered when the reaction intermediate forms
in the active site (9). To determine if this would also happen
in theC2 crystal, we soaked crystals in a solution containing
both ATP and pantoate. We obtained a complex having an
ATP rather than an intermediate in the active site. The ATP
molecule has an average temperature factor of 17.3 Å2,
virtually identical to the average temperature factor of the
surrounding protein atoms, indicating that it is at full
occupancy. There was no clear electron density for pantoate
or pantoyl adenylate in the active site cavity. In the pantoate
binding pocket, there was positive difference electron density,
into which we modeled a glycerol molecule. This glycerol
has a high temperature factor, suggesting that it has a low
occupancy. The inability of pantoate to react with ATP in
this C2 crystal seems to be due to the conformation of the
flexible loop, which is different from that in theP21 crystal
(Figure 3). The side chain of Gln72 on this flexible loop
plays an important role in binding pantoate by hydrogen
bonding interactions, but in theC2 crystal, it swings out of
the active site and is partially disordered. Except for this
Gln72 side chain, the binding site for pantoate is intact.

The binding interactions of ATP with protein are similar
to those of AMPCPP. However, unlike the methylene group

FIGURE 2: (A) Binding interactions ofâ-alanine in the active site.
The AMP, â-alanine, and a glycerol at the pantoate binding site
are colored with carbon atoms in gold. Two water molecules that
have hydrogen bonds toâ-alanine are shown as red spheres. Some
hydrogen bonds are shown as dashed lines. Other hydrogen bonds,
such as those between the glycerol and Gln72 and Gln164, are not
shown for clarity. (B) Superposition of the active site residues of
subunit A between theâ-alanine complex and the pantoyl adenylate
complex (PDB entry 1N2I). The active site residues align well with
an rmsd for CR atoms of less than 0.15 Å. The protein structure is
from theâ-alanine complex, as in panel A, except that Tyr82 and
the water molecules are not shown. The pantoyl adenylate molecule
colored cyan is from the pantoyl adenylate complex. A hydrogen
bond from the carboxylate group ofâ-alanine to the Gln72 side
chain is shown as a cyan dashed line. The distance between the
amino group ofâ-alanine and the phosphate oxygen of pantoyl
adenylate is 2.8 Å, suggesting a potential hydrogen bond (shown
as a magenta dashed line) for initial binding ofâ-alanine. In this
binding position, the nitrogen atom ofâ-alanine is 3.38 Å from
the carbonyl carbon of the pantoyl group. This figure was prepared
with Molscript (23) and Raster3D (24).
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in AMPCPP, the bridge oxygen between theR- and
â-phosphate groups of ATP is capable of forming a hydrogen
bond with the Nε2 atom of His47 (Figure 4). This hydrogen
bond, in turn, allows theR-phosphate to form a hydrogen
bond with the amide nitrogen of Met40. The magnesium ion
that is bound to ATP has a nearly perfect octahedral
coordination. Its distances to the O2R, O2â, and O1γ atoms
of the phosphate groups are 2.26, 1.99, and 2.12 Å,
respectively; three other ligands are water molecules with
distances of 1.96, 2.11, and 2.28 Å. Two of the water ligands
have hydrogen bonds to the side chain of Asp161.

AMP Binding Interactions.We obtained an AMP complex
from bothP21 andC2 crystals by soaking the crystals in a
solution containing both AMP andâ-alanine. As described
above, theP21 crystal has both AMP andâ-alanine in the
active site of one subunit but only AMP in the other, since
one wall of the active site cavity is disordered in the latter.
TheC2 crystal has a larger disordered region, which includes
Gln72; thus, it cannot bindâ-alanine. Binding interactions
of AMP with the active site residues in these complexes are
essentially identical. The adenosine group of AMP binds in
the same position as that of AMPCPP and ATP; it fits snugly
in its binding pocket at the bottom of the active site cavity
through hydrophobic and hydrogen bonding interactions. The
adenine group is flanked by Gly46 on helixR2 and Lys160

on the loop afterâ6. Its N1 and N6 atoms have hydrogen
bonds to main chain atoms. The hydroxyl groups of ribose
form hydrogen bonds with the Asp161 side chain and a few
main chain atoms at the bottom of the active site cavity.
The phosphate group, however, has torsional flexibility, and
it rotates slightly relative to theR-phosphate of ATP,
allowing one of its oxygen atoms to form hydrogen bonds
to the side chain of His47 and to the amide nitrogen of Met40
simultaneously (Figure 2A).

