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ABSTRACT: Pantothenate synthetase (PS) friiyicobacterium tuberculosiepresents a potential target

for antituberculosis drugs. PS catalyzes the ATP-dependent condensation of pantogtaelamde to

form pantothenate. Previously, we determined the crystal structure of PSMraumberculosisand its
complexes with AMPCPP, pantoate, and pantoyl adenylate. Here, we describe the crystal structure of this
enzyme complexed with AMP and its last substr@t@lanine, and show that the phosphate group of
AMP serves as an anchor for the bindingfsélanine. This structure confirms that bindingalanine

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 (vitamingBis an essential precursor for the panCgene product in several organisms has been identified
biosynthesis of coenzyme A and acyl carrier proteins, both and characterized, including those Escherichia coli(5),
of which play critical roles in many cellular processes, Saccharomyces cerisiae higher plantOryza satia and
including energy metabolism and fatty acid metabolidjn ( Lotus japonicug6), fungusFusarium oxysporung7), and
Microorganisms and plants can synthesize pantothenate M. tuberculosis(8). The PS enzymes fror&. coli, higher
while animals obtain this essential nutrient from their diet plants, and MTB form dimers in solution.
(2). Therefore, the pantothenate biosynthetic pathway offers  The E. coli PS enzyme structure belongs to the cytidyl-
targets for developing drugs against microbial pathogens. yitransferase superfamil), It has two distinct domains, a
Recently, Jacobs and co-autho8 (eported that dyco-  |arge N-terminal domain having a Rossmann fold and a
bacterium tuberculosigMTB)* mutant defective in the de  smaller C-terminal domain containing a helical layer above
novo biosynthesis of pantothenate is highly attenuated in bothy three-stranded antiparall@-sheet. On the basis of a
immunocompromised and immunocompetent mice. This stryctural comparison of tHe. coli PS with other members
observation indicates that a functional pantothenate biosyn-of cytidylyltransferase superfamily having known structures,

thetic pathway is essential for virulence of MTB. von Delft et al. 6) deduced the ATP and pantoate binding
The pantothenate biosynthetic pathway comprises four sites of theE. coli PS and proposed a hinged domain
steps catalyzed by enzymes encoded bypaeB panG mechanism for opening and closing of the enzyme active

panD, and panE genes 4). The panC gene encodes a sijte cavity.
pantothenate synthetase (PS), which catalyzes the last step

. . We have determined the crystal structure of the MTB PS
qf pantothenate blosynthe§|s, the ATP-dependent condensa‘—enzyme and its complexes with a nonhydrolyzable ATP
tion of pantoate ang-alanine to form pantothenate. The

analogue (AMPCPP), pantoate, and a pantoyl adenylate
reaction intermediatedf. The MTB PS has the same fold
_ *Tfllis Wfi_rk \{Véls ?liﬁpoéted bé l’leEram %M ?2|41t0tt<t) D.E.D.E. as theE. coli enzyme, and the structures of substrate
® ?rg:or:)\:zisnlagtzga%d gbsg;,\\;gzi stﬁ?ctﬁ?e f(;clt((:;;l ar]rﬁr;l;iu%es for the complexes confirm the_ binding sites for ATP a.md pantoate
structures described in this paper have been deposited in the ProteifPredicted from thé. coli PS structure. However, in the MTB
Data Bank (entries 2A88, 2A84, 2A86, and 2A7X). PS structure, the domains of each subunit have a closed
* To whom correspondence should be addressed. Phone: (973) 854-conformation, in contrast to those of thecoli PS structure
345&';??,_53;2 Siig’;gﬁ,ﬁémﬁ'tg shuishu@phri.org. (5), and there is no significant movement betweer) domains
' University of California. among all structures of the apoenzyme and various com-
! Abbreviations: MTB,Mycobacterium tuberculosi®S, pantoth-  plexes. A flexible region, which forms a wall of the active

enate synthetase; AMPCP®5-methylene adenosiné-&iphosphate; ; ; ; ; ; ;
AMP. adenosine smonophosphate: ATP. adenosinetiiphosphate. site cavity, becomes ordered in the reaction intermediate

