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Abstract

Pantothenate biosynthesis is essential for the virulence of Mycobacterium tuberculosis, and this pathway
thus presents potential drug targets against tuberculosis. We determined the crystal structure of pantothenate
synthetase (PS) from M. tuberculosis, and its complexes with AMPCPP, pantoate, and a reaction interme-
diate, pantoyl adenylate, with resolutions from 1.6 to 2 A. PS catalyzes the ATP-dependent condensation of
pantoate and 3-alanine to form pantothenate. Its structure reveals a dimer, and each subunit has two domains
with tight association between domains. The active-site cavity is on the N-terminal domain, partially
covered by the C-terminal domain. One wall of the active site cavity is flexible, which allows the bulky
AMPCPP to diffuse into the active site to nearly full occupancy when crystals are soaked in solutions
containing AMPCPP. Crystal structures of the complexes with AMPCPP and pantoate indicate that the
enzyme binds ATP and pantoate tightly in the active site, and brings the carboxyl oxygen of pantoate near
the a-phosphorus atom of ATP for an in-line nucleophilic attack. When crystals were soaked with, or grown
in the presence of, both ATP and pantoate, a reaction intermediate, pantoyl adenylate, is found in the active
site. The flexible wall of the active site cavity becomes ordered when the intermediate is in the active site,
thus protecting it from being hydrolyzed. Binding of (3-alanine can occur only after pantoyl adenylate is
formed inside the active site cavity. The tight binding of the intermediate pantoyl adenylate suggests that
nonreactive analogs of pantoyl adenylate may be inhibitors of the PS enzyme with high affinity and
specificity.

Keywords: M. tuberculosis; pantothenate synthetase; substrate complexes; reaction intermediate complex;
dimer

Pantothenate (vitamin BS) is an essential precursor for the
biosynthesis of coenzyme A (CoA) and acyl carrier proteins
(ACP). Both CoA and ACP play critical roles in many
cellular processes such as energy metabolism and fatty acid
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metabolism (Jackowski 1996). Micro-organisms and plants
must synthesize pantothenate, while animals obtain this es-
sential nutrient from their diet (Maas 1960). Therefore, the
pantothenate biosynthetic pathway offers targets for devel-
oping drugs against microbial pathogens. Tuberculosis (TB)
is becoming a global health threat due to the emergence of
multidrug resistant strains of Mycobacterium tuberculosis
(MTB) and the deadly synergy of TB with HIV (Grosset
1996). This points to the critical need to develop new drugs
against novel targets of MTB. Because both CoA and ACP
are essential in fatty acid biosynthesis that plays a key role
in persistent growth and pathogenicity of MTB, pantothe-
nate synthetase is an appropriate target for developing new
drugs against TB. Recently, Jacobs and coauthors (Samban-
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damurthy et al. 2002) reported that an auxotrophic mutant of
MTB defective in the de novo biosynthesis of pantothenate
is highly attenuated both in immunocompromised mice and
in immunocompetent mice. This indicates that a functional
pantothenate biosynthetic pathway is essential for virulence
of MTB.

The pantothenate biosynthetic pathway is best character-
ized in Escherichia coli. It involves four steps catalyzed by
enzymes encoded by panB, panC, panD, and panE genes
(Merkel and Nichols 1996). PanC encodes a pantothenate
synthetase (PS), which catalyzes the last step of pantothe-
nate biosynthesis, the ATP-dependent condensation of pan-
toate, and (-alanine to form pantothenate. E. coli PS was
found to be a dimer from the crystal structure (von Delft et
al. 2001), although earlier studies indicated that it could be
a tetramer in solution (Miyatake et al. 1978). The panC gene
product in several other organisms has also been identified
and characterized, including that from Saccharomyces cer-
evisiae, higher plants Oryza sativa, and Lotus japonicus
(Genschel et al. 1999), fungus Fusarium oxysporum (Perez-
Espinosa et al. 2001), and M. tuberculosis (Zheng and Blan-
chard 2001). The PS enzymes from the higher plants and
from MTB have also been found to be dimers in solution.

Zheng and Blanchard (2001) purified the MTB PS en-
zyme, and analyzed its kinetics. They found the kinetic
mechanism to be “Bi Uni Uni Bi Ping Pong,” with ATP
binding followed by pantoate binding, release of pyrophos-
phate, and then binding of (3-alanine followed by the release
of pantothenate and AMP. The enzyme-catalyzed reaction
proceeds through two steps: the formation of an enzyme
bound intermediate, pantoyl adenylate, from ATP and pan-
toate, followed by nucleophilic attack on the intermediate
by B-alanine to form pantothenate and AMP. The existence
of pantoyl adenylate has been confirmed by *'P NMR spec-
troscopy.

The E. coli PS enzyme structure was found to belong to
the cytidylyltransferase superfamily (von Delft et al. 2001).
It has two distinct domains: a large N-terminal domain hav-
ing a Rossmann fold, and a smaller C-terminal domain of
two layers with a helical layer on top of a three-stranded
antiparallel B-sheet. Based on the structural comparison of
the E. coli PS with other members of cytidylyltransferase
superfamily having known structures, the authors deduced
the ATP and pantoate binding sites of the E. coli PS, and
proposed a hinged domain mechanism for opening and clos-
ing of the enzyme active site cavity.

In this study, we determined the crystal structure of the
MTB PS enzyme, and its complexes with AMPCPP, a non-
hydrolysable analog of ATP, with pantoate, and with a re-
action intermediate, pantoyl adenylate. The MTB PS en-
zyme has the same fold as the E. coli enzyme, but the
domains have a closed conformation in the apo enzyme and
all the complexes, in contrast to the domain movement pro-
posed by von Delft et al. (2001). Based on these structures,
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we propose an alternative mechanism for the MTB PS en-
zyme to open and close the active site cavity, in which a
flexible region acts as a gate to the active site cavity. In
addition, we propose potential inhibitors to the PS enzyme
based on the structure of the reaction intermediate complex.

Results

Expression and purification of the MTB PS

The M. tuberculosis panC gene (Rv3602c) encoding the
pantothenate synthetase was cloned into a pET30a expres-
sion vector for overexpression in E. coli, which produced a
recombinant protein with an N-terminal tag of 44 amino
acid residues. The N-terminal tag was cleaved by enteroki-
nase digestion. Electrospray mass spectroscopy analysis of
the protein gave a molecular weight of 31,611 + 6 Daltons,
indicating that nine residues from the C-terminus of the
protein were also cleaved off by enterokinase digestion (cal-
culated molecular weight of 31,610 Daltons). During PCR
cloning, a few single point mutants were also generated
from the PCR reactions. One of the mutants, E77G, in
which the Glu at position 77 was replaced by a Gly (se-
quence number refers to that in the panC gene), was used
for all the crystal structure studies in this article.