DISCUSSION

A Dimer as the Biological Functional Unit.In this work,
we obtained a new crystal form in space groupC2, in which
there is one molecule per asymmetric unit. However, the
same dimer as in theP21 crystal was found, with the 2-fold
symmetry axis of the dimer coinciding with the crystaly
axis. This result confirms that the biological unit of this
enzyme is a dimer. The MTB PS enzyme exists in solution
as a dimer (8, 9), as do PS enzymes from higher plants (6,
7). The crystal structures suggest that active sites of the dimer
are independent of each other in catalytic function; reactions
can occur in both active sites of the dimer simultaneously.
When we grew crystals in the presence of both ATP and
pantoate or soaked crystals in solutions containing both ATP
and pantoate, the reaction intermediate was found in both
active sites. This suggests that dimerization serves a function
other than allostery. Although we cannot exclude the
possibility of cooperative binding ofâ-alanine in the two
active sites, the enzyme surface feature suggests that regula-
tion of enzyme function could occur through interactions of
the dimer with other macromolecules. There is a large groove

FIGURE 3: Superposition of the protein molecule in the asymmetric
unit of theC2 crystal and that of subunit A of theP21 crystal. The
structures are shown as ribbon diagrams, which are colored gray
for theC2 crystal and green and red for theP21 crystal. Colored in
red is the structurally different region. Most of the residues align
very well with an rmsd of 0.33 Å for 255 CR atoms. However, a
large segment that forms a wall of the active site cavity is disordered
in the structure of theC2 crystal (two magenta arrows mark the
ends of the disordered segment). The first turn of helixR3
(horizontal arrow) unwinds, and residues that form the 3103 helix
in the P21 crystal have an extended structure in theC2 crystal.
The 3103 helix contains Gln72, which plays an important role in
binding pantoate by having hydrogen bonds to the hydroxyl groups
of pantoate. Strandâ5 forms a two-stranded intersubunitâ-sheet
of the dimer.

FIGURE 4: Binding interactions of ATP with active site residues.
The Mg2+ ion is shown as a yellow sphere, and water molecules
are shown as red spheres. Hydrogen bonds between ATP and
protein atoms as well as some water-mediated hydrogen bonds are
shown as dashed lines. The Mg2+ ion has nearly perfect octahedral
coordination with three ligands from oxygen atoms of the phosphate
groups and another three from water molecules. The Nε2 atom of
His47 has a hydrogen bond to the bridge oxygen between theR-
andâ-phosphate. A glycerol molecule found at the pantoate binding
site is also shown.
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that is more than 6 Å wide and 8 Å deep at the dimer
interface near the bottom of the molecule. In addition, a
group of arginine residues from each subunit forms a large
continuous patch of positively charged surface across the
groove at the dimer interface. TheE. coli pantothenate
synthetase [PDB entry 1IHO (5)] also has a large groove at
its dimer interface, and positively charged side chains
decorate the surface near and in the groove.