IPTG, isopropy}3-p-1-thiogalactopyranoside; NCS, noncrystallographic complex and c_Ioseg the aFtive site cavity, thus acting as a
symmetry; PMSF, phenylmethanesulfonyl fluoride. gate to the active site cavity of the MTB PS enzyme.
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Table 1: X-ray Diffraction Data foM. tuberculosisPantothenate Synthetase and Complexes

apo (1) AMP (2) ATP (3) p-alanine (4)
space group Cc2 Cc2 c2 P2;
resolution (A) 56-1.7 50-1.7 50-1.55 50-1.85
Rmerg®€ (last bin) 0.059 (0.372) 0.039 (0.220) 0.060 (0.343) 0.083 (0.547)
completeness (%) 97.3 (88.8) 88.0 (47.0) 87.6 (30.8) 99.8 (98.1)
1/o® 21.3(2.8) 33.8(5.2) 30.7 (3.9) 23.6 (2.5)
redundancy 3.3(2.8) 4.2(3.1) 6.6 (3.5) 2.7(2.2)
cell dimensions

a(A) 119.82 120.25 118.95 47.99
b (R) 44.98 44,94 44.88 70.64
c(R) 82.14 82.23 82.13 81.68
S (deg) 125.50 125.56 125.26 99.21

a All data collected at the cryogenic temperature of 100 Khe numbers in parentheses are for the last bin of data, which is from 1.76 to 1.7
A, from 1.76 to 1.7 A, from 1.61 to 1.55 A, and from 1.90 to 1.85 A for data setd, Xespectively® Ruerge= Y |(Inki — DI/ 1hi, Where DO
is the average of,q over all symmetry equivalents.

Kinetic analysis of the MTB PS suggests that the enzyme- The protein was purified from a Rfi-charged HiTrap
catalyzed reaction proceeds through two steps: the formationchelating column (Amersham) with 20 mM HEPES (pH 7.8),
of an enzyme-bound intermediate, pantoyl adenylate, from 500 mM NacCl, and a linear gradient of imidazole. The PS
ATP and pantoate, followed by nucleophilic attack on the protein was subjected to enterokinase (New England Biolabs)
intermediate byg-alanine to form pantothenate and AMP digestion for cleavage of the N-terminal fusion tag and
(8). This two-step mechanism is supported by the structure further purified with a second round of chromatography on
of the reaction intermediate complex, which shows that a Ni#"™-HiTrap column followed by Superdex 75 column
pantoyl adenylate can exist stably in the enzyme active site.(Amersham) gel filtration.

Structures of complexes with AMPCPP, pantoate, and Crystallization and Data CollectionCrystallization was
pantoyl adenylate give a direct view of the first step of the carried out as described previousB).(Crystals in space
PS-catalyzed reaction. Some important active site residuesgroup P2; were obtained from drops set up with well
that were suggested by the crystal structures have beersolutions containing 1:815% PEG 3000, 5% glycerol, 2%
studied recently by site-directed mutagenesis and kinetic ethanol, 20 mM MgG, 150 mM LiLSQ, and 100 mM
analysis, and their roles in substrate binding and catalysisimidazole (pH 8.0) at 26C. We obtained a new crystal form,
have been confirmedL(). However, the mechanism of the which is in space grou@2, from similar conditions, except
second half of the reaction has remained elusive, because ofvith 2% 2-propanol in place of ethanol and with 200 mM
the lack of knowledge of binding interactions of the last Li,SQO,.

substrate-alanine. To obtain crystals in complex witi-alanine, crystals of

In this work, we determined a structure for MTB PS  pboth P2, and C2 space groups were soaked in the mother
complexed withg-alanine. This structure gave direct evi-  liquor with both AMP and3-alanine (~10 mM each) added
dence that the binding site for this last substrate in the for ~14 h. In another experiment, ti@2 crystals were also
pathway exists only after formation of the pantoyl adenylate soaked in the mother liquor with both ATP and pantoate
intermediate. We also obtained a new crystal form, in which (~10 mM each), in the hope of placing the pantoyl adenylate
the flexible region (gate to the active site) is locked in an in the active site.
inactive form. An ATP complex structure in this crystal form  Before data collection, crystals were soaked fe5amin
confirmed ATP binding interactions deduced from the in a cryogenic solution similar to well solutions or substrate
AMPCPP complex and the function of the His47 side chain. soaking solutions with glycerol added to 30%, and they were
Together, these crystal structures lead to a detailed view ofthen flash-frozen in a cryo stream of,Ngas at 100 K.
the overall reaction mechanism. A model of the tetrahedral pjffraction data were collected at 100 K on a Rigaku FRD
intermediate of the second half of the reaction was con- generator with an R-AXIS IV detector. Data reduction and
structed from thes-alanine complex. This tetrahedral inter-  scaling were carried out with DENZO and SCALEPACK
mediate provides a basis for design of PS inhibitors. (11). Data processing statistics are listed in Table 1. The