Pantothenate synthetase activity assays

To find out the effect of the C-terminal truncation, as well
as that of the E77G mutation, on enzyme activity, we per-
formed the pantothenate synthetase activity assays on the
wild-type and E77G mutant proteins, both before and after
enterokinase digestion. The results are listed in Table 1. The
wild-type and E77G mutant have essentially identical ac-
tivity; thus the mutation of Glu77 to a Gly does not have any
detectable effect on the enzyme activity, under the experi-
mental conditions. For both wild-type and E77G mutant

Table 1. Pantothenate synthetase activity assays (sec™’)

Full length® Truncated®
Wild type 1.74 £0.12 1.66 £0.15
E77G 1.52+0.02 1.58 £0.34
Butyrate®
10 mM 1.41
50 mM 1.11
100 mM 0.973
Glycerol®
274 mM 1.51
685 mM 1.51

# Full-length protein is the protein before enterokinase digestion, with the
N-terminal fusion tag.

® Truncated protein is the protein after enterokinase digestion.

¢ The effects of Na butyrate and glycerol on the activity are measured with
the full-length E77G mutant protein. These are single measurements.
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enzymes, enterokinase digestion does not affect the enzyme
activity. Therefore, the presence of the N-terminal tag of 44
residues or deletion of nine residues from the C-terminus
does not affect the catalytic function of the enzyme.

We also assayed the enzymatic activity in the presence of
glycerol or butyrate. From electron density maps, we found
that a few glycerol molecules bound in the protein, includ-
ing one tightly bound at the pantoate binding site (see be-
low). Therefore, activity assays were performed in the pres-
ence of glycerol. However, up to 5% of glycerol (685 mM)
did not have any measurable effect on the enzyme activity
(Table 1). Activity assays in the presence of sodium buty-
rate were also carried out to see whether butyrate can inhibit
the enzyme activity by competing for the binding of (3-ala-
nine. The results indicate that butyrate inhibits the enzyme
activity only very weakly (Table 1). In the presence of 100
mM butyrate, the enzyme still retained more than one half
of its activity.

Overall structure

The crystal structure of the MTB PS enzyme indicates that
itis a dimer (Fig. 1). This is consistent with our gel filtration
studies (data not shown), as well as the finding of Zheng and
Blanchard (2001), which indicated that the protein is a
dimer in solution. Each subunit of the dimer has two well-
defined domains. The N-terminal domain runs from residue
1 to 186, and forms a Rossmann fold. For simplicity, the
B-strands and a-helices are numbered consecutively from
N-terminus to C-terminus, except helix a3’ which is in a
region that is ordered in one subunit (designated subunit A),
but disordered in the other (subunit B). 3, helices are num-
bered according to the preceding (-strands. Strands 1 to
B4, B6, and B7 form a highly twisted central parallel
[3-sheet that is flanked by a-helices. Strand 35 is at the
dimer interface and forms a two-stranded intersubunit
[B-sheet with the corresponding 5 from the other subunit
(Fig. 1B).

Strand (37 leads directly to the C-terminal domain, which
starts with a hairpin loop followed by helix 3,,7. Helix o7
and a8 are nearly a straight continuous helix, except that
there is a one-turn 3, helix between them to make a kink in
the otherwise continuous a-helix. A tight turn connects he-
lix a8 to o9, which is followed by three antiparallel
B-strands that form a nearly flat layer. The two-layered
C-terminal domain partially covers the active site cavity on
the N-terminal domain.

Besides the nine residues that were digested off by en-
terokinase, there are 10 more residues from the C-terminus
that do not have clear electron density. Based on its suscep-
tibility to protease digestion and lack of clear electron den-
sity, it is reasonable to assume that these residues from the
C-terminus of the protein are flexible, and do not have a
defined structure in solution. It is clear from the structure

Figure 1. Ribbon diagram of the M. tuberculosis pantothenate synthetase
dimer. (A) A side view of the dimer structure showing that it resembles the
shape of a butterfly. (B) An orthogonal view of (A) from top, with the
twofold NCS symmetry axis (labeled with a dot) approximately perpen-
dicular to the paper plane. Secondary structure elements for the subunit A
(left) are labeled. Those for subunit B are identical except that the short
helix a3’ is not present. The figure was prepared from the coordinates of
the intermediate complex (data set 5), with the program Molscript (Kraulis
1991) and Raster3D (Merritt and Murphy 1994). The molecule in the active
site of each subunit, shown in ball-and-stick, is the reaction intermediate,
pantoyl adenylate.

that both the N- and C-termini are away from the active site
cavity, and therefore, are unlikely to affect pantothenate
synthesis. This is consistent with the results of activity as-
says that neither removal of the last nine residues by en-
terokinase digestion, nor the fusion of the enzyme to a 44-
residue N-terminal tag affects the enzymatic activity.

Domain interactions

Residues on the B-strands of the C-terminal domain have
extensive interactions with the N-terminal domain. There is
a hydrophobic core composed of residues Leul23, Leul27,
Tyr162, Vall66, all in the N-terminal domain and residues
Tyr249, Leu257, and Leu269 of the C-terminal domain
(Fig. 2). Surrounding this hydrophobic core are three salt
bridges, Glul59 to Arg267, Glul28 to Arg278, Glul26 to
Arg253, and six additional hydrogen bonds linking the two
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Figure 2. Sequence alignment between the E. coli and M. tuberculosis PS proteins. The sequences were aligned with CLUSTALW
(Thompson et al. 1994) and the figure was generated using ALSCRIPT (Barton 1993). Identical residues are highlighted in black.
Helices and -strands of the two structures are marked with cylinders and arrows, respectively. The secondary structure elements and
numbering for the E. coli PS are from von Delft et al. (2001). Residues involved in binding of AMPCPP, pantoate, or pantoyl adenylate
are boxed in thin lines, while those involved in interactions between N- and C-terminal domains are boxed in thick lines in the M.
tuberculosis sequence. A vertical arrow marks the start of the C-terminal domain. All residues involved in binding of substrates and
the reaction intermediate are conserved between two sequences, indicating that they have identical reaction mechanism. However,
residues involved in domain interactions are not all conserved. See text for more details.

domains. In addition, there are several water-mediated hy-
drogen bonding interactions. The relative positions of the
two domains stay the same for the two subunits in the dimer
and for all crystals including the one cocrystallized with
[-alanine, which has a different space group (P2,2,2,) and
solvent conditions.