Functions of the ActiVe Site Residues.The HIGH (18, 19)
and KMSKS (20) sequence motifs that are important in
binding of ATP in tRNA synthetases are present in the
structure of pantothenate synthetase (5). In the MTB PS
structure, the HIGH motif is at the N-terminus of helixR2.
Both His residues in the motif interact with the phosphates
of ATP. The first histidine, His44, has a hydrogen bond
extending from its Nε2 to O1â of â-phosphate. The His47
side chain has a hydrogen bond from its Nε2 to the bridge
oxygen between theR- andâ-phosphates, suggesting that it
functions as a general acid by donating a proton to the leaving
pyrophosphate group. Both histidine residues have the Nδ1
atom forming a hydrogen bond to a main chain NH group,
and thus, the Nε2 atoms are hydrogen bond donors. Their
imidazole rings are in the proximity of each other with the
closest separation being∼3.2 Å. This indicates favorable
π-π interactions. These two side chains also play a role in
binding the adenine group and stabilizing the reaction
intermediate, because the imidazole rings are close to the
adenine (shortest distances of 3.4 and 4.3 Å for His44 and
His47, respectively). Mutation of either histidine residue to
alanine causes a>1000-fold reduction in enzyme activity
(10). The Gly46 residue is highly conserved in this motif. It
flanks one side of adenine (with Lys160 on the other side),
where any side chain larger than a hydrogen atom would
have steric hindrance. The KSMKS motif is not conserved
at the sequence level in PS enzymes, but it is evident from
structural alignments (5). In the MTB PS structure of the
ATP complex, residues Ser196, Ser197, and Arg198, which
are at the N-terminus of helix 3107 and are part of the
KSMKS motif, bind theâ- and γ-phosphate groups. The
Lys160 side chain packs against one side of adenine.
Mutation of this residue to alanine reduces the enzyme
activity more than 1000-fold, and it decreases the affinity
of the enzyme for ATP (10). Another residue that binds ATP
is Asp161, which has hydrogen bonds to two water ligands
of the magnesium ion, and to O2* of the ribose group.
Overall, the ATP molecule is rigidly held in the active site
by many hydrophobic,π-electron, hydrogen bonding, and
charge-charge interactions, which keep it in an optimal
conformation for a nucleophilic attack by pantoate. Residues
involved in binding the adenosine group are also important
in stabilizing the pantoyl adenylate intermediate.

As shown in our earlier work (9), binding of pantoate
involves hydrogen bonding interactions with side chains of
Gln72 and Gln164 and hydrophobic interactions with side
chains of Pro38, Phe157, and Met40. Mutation of either
glutamine residue to alanine greatly reduces the rate of
pantoyl adenylate formation (10), because these two side
chains bind pantoate and keep the nucleophile at an optimal
position for a nucleophilic attack. We observed only ATP
in the active site with full occupancy when we soaked the
C2 crystals in a solution containing both ATP and pantoate.
In this structure, the Gln72 side chain is outside the active

site cavity because of crystal packing. This result indicates
that loss of this glutamine side chain completely abolishes
the enzyme catalytic activity for the first half of the reaction
inside the crystal. The glutamine side chains are also involved
in binding of the reaction intermediate. Thus, mutation of
either residue could affect the stability of the pantoyl
adenylate intermediate. It is noteworthy that Asn69 was also
found to be important for the enzyme activity (10). This
residue is not directly involved in binding substrates or the
intermediate. However, it forms a hydrogen bond to the side
chain of Gln72 and thus is important for keeping the Gln72
side chain in position. In addition, both Asn69 and Gln72
are on the one-turn 3103 helix, and mutation of Asn69 might
also affect the stability of this 310 helix and hence the position
of the Gln72 side chain.

The structure of theâ-alanine complex indicates that Gln72
and Met40 side chains also bindâ-alanine. The side chain
of Arg198, which is important for binding theγ-phosphate
of ATP, moves close to the carboxylate group ofâ-alanine
for favorable charge-charge interactions. The side chain of
Tyr82 also plays a role in binding ofâ-alanine. This Tyr82,
together with the side chain of Met40, packs on one side of
the boundâ-alanine. In the other subunit of the dimer, where
residues 74 to 83 are disordered, noâ-alanine was found in
the active site. Also in this case, disorder of this active site
cavity wall weakens binding interactions forâ-alanine
because its binding site is exposed to bulk solvent and thus
the charge-charge interactions are dampened. The binding
of â-alanine is not as tight as that of other substrates. One
side of â-alanine faces the large cavity of the active site,
which is filled with a few ordered water molecules in the
crystal structure. However, the binding interactions limit
molecules that can bind well and have a nucleophilic attack
on the reaction intermediate. Therefore, structural analogues
of â-alanine are all poor substrates (8).