P2; crystal form has two PS molecules per asymmetric unit,
MATERIALS AND METHODS while the C2 crystal contains one molecule per asymmetric

Cloning, Expression, and Purificatiohe detailed pro-  unit. The data were converted to CCP4 format and structure
cedures for cloning of thepanC gene, expression, and factor amplitudes calculated by TRUNCATE and other
purification of the protein have been describ&jl Briefly, programs in the CCP4 suité2).
the MTB panCgene (Rv3602c) encoding the pantothenate  Molecular Replacement, Model Building, and Refinement.
synthetase was amplified from the genomic DNA of MTB The structure of the apoenzym@) (was used to calculate
strain H37Rv and inserted into a pET30a plasmid (Novagen) initial phases for the data sets by molecular replacement with
between restriction sitddcd andHindlll. BL21(DE3) cells AMORE (13). Structural models were refined against the
containing the pET30-PanC plasmid were grown in LB diffraction data using CNSL@) and/or REFMAC 15). After
medium containing 5Q:g/mL kanamycin at 37°C and each cycle of refinement, models were manually adjusted
induced with 0.4 mM IPTG for 3 h. Cells were collected with electron density maps using Q€). All models were
and lysed by lysozyme treatment followed by sonication in refined for a few cycles of REFMAC with TLC refinement
20 mM HEPES (pH 7.8), 500 mM NaCl, and 0.5 mM PMSF. (17) until convergence. The same subsets of dataRfs
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Table 2: Atomic Refinement of Models fdvl. tuberculosisPantothenate Synthetase and Complexes

apo (1) AMP (2) ATP (3) f-alanine (4)
resolution (A) 26-1.7 20-1.7 20-1.55 20-1.85
Ruork (Riree)? 15.7 (18.8) 15.3 (17.7) 15.0 (17.0) 15.6 (19.5)
rmsd for bonds (A) 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 @ 27.1 24.6 22.8 30.5
no. of other molecules 2 glycerols (36.4) 1 AMP (19.6) 1ATP (17.3) 2 AMP molecules (24.5, 27.7)
[averageB factors (&)]
1 sulfate (45.8) 1 sulfate (69.9) 2 Mg atoms (23.5, 53.4)2 -alanines (42.3, 54.8)
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)

aR factors were calculated using data in the resolution range for refinement withoat®ff. R was calculated with a subset of data (8%)
never used in the refinemerRyok Was calculated against the data used in the refinemi@hfactors reported for the protein atoms are td@al
factors after TLC refinement§.The first Mg?* with a B factor of 23.5 & 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 A, respectively2ands igdeled into
the electron density. A water molecule with a distance of 2.46 A could be another ligand to this ion. TtBefaigbr indicates a low occupancy.

4 The two averag® factors that are listed are for the AMP molecules in subunits A and B, respectivielo 3-alanine molecules were found in
the structure. The first one with a lowBrfactor 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 concentratigfralénine in the soaking solution.

calculation were kept between the CNS and REFMAC
programs. No NCS restraints were applied for B data

set in the final REFMAC refinement cycles. Final refinement
statistics for the refined coordinate sets are reported in Table
2.

RESULTS

Binding Interactions of3-Alanine. Our earlier work 9)
indicated that the binding site f@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
pB-alanine by offering hydrogen-bonding partners and/or
favorable chargecharge interactions. Furthermore, an AMP
molecule bound at the active site can also assist the binding AMP
of g-alanine from its phosphate group. In this work, when
we soaked crystals of PS in a solution containflglanine
and AMP, we obtained a crystal structure of the PS enzyme
in complex withS-alanine and AMP from th@2; crystals, /L
which has a dimer in the asymmetric unit.