Dimerization

The dimer of the MTB PS resembles a butterfly when
viewed from one side (Fig. 1A). The dimer interface is
extensive, having a buried area of about 2150 AZ measured
with the program CNS (Brunger et al. 1998). A cluster of
eight hydrophobic side chains at the center of the dimer
interface form the core of the dimer interaction, Phel75,
Leu 177, Leul44, and Vall18. This cluster is surrounded by
hydrogen bonds and salt bridges, as well as the specific
B-strand interactions of the two-stranded intersubunit
[3-sheet that is composed of the strand (35 from each subunit.
A patch of arginine residues lie at the bottom of the protein
near the dimer interface, most of them partially disordered.
These arginine residues form a large patch of positively
charged surface at one side of the molecule. We can specu-
late that they interact with other molecules, or regulate en-
zyme activity.
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The two subunits of the dimer are similar to each other,
with an RMSD of 0.9 for all Ca-atoms except the disor-
dered residues. Most of the deviation lies at residues 74 to
88, and residues 260 to 265, where the crystal packing en-
vironments are different. Residues 74 to 88 (around helix
a3') form one wall of the active site cavity. In subunit A
these residues are ordered with residues 74 to 76 having
high B factors, while in subunit B residues 75 to 80 do not
have clear electron density, and the rest of the residues up to
residue 88 are partially disordered with high B factors.
These disordered residues became ordered in the complex
with the reaction intermediate (Fig. 3), suggesting their
function as a gate to the active site cavity (see more discus-
sions below).

Active site cavity

Typical for nucleotide binding (Rossmann fold) proteins,
the active site is located at the C-terminus of the central
parallel B-sheet. The active site cavity is large and is in a
cleft between strands (32 and B6 (Fig. 4A). One wall is
formed by 2-loop-a2 and the C-terminus of 37 and the
following loop. The other wall is formed by 36-loop-a6 and
3,05 -loop-a5. The flexible residues in the loop-3,,3-loop-
a3'-loop region (termed flexible wall) fill a gap. Helix 3,,7
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Figure 3. Average B factors of main chain atoms plotted against residue
number. The dark thick curves are those of subunit A, and the light thin
curves are those of subunit B. Subunit B of the apo enzyme (A, thin curve)
has high B factors for residues from 75 to 88, with residues 7678 totally
disordered. However, these residues are ordered and have lower B factors
in the crystal structure of the reaction intermediate complex from cocrys-
tallization (B). Soaking of the apo enzyme crystals in solutions containing
ATP and pantoate (C) also resulted in the disordered residues becoming
ordered, and gave a profile of the B factors more similar to that of cocrys-
tallized intermediate complex (B) than to that of the apo enzyme (A).

and the B-strands from the C-terminal domain partially
cover the top of the active site cavity. The bottom of the
active site cavity is mainly hydrophobic, while the top half
of the cavity has several charged residues, including His44
and His47 at the N-terminus of a2 (the HIGH motif; Barker
and Winter 1982; von Delft et al. 2001), Lys160 and

Aspl61 at the N-terminus of a6, and Argl98 of 3,,7
(KMSKS motif; von Delft et al. 2001). These charged resi-
dues are important in binding of ATP and in the catalytic
reaction. Argl98 is near the surface at the entrance of the
active site cavity. Together with three other arginine side
chains, Argl132, Arg273, and Arg278, they form a patch of
positive charges covering the active site cavity. These posi-
tively charged side chains may steer the negatively charged
substrates to the active site cavity.

ATP binding interactions

When crystals were soaked in solutions containing
AMPCPP, difference electron density that fits the AMPCPP
molecule was found in the active site cavity (Fig. 4B). The
occupancy of the bound AMPCPP depends on the soaking
time. Soaking for less than 8 h gave only very low occu-
pancy of AMPCPP in the active site cavity of subunit B and
no density for AMPCPP found in subunit A. However,
overnight soaking resulted in good occupancy of AMPCPP
in both active sites of the dimer (Table 2, data set 2). Soak-
ing crystals in solutions containing both AMPCPP and pan-
toate gave a fully occupied AMPCPP, but with a glycerol in
the pantoate binding site (see below) in subunit B, which
has a flexible wall (residues 75-88). However, subunit A
has partial occupancy of both AMPCPP and pantoate, as
indicated by their electron densities and B factors. Increas-
ing the concentration of pantoate in the soaking solution
gave only a slightly higher occupancy of pantoate but a
lower occupancy of AMPCPP (Table 2, data set 4 versus
data set 3), indicating that AMPCPP and pantoate cannot
coexist in the active site.