OVerall Enzyme-Catalyzed Reaction Mechanism.In the
first step of the PS-catalyzed reaction, ATP reacts with
pantoate to form pantoyl adenylate. The structure of the ATP
complex reported here confirms our earlier model of ATP
binding interactions based on the AMPCPP complex (9). The
ATP molecule binds in a position essentially identical to that
of the AMPCPP. Our earlier prediction that the Nε2 atom
of His47 can form a hydrogen bond to the bridge oxygen
between theR- andâ-phosphates is confirmed in the ATP
complex. This hydrogen bond allows theR-phosphate to
move toward the pantoate binding site and have a hydrogen
bond to the NH group of Met40 from its O1R atom. When
the structures of the ATP complex and the pantoate complex
were superimposed, the carboxyl oxygen of pantoate was
within 2.7 Å of the R-phosphorus atom, and it was at a
perfect position for an in-line nucleophilic attack. Both ATP
and pantoate can bind alone in the active site. However, when
both are present in the same active site, the nucleophilic
reaction must occur. As discussed in our previous work (9),
it is likely that ATP binds first. Then pantoate binds, allowing
a nucleophilic attack by theR-phosphate while it binds in
its binding pocket (8, 21). This produces a trigonal bipyra-
midal transient reaction intermediate (see the movie in the
Supporting Information). Although transient in nature, this
intermediate is stabilized by the enzyme because all the
favorable interactions are preserved, and the steric and charge
repulsions are eliminated. Formation of the bipyramidal
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intermediate involves only the movement of the phosphorus
atom toward the carboxyl oxygen to be coplanar with three
equatorial oxygen atoms. The intermediate then dissociates
to form the stable reaction intermediate pantoyl adenylate
and pyrophosphate. The side chain of His47 could donate a
proton to the leaving pyrophosphate to facilitate the reaction.
Pantoyl adenylate is stable only when tightly bound in the
enzyme active site. In solution, it decomposes rapidly to give
pantoyl lactone and AMP (22). The dissociation of the
trigonal bipyramidal intermediate necessitates the simulta-
neous leaving of the pyrophosphate, because there would
be unfavorable charge and steric repulsions once pyrophos-
phate is formed. This reaction, however, is reversible, as was
demonstrated by positional isotope exchange experiments in
which 18O labels were scrambled when incubating [âγ-18O6]-
ATP and pantoate with the MTB PS enzyme (21).