Figure 1 shows the initiaF, — F. difference electron
density forg-alanine. Clear electron density was seen for
pB-alanine only in subunit A of the dimer. Thg-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 Ficure 1: Section of the initial difference electron density map
to two water molecules. Both water molecules are fixed in (Fo — Fo) in the active site of subunit A of theé2; crystal showing

it lectron density fop3-alanine and AMP. The difference density
position through one hydrogen bond to the phosphate group® A : :
- - was calculated at 1.9 A after rigid body refinement with the
and a second hydrogen bond to the side chain of Asp161 Orapoenzyme structure (PDB entry 1IMOP) as a model and contoured

Tyr82. The carboxyl group Q(ﬁ'a|ar!ine ha§ One.hydmgen at the 2.2 level. Superimposed on the electron density is the final
bond to the N2 atom of the GIn72 side chain. This carboxyl refined model. The side chains that are shown have little movement

is also close to the side chains of Arg198 and His135, with relative to those in the apoenzyme and, thus, have little initial
distances of-4.0 and 3.4 A, respectively, which is favorable difference electron density. This figure was prepared with PYMOL.
for charge-charge interactions and-electron interactions.

One side ofs-alanine faces side chains of Met40 and Tyr82; not fully occupied. However, because the initial model is
the other side faces several ordered water molecules in theessentially the correct structure, the initigl — F. electron
active site cavity. The binding ¢f-alanine is not as tight as  density gives unmistakable density for the binding of
that of other substrates, and its binding site in the crystal is -alanine in the active site of subunit A.
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Ficure 2: (A) Binding interactions of-alanine in the active site.

The AMP, -alanine, and a glycerol at the pantoate binding site
are colored with carbon atoms in gold. Two water molecules that
have hydrogen bonds f%alanine are shown as red spheres. Some

Biochemistry, Vol. 45, No. 6, 2006.557

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

When we superimposed the structure of fh@lanine
complex with that of the pantoyl adenylate complex (Figure
2B), the amino group gf-alanine was positioned above the
carbonyl group of pantoyl adenylate such that the nitrogen
atom was 3.38 A from the carbonyl carbon. With changes
in only one torsion angle (see the movie in the Supporting
Information), the amino group gi-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 @ atom of pantoyl
adenylate to form a hydrogen bond with the amino group of
p-alanine, serving as an anchor for the initial binding of
p-alanine.

Structure of the C2 Crystal Form new crystal form was
obtained which differs from the crystals in space gré2p.

This crystal form is in space grou@? with one polypeptide
chain per asymmetric unit. The protein molecule in @&
crystal is present as a dimer that is essentially identical to
that in theP2; 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 th@é2 crystal, the
flexible region between secondary structure elemgatand

a3, which forms one wall of the active site cavity, differs
significantly from that in thé2; crystal (Figure 3). A large
portion, from residue 76 to 86, is completely disordered. The
first turn of helix a3 unwinds, and helix 33 in the P2;
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 caviy. (

ATP Binding Interactiondn the P2; crystal, the disordered
loop becomes ordered when the reaction intermediate forms
in the active site9). To determine if this would also happen
in the C2 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

hydrogen bonds are shown as dashed lines. Other hydrogen bondgnolecule has an average temperature factor of 173 A
such as those between the glycerol and GIn72 and GIn164, are nowirtually identical to the average temperature factor of the

shown for clarity. (B) Superposition of the active site residues of
subunit A between thg-alanine complex and the pantoyl adenylate
complex (PDB entry 1N2l). The active site residues align well with
an rmsd for @ atoms of less than 0.15 A. The protein structure is
from the-alanine complex, as in panel A, except that Tyr82 and

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,

the water molecules are not shown. The pantoyl adenylate moleculeinto which we modeled a glycerol molecule. This glycerol

colored cyan is from the pantoyl adenylate complex. A hydrogen
bond from the carboxylate group @falanine to the GIn72 side

chain is shown as a cyan dashed line. The distance between th

amino group off-alanine and the phosphate oxygen of pantoyl

e

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

adenylate is 2.8 A, suggesting a potential hydrogen bond (shown flexible loop, which is different from that in thB2; crystal

as a magenta dashed line) for initial binding/alanine. In this
binding position, the nitrogen atom @talanine is 3.38 A from

the carbonyl carbon of the pantoyl group. This figure was prepared

with Molscript (23) and Raster3D24).