The active site is well designed for the binding of ATP.
There is very little movement of the residues when
AMPCPP is bound. Except for the residues on the flexible
wall, there is no movement of more than 0.4 A of the main
chain atoms around the active site cavity. The AMPCPP
molecule bound in the active site has a horse-shoe shape
(Fig. 4C). Its adenine group is flanked by Gly46 on helix o2
and Lys160 on the loop after 6. The N1 atom of adenine
forms a hydrogen bond to the amide nitrogen of Vall87.
The N6 atom forms hydrogen bonds to the carbonyl oxygen
of Met195 and Val187. The N3 atom faces the bottom of the
active site cavity, which has two hydrophobic side chains,
Vall84 and Leu50. The ribose O2* atom has a hydrogen-
bond to the 032 atom of Aspl61, and the O3* atom forms
a hydrogen bond to the amide nitrogen of Glyl158, and
water-mediated hydrogen bonds to the carbonyl oxygen at-
oms of Phel56 and Pro38. The phosphate groups turn back
towards the top of the active site cavity to the C-terminal
domain, and are located near the N-terminal ends of helices
o2 and 3,,7. Binding of the phosphate groups involves
mainly charged side chains. The side chains of Lys160 and
Arg198 are partially disordered in the apo enzyme structure,
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Figure 4. Active site cavity and the binding of AMPCPP, pantoate, and pantoyl adenylate. (A) A stereo view of the active site cavity of subunit A of the
complex with both AMPCPP and pantoate. The substrates (both with partial occupancy) are shown as ball-and-stick models. The active site cavity is
surrounded by B2-loop-a2, B7-loop, B6-loop-a6, 3,5 -loop- a5, and B3-loop-3,,3—a3’-loop, and covered by 3,,7 and the B-sheet of C-terminal domain.
Residues around helix a3’ (shown in cyan) are disordered in subunit B, which has a fully occupied AMPCPP and a glycerol molecule in the active site.
(B) A section of the initial difference electron density map (Fo — Fc) in the active site of subunit B superimposed on the refined model, calculated at 1.7
A and contoured at the 20 level. Side chains of Lys160, Ser196, and Arg198 have moved relative to those in the apo enzyme to interact with the phosphate
groups, and thus also have positive initial difference electron density. The electron density figures are prepared with PYMOL (DeLano 2002). (C) Detailed
binding interactions between AMPCPP (shown with carbon atoms in gold) and protein active site residues of subunit B. The Mg>* ion is shown as a yellow
sphere, and water molecules are shown as red spheres. Hydrogen bonds between AMPCPP and protein atoms, and some water-mediated hydrogen bonds
are shown as dashed lines. A glycerol molecule found next to the a-phosphate of AMPCPP, at the pantoate binding site, is also shown. (D) A section of
the initial difference electron density (Fo — Fc) around the bound pantoate molecule in the active site of subunit A of the pantoate—(3-alanine complex (data
set 7) shows that pantoate is very well ordered with full occupancy. The nearby residues did not move relative to those of the apo enzyme, and therefore
did not have initial difference density. The electron density was calculated at 1.7 A and contoured at 2. (E) The pantoate molecule (shown in gold for
the carbon atoms) is tightly bound and fits snugly in its binding site. Two glutamine side chains form hydrogen bonds to the hydroxyl groups and one
carboxyl oxygen of the pantoate. The two methyl groups and the hydrophobic side of pantoate interact with the side chains of Pro38, Met40, and Phe157.
(F) A section of the initial difference electron density (Fo — Fc) around the bound pantoyl adenylate molecule in the active site of subunit B of the
intermediate complex (data set 6) shows that intermediate is very well ordered with full occupancy. The electron density was calculated at 1.7 A and
contoured at 20. (G) The pantoyl adenylate molecule (shown with carbon atoms in gold) is tightly bound and fits snugly in the active site cavity. The
adenosine and pantoyl groups are at identical positions as those in the AMPCPP complex and pantoate complex, respectively, and have identical interactions
with the active site residues. However, the a-phosphate moved down to have a covalent bond to the pantoate, which allows the phosphate group to have
a hydrogen bond to the amide nitrogen of Met40.

but become ordered and move to enable salt bridges to the
3- and y-phosphate groups of AMPCPP, respectively. The
03+ atom also forms hydrogen bonds to the amide nitrogen
of Argl98 and the Oy of Ser196. The (3-phosphate group
has hydrogen bonds to the side chains of His44 and Lys160.
The a-phosphate does not have direct hydrogen bonds with
the protein atoms, but water-mediated hydrogen bonds to
amide nitrogen of Met40, carbonyl oxygen of Gly41 and
Ne2 of His47 side chain. The Ne2 atom of His47 is ~3.4 A
from the carbon atom between the - and [3-phosphate of
AMPCPP, and is therefore likely to function as a proton
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donor to the leaving pyrophosphate group during the en-
zyme-catalyzed reaction.

A solvent peak positioned as though it is a magnesium
ion was found adjacent to the Olvy, O2f3, and O2« atoms of
the phosphate groups at distances of 2.06, 2.08, and 2.09 A,
respectively. It also has two water molecules at distances of
2.03 and 2.09 A. These two water molecules form hydrogen
bonds to the side chain oxygen atoms of Aspl61 with nor-
mal hydrogen bond distances of 2.67 and 2.80 A. A third
water molecule was found to give octahedral coordination
to the magnesium ion. However, this water is weakly oc-



Structures of M. tuberculosis PS and its complexes

Table 2. Atomic refinement of models for M. tuberculosis pantothenate synthetase and complexes

6b
3% 4 5 (ATP + 7
1 2 (AMPCPP + (AMPCPP + (ATP + pantoate + (pantoate + 8¢

Data set (Apo) (AMPCPP) pantoate) pantoate) pantoate) butyrate) {3-alanine) (B-alanine)

Resolution (A) 20-1.6 20-1.8 20-1.6 20-1.7 20-2.0 20-1.7 20-1.8 20-.21

R Rieo)® 19.2 (21.1) 19.2 (22.3) 18.8 (21.0) 18.4 (21.5) 18.2 (21.8) 18.2 (20.4) 19.3 (22.5) 20.2 (23.7)

rmsd bonds (A) 0.010 0.010 0.011 0.013 0.014 0.014 0.013 0.012

rmsd angles (°) 1.52 1.46 1.56 1.59 1.58 1.59 1.60 1.53

No. protein atoms 4223 4228 4204 4184 4239 4221 4228 4121

Ave B factors, 2.6 28.8 25.0 25.4 20.9 25.4 32.6 33.7
protein atoms
(A%

No. other 4 glycerol 2 AMPCPP 2 AMPCPP 2 AMPCPP 2 pantoyl 2 pantoyl 2 pantoate 2 B-alanine
molecules (Ave. (31.3) (40.7, 30.4)¢ (41.4, 23.0)° (47.5, 22.4)¢ adenylate adenylate (28.3, 32.4)¢ (51.2, 58.6)°
B factors, Az) 4 sulfate 2 sulfate 1 pantoate 1 pantoate (18.3, 17.2)¢ (28.3, 19.9)° 2 B-alanine 2 sulfate

(45.5) (79.9) (35.2) (32.1) 1 glycerol 1 glycerol (54.1, 50.8) (64.9)
5 ethanol 2 Mg* 2 sulfate 1 sulfate (18.3) (23.9) 3 glycerol 192 water
(40.9) (76.8, 52.5) (58.0) (54.6) 3 sulfate 3 sulfate (44.2) (36.5)
469 water 5 glycerol 1 Mg (27.6) 2 Mg (63.0) (59.1) 3 sulfate
(34.2) (40.3) 2 glycerol (62.9, 28.1) 5 ethanol 5 ethanol (66.0)
4 ethanol (26.6) 3 glycerol (33.7) (41.3) 5 ethanol
(46.6) 4 ethanol (28.5) 1 Mn® (73.6) 401 water (50.0)
305 water (44.3) 5 ethanol 299 water (35.9) 305 water
(36.3) 408 water 41.7) (29.1) (40.5)
(35.6) 344 water
(35.8)

# See Table 3 for differences in experimental conditions between data sets 3 and 4. Relative to data set 4, data set 3 has a lower B factor for the AMPCPP
molecule bound in the active site of subunit A, but a higher B factor of the pantoate molecule (also bound in subunit A).