In the second step of the reaction,â-alanine reacts with
the enzyme-bound pantoyl adenylate to yield the final
reaction product, pantothenate. Upon formation of the pantoyl
adenylate intermediate in the active site cavity, the flexible
wall becomes ordered and thus closes the active site cavity.
This protects the highly reactive pantoyl adenylate and also
creates the binding site forâ-alanine, the last substrate. The
â-alanine molecule is relatively small, capable of passing
through the small opening at the top of the active site cavity.
When we soaked crystals with both pantoate andâ-alanine,
we observed very weak binding ofâ-alanine in the active
site cavity (9). Its carboxyl group has charge interactions
with side chains of Arg198 and Arg132, while its amino
group has a hydrogen bond to the side chain of Asp161,
being∼7.5 Å from the carboxyl group of pantoate. In the
presence of pantoyl adenylate in the active site, its phosphate
group forms a hydrogen bond to the amino group of
â-alanine. This allows the carboxylate group ofâ-alanine
to have better interactions with the side chains of Arg198
and His135 and a hydrogen bond to Gln72. There is a shift
of the Arg198 side chain of∼1.8 Å toward the carboxylate
group ofâ-alanine relative to that in the pantoyl adenylate
complex. This binding position forâ-alanine puts its amino
group at a good position for a nucleophilic attack on the
carbonyl carbon of the pantoyl group. A model of the
tetrahedral intermediate can be readily prepared from the
crystal structure with only a simple rotation of a torsion angle
of â-alanine (see the movie in the Supporting Information).
This transient tetrahedral intermediate is stabilized by favor-
able interactions with the enzyme active site residues (Figure
5). Once the intermediate dissociates to form AMP and
pantothenate, the planarity of the peptide bond in panto-
thenate forces the molecule to have a conformation that
cannot have favorable interactions with the side chains that
bind pantoate andâ-alanine. In addition, there are steric
clashes with the phosphate group of AMP and the Asp161
side chain. Therefore, pantothenate will leave the active site
once it is formed. Pantothenate has a very low affinity for
the enzyme. We have tried soaking and growing crystals in
the presence of pantothenate, but we failed to obtain a
complex with this compound. This is consistent with the
finding that pantothenate is a poor inhibitor of the enzyme
(8). The AMP molecule, on the other hand, has good binding
interactions in the active site. However, it typically is present
at a low concentration in cells and thus can easily diffuse
out of the active site. Moreover, ATP has many favorable

interactions in the active site of the enzyme, and it can readily
displace AMP.

Inhibitor Design.Because pantoyl adenylate binds tightly
in the active site cavity, it is reasonable to expect that
nonreactive analogues of the intermediate would be good
inhibitors (9). The tetrahedral intermediate from the reaction
of â-alanine with pantoyl adenylate (Figure 5) can be another
template for inhibitor design. It is well accepted that enzymes
lower the transition state energy by stabilizing reaction
intermediates along the reaction coordinates. In this case,
the tetrahedral intermediate is tightly bound by hydrophobic
interactions, hydrogen bonds, and charge-charge interac-
tions. The easiest way to design an inhibitor based on this
tetrahedral intermediate is to remove the adenosine group
and retain only the carboxyl and pantoyl groups. The
tetrahedral conformation can be stabilized by creating a five-
or six-membered ring through the tetrahedral carbon, O12,
PR, O1R, and the amino nitrogen (atoms connected into a
ring by the cyan dashed line in Figure 5) to make the
structure rigid. Members of the ring can be all carbon, or
mixtures of carbon, nitrogen, and oxygen. A hydroxyl or
carbonyl group at the O2R position can have hydrogen bonds
to the side chain of His47 and the NH group of Met40, thus
increasing the binding affinity.
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FIGURE 5: Model of the tetrahedral intermediate of the second half-
reaction catalyzed by PS. The model was constructed on the basis
of Figure 2B of the superposition between the pantoyl adenylate
complex and theâ-alanine complex. A tetrahedral geometry can
be obtained by a torsional rotation of the amino nitrogen of
â-alanine to move it to∼1.5 Å above the carbonyl carbon, and
another torsional rotation of the carbonyl oxygen of pantoate.
Hydrogen bonds toâ-alanine, pantoyl, and phosphate groups are
shown as magenta dashed lines. A cyan dashed line between O1R
and the amino nitrogen outlines a potential ring system for the
design of inhibitors (see the text for details). The distance between
these two atoms in this model is∼3 Å. However, a hydrogen bond
is unlikely on the basis of the geometry.
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SUPPORTING INFORMATION AVAILABLE

A movie showing detailed reactions in the active site of
the PS enzyme. The movie was prepared with PYMOL
(http://pymol.sourceforge.net/) based on the crystal structures
of the apoenzyme, ATP complex, pantoate complex, pantoyl
adenylate complex,â-alanine-AMP complex, and AMP
complex. This material is available free of charge via the
Internet at http://pubs.acs.org.
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