No clear electron density fg#-alanine was found in the

(Figure 3). The side chain of GIn72 on this flexible loop
plays an important role in binding pantoate by hydrogen
bonding interactions, but in th&2 crystal, it swings out of
the active site and is partially disordered. Except for this
GIn72 side chain, the binding site for pantoate is intact.

active site of subunit B, presumably because of the disordered The binding interactions of ATP with protein are similar

loop in the crystal that contains Tyr89)( Similarly, in the

to those of AMPCPP. However, unlike the methylene group
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Ficure 4: Binding interactions of ATP with active site residues.
The M¢?" ion is shown as a yellow sphere, and water molecules

FiGURE 3: Superposition of the protein molecule in the asymmetric are shown as red spheres. Hydrogen bonds between ATP and
unit of theC2 crystal and that of subunit A of te2; crystal. The ~ Protein atoms as well as some water-mediated hydrogen bonds are
structures are shown as ribbon diagrams, which are colored grayshown as dashed lines. The ¥gon has nearly perfect octahedral
for the C2 crystal and green and red for tRg; crystal. Colored in  coordination with three ligands from oxygen atoms of the phosphate
red is the structurally different region. Most of the residues align 9roups and another three from water molecules. Tb2 &tom of

very well with an rmsd of 0.33 A for 255 € atoms. However, a  His47 has a hydrogen bond to the bridge oxygen between.the
large segment that forms a wall of the active site cavity is disordered andf-phosphate. A glycerol molecule found at the pantoate binding
in the structure of the2 crystal (two magenta arrows mark the ~Site is also shown.

ends of the disordered segment). The first turn of helX

_(horizontal arrow) unwinds, and residues that fqrm the3 Belix on the loop afted6. Its N1 and N6 atoms have hydrogen

in the P2, crystal have an extended structure in (B2 crystal. bonds to main chain atoms. The hydroxyl groups of ribose

The 3,3 helix contains GIn72, which plays an important role in . . h
binding pantoate by having hydrogen bonds to the hydroxyl groups form hydrogen bonds with the Asp161 side chain and a few

of pantoate. Stran@5 forms a two-stranded intersubugiisheet ~ Main chain atoms at the bottom of the active site cavity.
of the dimer. The phosphate group, however, has torsional flexibility, and

it rotates slightly relative to thex-phosphate of ATP,

in AMPCPP, the bridge oxygen between the and allowin_g one o_f its oxygen atoms to fqrm h_ydrogen bonds
B-phosphate groups of ATP is capable of forming a hydrogen to the side chain of His47 and to the amide nitrogen of Met40
bond with the N2 atom of His47 (Figure 4). This hydrogen Simultaneously (Figure 2A).
bond, in turn, allows thex-phosphate to form a hydrogen
bond with the amide nitrogen of Met40. The magnesium ion DISCUSSION
that is bound to ATP has a nearly perfect octahedral A Dimer as the Biological Functional Unitn this work,
coordination. Its distances to the @2023, and OY atoms we obtained a new crystal form in space gr@f in which
of the phosphate groups are 2.26, 1.99, and 2.12 A there is one molecule per asymmetric unit. However, the
respectively; three other ligands are water molecules with same dimer as in the2; crystal was found, with the 2-fold
distances of 1.96, 2.11, and 2.28 A. Two of the water ligands symmetry axis of the dimer coinciding with the crystal
have hydrogen bonds to the side chain of Asp161. axis. This result confirms that the biological unit of this