® Butyrate was not located in the electron density maps due to its low binding affinity. Soaking experiment (data set 6) have a higher B factor for the pantoyl
adenylate in the active site of subunit A, while cocrystallization experiment (data set 5) gave two pantoyl adenylate molecules with about equal B factors.
¢ Cocrystallization with B-alanine gave two weakly bound B-alanine molecules in the active sites. However, they are found at the pantoate binding sites
instead.

4 R-factors were calculated using data in the resolution range for refinement without a o cutoff. R
used in the refinement. R, was calculated against the data used in the refinement.

¢ When two numbers are listed for the average B factors, the first number refers to the average B factor for the molecule found in the active site of subunit
A. The B factors were refined with occupancy of 1 for the atoms.

f Magnesium ions are identified from their binding to the phosphate groups and geometry.

€ Positive electron density was found between an aspartate side chain and a glutamate side chain at a crystal packing interface, with distances to one oxygen
atom of each side chain of about 2.2 A. Because Mn>* is present in the crystallization solution, a Mn>* was modeled into the electron density. The high
B factor probably indicates low occupancy of the ion. That is probably why clear electron density was not found in other crystals grown in the presence
of Mg?*, although they have identical crystal packing.

was calculated with a subset of data (8 percent) never

free

cupied and has normal hydrogen bond distance of 2.66 A to
the magnesium.

groups at the bottom of the active site cavity, Pro38 and
Phe157 side chains. The side chain of Met40 packs against
the apolar side of the pantoate molecule. This pantoate bind-
ing site in the apo enzyme is occupied by a glycerol mol-
ecule. The binding interactions of the glycerol molecule are
similar to those of the pantoate molecule, with the two
glutamine side chains having hydrogen bonds to the three
hydroxyl groups and the apolar side of glycerol interacting
with the apolar side chains. As stated above, crystals soaked
in solutions containing both AMPCPP and pantoate gave
only partially occupied pantoate in subunit A (Table 2).

Pantoate binding site

In the crystal that was soaked with pantoate and (3-alanine,
there is a fully occupied pantoate molecule in both of the
active sites (Fig. 4D). The binding site for pantoate is lo-
cated in a pocket deep in the active site cavity. This is the
same binding site proposed for the E. coli PS protein (von
Delft et al. 2001), although the pantoate molecule has a
different conformation and therefore different binding in-
teractions. The pantoate molecule is tightly bound, with side
chains of two glutamine residues, GIn72 and GIn164 form-
ing hydrogen bonds to its hydroxyl groups and one carboxyl
oxygen (Fig. 4E). The two methyl groups face the apolar

Binding interactions of the reaction
intermediate, pantoyl adenylate

Soaking the crystals with solutions containing both ATP
and pantoate, or crystallization in the presence of both ATP
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and pantoate, resulted in a reaction intermediate, pantoyl
adenylate, in the active sites. When the crystals were grown
in the presence of ATP and pantoate, both active sites in the
dimer have a fully occupied pantoyl adenylate molecule
(Table 2, data set 5). However, crystals soaked with ATP
and pantoate have one active site (subunit B) fully occupied
by pantoyl adenylate but the other partially occupied, indi-
cated by their difference in B factors (Table 2, data set 6).
Subunit A of the dimer also has a lower occupancy of
AMPCPP when crystals were soaked in solutions contain-
ing AMPCPP. This may be due to the crystal packing,
which makes the flexible wall of the active site cavity (3,,3-
loop-a3’-loop region) ordered, and the active site less ac-
cessible from the bulk solvent channel.

Pantoyl adenylate has extensive binding interactions with
the active site residues (Fig. 4F,G), with both the pantoate,
and the adenylate moiety of the ATP interacting with the
protein active site atoms. The pantoate moiety sits in the
same position as the pantoate molecule and has identical
interactions with the protein atoms, as does the adenosine
moiety. However, the a-phosphate group moves closer to
pantoate to form a covalent bond with the carboxyl group of
pantoate. This allows the a-phosphate to form a direct hy-
drogen bond to the amide nitrogen of Met40. The pantoyl
adenylate molecule is almost linear and fits snugly in the
bottom of the active site cavity. The tight binding of pantoyl
adenylate stabilizes this highly reactive intermediate.

Discussion

Structural comparison of MTB and E. coli PS

M. tuberculosis PS has a nearly identical structure to that of
the E. coli PS. This is not surprising based on their sequence
identity of 46% (Fig. 2). From the sequence alignment, there
are 10 more residues at the N-terminus and about 20 more
residues at the C-terminus of the MTB PS. The N-terminal
residues form a coil before the first (3-strand in the crystal
structure. However, the C-terminal residues are disordered
and were not found in our electron density maps. These
C-terminal residues are away from the active site cavity, and
as shown in Results, are unlikely to have catalytic function,
but may be involved in interactions with other proteins.
Even though the residues at the dimer interface are poorly
conserved in the PS family (von Delft et al. 2001), the dimer
interfaces are quite similar in PS proteins from MTB and E.
coli. When the N-terminal domains of subunit A are super-
imposed, the N-terminal domain of the other subunits align
very well with only a slight rotation of less than 2°. How-
ever, the C-terminal domain has a rotation larger than 30°
between the two proteins, when the N-terminal domains are
aligned. The C-terminal domain of MTB PS covers the
active site cavity with only a small opening (closed confor-
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mation), while that of E. coli PS is away from the active site
cavity (open conformation).

Mechanism for opening and closing
of the active site cavity

In contrast to the big movement between domains found in
the crystal structure of the E. coli PS, the relative positions
of the two domains of the MTB PS remain the same in all
eight crystals we have studied; this is so for the two subunits
in the dimer, and for all subunits in the complexes with
substrates and reaction intermediate bound in the active site.
This closed form observed in the apo MTB PS is unlikely to
be induced by the binding of glycerol in the pantoate bind-
ing site, because there is also an ethanediol bound in the
same site in the E. coli PS structure (von Delft et al. 2001),
which is in an open form. In addition, domain movement
does not seem to be necessary for substrates to enter the
active site, because substrates can diffuse into the active
sites and react when crystals are soaked in solutions con-
taining substrates. Considering the tight interactions be-
tween the N- and C-terminal domains (see domain interac-
tions above), it is not surprising that the domains have fixed
positions relative to each other. It is worth noting that a few
domain interactions, including two salt bridges (Arg267 to
Glul59, Arg253 to Glu126), two additional hydrogen bonds
(Tyr162 OH to I1e255 O and Tyr249 OH to Glul28 Og2)
and some hydrophobic interactions, are not present, if the E.
coli PS were to form the same closed conformation (Fig. 2).
One way to determine experimentally whether the domains
are fixed in a closed form is to mutate the protein by in-
serting a long loop between domains and check for changed
domain interactions.

It is possible that the E. coli PS uses the hinged move-
ment of the C-terminal domain to open and close the active
site, while the MTB PS uses the flexible region, residues 75
to 88, as a gate to the active site cavity. As stated above, the
flexible region (gate residues) makes the active site acces-
sible to the substrates even in the crystal lattice with the
protein in a closed conformation. These residues are more
ordered in subunit A because of crystal packing, and this
subunit has a lower occupancy of AMPCPP and of the
reaction intermediate when crystals are soaked in solutions
containing substrates or the analog. However, crystalliza-
tion in the presence of both ATP and pantoate resulted in
both active sites having almost the same occupancy of pan-
toyl adenylate (Table 2). More importantly, the gate resi-
dues became more ordered when there was an intermediate
in the active site, even in the apo enzyme crystals that were
soaked with ATP and pantoate (Fig. 3). In contrast, these
residues were disordered when the active site is occupied by
AMPCPP and glycerol, or pantoate alone. Many other en-
zymes have been found to have a flexible loop that becomes
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ordered and closes the active site upon substrate binding
(Kempner 1993; Gill and Eisenberg 2001).

Enzyme catalytic mechanism

As described in Results, AMPCPP and pantoate cannot bind
simultaneously in the active site. This must be due to the
steric and charge repulsions between the a-phosphate group
and the carboxyl group of pantoate. Modeling both ATP and
pantoate in one active site based on the fully occupied com-
plexes will put one carboxyl oxygen atom of pantoate
within 3.2 A of the a-phosphorus atom of ATP. In subunit
A, which has partial occupancy of both AMPCPP and pan-
toate, the carboxyl oxygen of pantoate is less than 3 A from
the a-phosphorus atom, and is in a good position for an
in-line nucleophilic attack (Fig. 4A).

Because residues of the flexible wall (gate residues) are
disordered in subunit B, the active site cavity is open and
allows AMPCPP to diffuse easily into the active site. The
extensive binding interactions of AMPCPP to the protein
atoms make its binding thermodynamically more favorable
than the binding of pantoate to the protein. Therefore,
AMPCPP has full occupancy in the active site cavity of
subunit B of the complex with both AMPCPP and pantoate.
On the other hand, the gate residues are less flexible in
subunit A due to the crystal packing, thus making it kineti-
cally less favorable for AMPCPP to bind in its active site
cavity, and allowing pantoate to have partial occupancy in
subunit A.

From these considerations, it is likely that the reaction
starts by the binding of the bulky ATP molecule in the
active site. The smaller sized pantoate then binds and ini-
tiates a nucleophilic attack on the a-phosphate. The mag-
nesium ion and the positively charged side chains around
the B- and y-phosphate groups draw the negative charges
toward the leaving pyrophosphate, thus facilitating the nu-
cleophilic attack. His47 is likely to function as a general
acid by donating a proton to the leaving pyrophosphate.
Formation of a bond between pantoate and a-phosphate and
breaking the bond between the a- and [3-phosphate allows a
direct hydrogen bond to form between the a-phosphate and
the amide nitrogen of Met40. This favors the formation of
the intermediate.

The structure of the reaction intermediate complex con-
firmed the kinetics results of Zheng and Blanchard (2001)
that pantoyl adenylate is a kinetically competent intermedi-
ate. This molecule is highly unstable in solution due to the
rapid lactonization (Wieland et al. 1963). However, inside
the active site of the enzyme the molecule is tightly bound
with hydrogen bonds to the active site residues, therefore
preventing lactonization from occurring. With the reaction
intermediate in the active site, the flexible wall becomes
ordered. This closes the active site cavity, and thus prevents
the reaction intermediate from being hydrolyzed.

Steady-state kinetics studies with [3-alanine and its ana-
logs (Zheng and Blanchard 2001) suggest that the enzyme
has very high selectivity for 3-alanine, indicating that there
is a defined binding site for this substrate. However, crys-
tallization in the presence of 20 mM [3-alanine gave only
weak occupancy of 3-alanine at the binding site of pantoate
instead. Soaking crystals with both pantoate and (3-alanine
gave weak binding of (3-alanine in one of the active sites,
but its amino group is 7.5 A away from the carboxyl group
of pantoate, indicating that it is not a true binding site either.
It is possible that the binding of (-alanine can occur only
after the reaction intermediate is formed. We attempted to
soak crystals with a solution containing ATP, pantoate and
butyrate, hoping to mimic the binding of (-alanine with
butyrate. However, butyrate binds to the enzyme only very
weakly (see activity assays) and cannot be located in the
electron density map. From the crystal structure of the re-
action intermediate complex, it is clear that $-alanine can
make a direct nucleophilic attack on the intermediate only
from above the carboxylate group (Fig. 4). Therefore, the
binding site of 3-alanine must be right above the carboxyl-
ate of the intermediate. A [3-alanine molecule can be mod-
eled based on the crystal structure of pantoyl adenylate
complex. Its carboxyl group is near the side chains of
His135 and Argl98, suggesting that these side chains may
be involved in binding of 3-alanine. A structure of a com-
plex with a nonreactive analog of the reaction intermediate
and B-alanine would be a better choice to elucidate this last
step of the reaction mechanism.