AMP Binding InteractionsWe obtained an AMP complex  enzyme is a dimer. The MTB PS enzyme exists in solution
from bothP2; and C2 crystals by soaking the crystals in a as a dimer§, 9), as do PS enzymes from higher plaris (
solution containing both AMP anfl-alanine. As described 7). The crystal structures suggest that active sites of the dimer
above, theP2, crystal has both AMP an@-alanine in the are independent of each other in catalytic function; reactions
active site of one subunit but only AMP in the other, since can occur in both active sites of the dimer simultaneously.
one wall of the active site cavity is disordered in the latter. When we grew crystals in the presence of both ATP and
TheC2 crystal has a larger disordered region, which includes pantoate or soaked crystals in solutions containing both ATP
GIn72; thus, it cannot bing-alanine. Binding interactions  and pantoate, the reaction intermediate was found in both
of AMP with the active site residues in these complexes are active sites. This suggests that dimerization serves a function
essentially identical. The adenosine group of AMP binds in other than allostery. Although we cannot exclude the
the same position as that of AMPCPP and ATP; it fits snugly possibility of cooperative binding gf-alanine in the two
in its binding pocket at the bottom of the active site cavity active sites, the enzyme surface feature suggests that regula-
through hydrophobic and hydrogen bonding interactions. The tion of enzyme function could occur through interactions of
adenine group is flanked by Gly46 on heti2 and Lys160 the dimer with other macromolecules. There is a large groove
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that is more tha 6 A wide al 8 A deep at the dimer site cavity because of crystal packing. This result indicates
interface near the bottom of the molecule. In addition, a that loss of this glutamine side chain completely abolishes
group of arginine residues from each subunit forms a large the enzyme catalytic activity for the first half of the reaction
continuous patch of positively charged surface across theinside the crystal. The glutamine side chains are also involved
groove at the dimer interface. The. coli pantothenate in binding of the reaction intermediate. Thus, mutation of
synthetase [PDB entry 1IH(G)] also has a large groove at either residue could affect the stability of the pantoyl
its dimer interface, and positively charged side chains adenylate intermediate. It is noteworthy that Asn69 was also
decorate the surface near and in the groove. found to be important for the enzyme activit§0j. This
Functions of the Actie Site Residue3he HIGH (18, 19) residue is not directly involved in binding substrates or the
and KMSKS @0) sequence motifs that are important in intermediate. However, it forms a hydrogen bond to the side
binding of ATP in tRNA synthetases are present in the chain of GIn72 and thus is important for keeping the GIn72
structure of pantothenate syntheta$¢ (n the MTB PS side chain in position. In addition, both Asn69 and GIn72
structure, the HIGH motif is at the N-terminus of heti2. are on the one-turma helix, and mutation of Asn69 might
Both His residues in the motif interact with the phosphates also affect the stability of this;ghelix and hence the position
of ATP. The first histidine, His44, has a hydrogen bond of the GIn72 side chain.
extending from its N2 to O13 of -phosphate. The His47 The structure of thg-alanine complex indicates that GIn72
side chain has a hydrogen bond from ite2\to the bridge and Met40 side chains also bifdalanine. The side chain
oxygen between the- andS-phosphates, suggesting that it of Arg198, which is important for binding thg-phosphate
functions as a general acid by donating a proton to the leavingof ATP, moves close to the carboxylate groupseélanine
pyrophosphate group. Both histidine residues have it N for favorable chargecharge interactions. The side chain of
atom forming a hydrogen bond to a main chain NH group, Tyr82 also plays a role in binding @gFalanine. This Tyr82,
and thus, the K2 atoms are hydrogen bond donors. Their together with the side chain of Met40, packs on one side of
imidazole rings are in the proximity of each other with the the boung3-alanine. In the other subunit of the dimer, where
closest separation being3.2 A. This indicates favorable residues 74 to 83 are disordered,Malanine was found in
m—a interactions. These two side chains also play a role in the active site. Also in this case, disorder of this active site