Inhibitor design

One goal of studying pantothenate biosynthetic pathway in
MTB is to design new drugs against these novel targets of
this dreadful human pathogen. A mutant of MTB defective
in de novo biosynthesis of pantothenate has been found to
be highly attenuated in a mouse model (Sambandamurthy et
al. 2002), although anti-TB drugs against enzymes in this
pathway need to be carefully validated, because of the ex-
istence of the bacterial transporter of pantothenate. The
crystal structure of the PS protein in complex with the re-
action intermediate shows that the reaction intermediate,
pantoyl adenylate, has strong interactions with the active
site atoms (Fig. 4G). This tight binding is necessary to sta-
bilize this highly reactive compound. It can be expected that
a nonreactive analog of pantoyl adenylate will be a good
inhibitor. Intuitively, elimination of the scissile bond by
substituting the oxygen atom between the carbonyl and
phosphate with a methylene (CH,) group should give a
compound with comparable binding affinity as pantoyl ad-
enylate, because that oxygen does not contribute to binding
of the intermediate.

A nonreactive analog of pantoyl adenylate is expected to
be very specific to pantothenate synthetase as well. Because
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there is no pantothenate biosynthesis in humans, this analog
will be unlikely to inhibit any human enzyme. Pantoate is
synthesized from o-ketoisovalerate through two steps of
enzymatic reaction catalyzed by enzymes encoded by panB
and panE genes, neither of which is present in humans. By
combining the adenylate group with pantoate, the analog
should be unique, and might be expected to bind tightly only
to pantothenate synthetase.

Materials and methods

Cloning, expression, and purification

The M. tuberculosis panC gene (Rv3602c) encoding the panto-
thenate synthetase was amplified from the genomic DNA of
MTB strain H37Rv using FailSafe polymerase (Epicentre) with
Premix J. The following primers were used for PCR clon-
ing, CCTGCCATGGCGATTCCTGCGTTCCATCCC (5’ primer)
and GCTCAAGCTTCAGTTTCTCCAATGTGATTCGAGGATT
GCCCGG (3’ primer), which generate Ncol and HindIII restriction
sites (underlined). Amplified DNA was ligated into a pCR4Blunt-
TOPO vector (Invitrogen) to give an intermediary vector that was
then digested with restriction enzymes Ncol and HindIIl. The frag-
ment containing panC gene was purified on the agarose gel, and
ligated into a pET30a plasmid (Novagen) linearized with enzymes
Ncol and HindIll. The resulting plasmid pET30-PanC adds a 6x
His tag and an S tag to the N-terminus of the recombinant protein,
and changes the second amino acid encoded in the panC gene from
a threonine to an alanine. The plasmid was purified from Novablue
cells (Novagen), and then transformed into BL21(DE3) competent
cells (Novagen) for protein overexpression. DNA sequence of the
panC gene was confirmed by sequencing (Davis Sequencing).

BL21(DE3) cells transtformed with the pET30-PanC plasmid
were grown in LB medium containing 50 pg/mL Kanamycin at
37°C to an ODg, of ~0.8. IPTG was then added to a final con-
centration of 0.4 mM to induce the protein expression. The cells
were induced for 3 h and harvested by centrifugation. Cell pellets
were resuspended in 20 mM HEPES, pH 7.8, 500 mM NaCl, and
0.5 mM PMSEF. Cells were lysed by lysozyme treatment followed
by sonication. Cell lysate was centrifuged at ~37,000 g for 30 min,
and the supernatant was loaded onto a Ni**-charged HiTrap che-
lating column (Pharmacia) preequilibrated with 20 mM HEPES,
pH 7.8, 500 mM NacCl, and 10 mM imidazole. The column was
washed thoroughly with the same buffer, and eluted with a linear
gradient of imidazole from 10 to 300 mM in 20 mM HEPES, pH
7.8, and 500 mM NaCl. The fractions containing PS protein were
pooled and concentrated to about 5 mg/mL, and the protein was
further purified on a Superdex 75 column (Pharmacia) equilibrated
with 20 mM HEPES, pH 7.8, and 150 mM NaCl for enzyme
activity assays and for crystallization.

Digestion of the N-terminal fusion tag was carried out in a
solution containing 50 mM Tris, pH 7.5, 50 mM NaCl, 2 mM
CaCl,, and 0.15% (v/v) Tween-20 with enterokinase (New En-
gland Biolabs) overnight. Enterokinase was removed with trypsin
inhibitor agarose (Sigma) after adjusting NaCl concentration to
500 mM. The solution was filtered, and loaded onto a Ni**-
charged HiTrap chelating column to separate the digested protein
from the undigested protein and cleaved N-terminal tag. The pro-
tein was further purified on a Superdex 75 column. Full-length and
enterokinase digested proteins were analyzed by SDS-PAGE and
Electrospray mass spectroscopy.

1106 Protein Science, vol. 12

Enzyme activity assays

Pantothenate synthetase activity was measured following similar
procedures as in Wieland et al. (1963). The formation of AMP
from the PS catalyzed reaction was coupled to the reactions of
myokinase, pyruvate kinase, and lactate dehydrogenase, and the
decrease in absorbance of NADH at 340 nm was measured at room
temperature using a Beckman DU 650 spectrophotometer. NADH,
ATP, B-alanine, potassium phosphoenolpyruvate, myokinase (rab-
bit muscle), pyruvate kinase (rabbit muscle), and lactate dehydro-
genase (rabbit muscle) were purchased from Sigma. Sodium pan-
toate was prepared by mixing NaOH with p-pantoyl lactone (Al-
drich) to adjust the final pH of the solution to between 7 and 8. The
reaction was run in 1 mL of solution containing 100 mM HEPES,
pH 7.8, 10 mM MgCl,, 10 mM ATP, 5 mM B-alanine, 5 mM
pantoate, 1 mM potassium phosphoenolpyruvate, 0.2 mM NADH,
18 units each of pyruvate kinase, lactate dehydrogenase, and myo-
kinase, and 5-10 pL of purified pantothenate synthetase. The re-
action components except PS were mixed in a cuvette and the
background reaction was measured on a spectrophotometer. PS
was then added and quickly mixed, and the reaction progress was
monitored by measuring the absorbance at 340 nm. The initial
reaction rates were calculated using an extinction coefficient of
NADH of 6220 M~'cm™'. Similar procedures were followed for
the inhibition studies with butyrate and glycerol. Certain amount of
sodium butyrate or glycerol was mixed with other components
prior to the addition of PS.