binding the adenine group and stabilizing the reaction cavity wall weakens binding interactions fgi-alanine
intermediate, because the imidazole rings are close to thebecause its binding site is exposed to bulk solvent and thus
adenine (shortest distances of 3.4 and 4.3 A for His44 andthe charge charge interactions are dampened. The binding
His47, respectively). Mutation of either histidine residue to of -alanine is not as tight as that of other substrates. One
alanine causes a1000-fold reduction in enzyme activity side of f-alanine faces the large cavity of the active site,
(10). The Gly46 residue is highly conserved in this motif. It which is filled with a few ordered water molecules in the
flanks one side of adenine (with Lys160 on the other side), crystal structure. However, the binding interactions limit
where any side chain larger than a hydrogen atom would molecules that can bind well and have a nucleophilic attack
have steric hindrance. The KSMKS maotif is not conserved on the reaction intermediate. Therefore, structural analogues
at the sequence level in PS enzymes, but it is evident from of S-alanine are all poor substrate®).(
structural alignments5j. In the MTB PS structure of the Overall Enzyme-Catalyzed Reaction Mechanismthe
ATP complex, residues Ser196, Ser197, and Arg198, whichfirst step of the PS-catalyzed reaction, ATP reacts with
are at the N-terminus of helix,& and are part of the  pantoate to form pantoyl adenylate. The structure of the ATP
KSMKS motif, bind thes- and y-phosphate groups. The complex reported here confirms our earlier model of ATP
Lys160 side chain packs against one side of adenine.binding interactions based on the AMPCPP comp®xThe
Mutation of this residue to alanine reduces the enzyme ATP molecule binds in a position essentially identical to that
activity more than 1000-fold, and it decreases the affinity of the AMPCPP. Our earlier prediction that the2Natom
of the enzyme for ATPX0). Another residue that binds ATP  of His47 can form a hydrogen bond to the bridge oxygen
is Asp161, which has hydrogen bonds to two water ligands between thex- and S-phosphates is confirmed in the ATP
of the magnesium ion, and to O2* of the ribose group. complex. This hydrogen bond allows tlephosphate to
Overall, the ATP molecule is rigidly held in the active site  move toward the pantoate binding site and have a hydrogen
by many hydrophobicz-electron, hydrogen bonding, and bond to the NH group of Met40 from its @latom. When
charge-charge interactions, which keep it in an optimal the structures of the ATP complex and the pantoate complex
conformation for a nucleophilic attack by pantoate. Residues were superimposed, the carboxyl oxygen of pantoate was
involved in binding the adenosine group are also important within 2.7 A of the a-phosphorus atom, and it was at a
in stabilizing the pantoyl adenylate intermediate. perfect position for an in-line nucleophilic attack. Both ATP
As shown in our earlier work9), binding of pantoate = and pantoate can bind alone in the active site. However, when
involves hydrogen bonding interactions with side chains of both are present in the same active site, the nucleophilic
GIn72 and GIn164 and hydrophobic interactions with side reaction must occur. As discussed in our previous wejk (
chains of Pro38, Phel57, and Met40. Mutation of either itis likely that ATP binds first. Then pantoate binds, allowing
glutamine residue to alanine greatly reduces the rate ofa nucleophilic attack by the-phosphate while it binds in
pantoyl adenylate formationlQ), because these two side its binding pocket§, 21). This produces a trigonal bipyra-
chains bind pantoate and keep the nucleophile at an optimalmidal transient reaction intermediate (see the movie in the
position for a nucleophilic attack. We observed only ATP Supporting Information). Although transient in nature, this
in the active site with full occupancy when we soaked the intermediate is stabilized by the enzyme because all the
C2 crystals in a solution containing both ATP and pantoate. favorable interactions are preserved, and the steric and charge
In this structure, the GIn72 side chain is outside the active 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 F136
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 AMP2Q). The dissociation of the
trigonal bipyramidal intermediate necessitates the simulta-
neous leaving of the pyrophosphate, because there woulc
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 80 labels were scrambled when incubatifg{80g]-

ATP and pantoate with the MTB PS enzynfil)

In the second step of the reactighalanine 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. Y
This protects the highly reactive pantoyl adenylate and also Ficure 5: Model of the tetrahedral intermediate of the second half-
creates the binding site f@alanine, the last substrate. The reaction catalyzed by PS. The model was constructed on the basis
p-alanine molecule is relatively small, capable of passing ©f Figure 2B of the superposition between the pantoyl adenylate

: : : -+ complex and theg-alanine complex. A tetrahedral geometry can
through the small opening at the top of the active site cavity. o c?bt;(med byeﬂa tor'smal rgtat)l(on of o amm% mtrogan o

When we soaked crystals with both pantoate gradanine, g jjanine to move it to~1.5 A above the carbonyl carbon, and

we observed very weak binding gfalanine in the active  another torsional rotation of the carbonyl oxygen of pantoate.
site cavity @). Its carboxyl group has charge interactions Hydrogen bonds t@-alanine, pantoyl, and phosphate groups are
with side chains of Arg198 and Arg132, while its amino shown as magenta dashed lines. A cyan dashed line between O1

. : and the amino nitrogen outlines a potential ring system for the
group has a hydrogen bond to the side chain of ASpl61’de5|gn of inhibitors (see the text for details). The distance between

being~7.5 A from the carboxyl group of pantoate. In the  these two atoms in this models3 A. However, a hydrogen bond
presence of pantoyl adenylate in the active site, its phosphatés unlikely on the basis of the geometry.

group forms a hydrogen bond to the amino group of

f-alanine. This allows the carboxylate group ®flanine interactions in the active site of the enzyme, and it can readily
to have better interactions with the side chains of Arg198 displace AMP.

and His135 and a hydrogen bond to GIn72. There is a shift Inhibitor Design.Because pantoyl adenylate binds tightly
of the Arg198 side chain of1.8 A toward the carboxylate  in the active site cavity, it is reasonable to expect that
group of 8-alanine relative to that in the pantoyl adenylate nonreactive analogues of the intermediate would be good
complex. This binding position fg8-alanine puts its amino  inhibitors ©). The tetrahedral intermediate from the reaction
group at a good position for a nucleophilic attack on the of S-alanine with pantoyl adenylate (Figure 5) can be another
carbonyl carbon of the pantoyl group. A model of the template for inhibitor design. It is well accepted that enzymes
tetrahedral intermediate can be readily prepared from thelower the transition state energy by stabilizing reaction
crystal structure with only a simple rotation of a torsion angle intermediates along the reaction coordinates. In this case,
of S-alanine (see the movie in the Supporting Information). the tetrahedral intermediate is tightly bound by hydrophobic
This transient tetrahedral intermediate is stabilized by favor- interactions, hydrogen bonds, and chargharge interac-
able interactions with the enzyme active site residues (Figuretions. The easiest way to design an inhibitor based on this
5). Once the intermediate dissociates to form AMP and tetrahedral intermediate is to remove the adenosine group
pantothenate, the planarity of the peptide bond in panto- and retain only the carboxyl and pantoyl groups. The
thenate forces the molecule to have a conformation thattetrahedral conformation can be stabilized by creating a five-
cannot have favorable interactions with the side chains thator six-membered ring through the tetrahedral carbon, 012,
bind pantoate ang-alanine. In addition, there are steric Pa, Ola, and the amino nitrogen (atoms connected into a
clashes with the phosphate group of AMP and the Asp161ring by the cyan dashed line in Figure 5) to make the
side chain. Therefore, pantothenate will leave the active site structure rigid. Members of the ring can be all carbon, or
once it is formed. Pantothenate has a very low affinity for mixtures of carbon, nitrogen, and oxygen. A hydroxyl or
the enzyme. We have tried soaking and growing crystals in carbonyl group at the @2position can have hydrogen bonds
the presence of pantothenate, but we failed to obtain ato the side chain of His47 and the NH group of Met40, thus
complex with this compound. This is consistent with the increasing the binding affinity.

finding that pantothenate is a poor inhibitor of the enzyme

(8). The AMP molecule, on the other hand, has good binding ACKNOWLEDGMENT
interactions in the active site. However, it typically is present ~ We thank Drs. Loren Day, Karl Drlica, David Dubnau,
at a low concentration in cells and thus can easily diffuse Leonard Mindich, Richard Pine, Issar Smith, and David Wah
out of the active site. Moreover, ATP has many favorable for helpful comments on and revisions of the manuscript.




Snapshots of a Pantothenate Synthetase in Action

SUPPORTING INFORMATION AVAILABLE

A movie showing detailed reactions in the active site of

the PS enzyme. The movie was prepared with PYMOL 12.

(http://pymol.sourceforge.net/) based on the crystal structures
of the apoenzyme, ATP complex, pantoate complex, pantoyl ;5
adenylate complexg-alanine-AMP complex, and AMP

complex. This material is available free of charge via the 14.

Internet at http://pubs.acs.org.
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