Crystallization and data collection

For protein crystallization, the purified protein was exchanged into
a dilute buffer of 5 mM HEPES, pH 7.5, 10 mM NacCl by three
cycles of dilution and concentration, and then concentrated to
above 10 mg/mL. Crystallization experiments were carried out
using the hanging-drop vapor-diffusion method. In each drop, 3-5
L of protein solution was mixed with an equal volume of well
solution. Clusters of small crystals were obtained from the entero-
kinase-digested protein with Wizard I crystal screen kit solution 15
(Emerold BioStructures). Crystals were improved by modifying
the crystallization condition, and the best crystals were obtained
from drops set up with well solutions containing 10%—-15% PEG
3000, 5% glycerol, 2% ethanol, 20 mM MgCl,, 150 mM Li,SO,,
and 100 mM imidazole, pH 8.0 at 20°C. These crystals are thick
plates with dimensions of about 0.5 x 0.3 x 0.1 mm. For cocrys-
tallization with the reaction intermediate, a similar crystallization
solution was used, with 10 mM each of ATP and pantoate added,
and with 20 mM MnCl, substituted for MgCl,. The crystals are
small (about 0.1 mm in the longest dimension) but diffract to 2.0
A. Cocrystallization with B-alanine was done with a well solution
of 15% PEG 3000, 2% ethanol, 20 mM MgCl,, 100 mM imidaz-
ole, pH 8.0 and 20 mM {3-alanine.

To get crystals in complex with substrates, crystals grown in the
absence of substrates or analogs were soaked in solutions contain-
ing substrates or an ATP analog, AMPCPP. Soaking experiments
were carried out by adding solutions containing substrates or
AMPCPP directly to the drop, or to a drop of pseudomother liquor
with transferred crystals, and incubating overnight or longer. Crys-
tals were soaked in solutions containing AMPCPP alone, both
AMPCPP and pantoate, both pantoate and 3-alanine, ATP together
with pantoate and sodium butyrate, and pantothenate alone.

For data collection, crystals were soaked for 2-5 min in a cryo-
genic solution similar to the well solutions, or substrate soaking
solutions, but with 30% glycerol added, and then flash-frozen in a
cryostream of N, gas at 100 K. Diffraction data were collected at
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100 K on a Rigaku FRD generator with an R-AXIS IV++ detector.
Data reduction and scaling were done with the programs DENZO
and SCALEPACK (Otwinowski and Minor 1996). Data process-
ing statistics are listed in Table 3. The apo enzyme crystallized in
space group P2,. Crystallization in the presence of both ATP and
pantoate also gave crystals of space group P2, with similar cell
dimensions. However, crystals obtained in the presence of (3-ala-
nine are in space group P2,2,2,, presumably because of the dif-
ference in the crystallization conditions. Data collected on crystals
soaked with pantothenate did not show any density for pantothe-
nate in the initial difference density map, and therefore are not
reported. All data sets collected gave two molecules per asymmet-
ric unit.

Molecular replacement, model building, and refinement

The crystal structure of the apo enzyme was determined by the
molecular replacement method using the program AMORE (Na-
vaza 1994). Subunit A of the E. coli PS structure (von Delft et al.
2001, PDB ID code 1IHO) was used as a model for molecular
replacement, and the two domains were separated as two indepen-
dent search models. A set of data was first collected to 2.2 A (not
shown) and was used for molecular replacement. The rotation
function was run with data from 8 to 2.8 A, while translation
function was run with data from 8 to 2.2 A. The positions of the
two N-terminal domains and one C-terminal domain were found
from the rotation and translation searches, and the other C-terminal
domain was generated by a noncrystallographic-symmetry (NCS)
operation on the position of the known C-terminal domain with the
NCS symmetry operators derived from the two N-terminal do-
mains.

The R-factor was 47.3% after one round of rigid body refine-
ment with program CNS using data from 20 to 2.5 A resolution.
The map calculated from the rigid body-refined model showed
clear continuous density. A set of data to 1.6 A was collected at
this point (data set 1 in Table 3), and phases were refined and
extended to 1.6 A using the program DM (CCP4 1994; Cowtan

1994) with solvent flattening, histogram matching, multiresolution
modification and NCS averaging. The refined phases were given to
the automatic refinement procedure ARP/WARP (Perrakis et al.
1999) for automatic model building. This built more than 90% of
residues in the final model. The model was then manually rebuilt
using the program O (Jones et al. 1991), and refined using CNS.
The structure of the apo enzyme was used to calculate phases for
the data sets of various complexes by rigid body refinement into
the new data sets, except that for 3-alanine complex data (data set
8 in Table 3), which is in a different space group, molecular
replacement with the program AMORE was used. The final re-
finement statistics for all the refined coordinate sets are reported in
Table 2.

Over 91% of the residues fall in the most favorable region of the
Ramachandran plot for all the refined coordinate sets. One residue,
Leul27, however, falls in the disallowed region with &, s angles
of about 46° and —110°, respectively. This residue has well-de-
fined electron density and is well ordered in the crystal structure.
It consistently shows up at this same position of Ramachandran
plot for all the refined coordinate sets. The corresponding residue,
Leul18 of the E. coli PS structure also falls at the similar position
of the Ramachandran plot.

Data deposition

The atomic coordinates have been deposited to the Protein Data
Bank with identification codes: 1MOP, 1N2B, IN2E, IN2G,
IN2H, IN2I, 1N2J, and IN20.
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Table 3. X-ray diffraction data for M. tuberculosis pantothenate synthetase and complexes®

3¢ 4¢ 5 6 7
1 2 (AMPCPP + (AMPCPP + (ATP + (ATP + pantoate + (pantoate + 8
Data set” (Apo) (AMPCPP) pantoate) pantoate) pantoate) butyrate) 3-alanine) (B-alanine)
Resolution (A) 80-1.6 50-1.8 50-1.6 50-1.7 50-2.0 50-1.7 50-1.8 50-2.1
Ryperge” (last bin)* 0.049 0.059 0.066 0.049 0.125 0.077 0.086 0.081
(0.312) 0.471) (0.463) (0.381) (0.426) (0.489) (0.374) (0.597)
Completeness” % 89.1 (51.1) 99.4 (99.8) 93.7 (58.8) 95.2 (86.5) 94.3 (91.4) 98.8 (94.1) 97.7(97.7) 99.9 (99.9)
Io? 36.4 (4.4) 21.1(2.6) 25.2 (2.6) 22.9(2.8) 10.3 (2.8) 23.7 (2.98) 14.992.4) 25.3(3.9)
Redundancy® 6.6 (4.6) 34(3.2) 6.4 (3.5) 3.5(2.9) 4.0 (3.8) 7.5(.7) 4.0 (2.5) 7.7 (7.6)
Space Group P2, P2, P2, P2, P2, P2, P2, P2,2,2,
Cell
a 48.27 48.31 48.27 48.13 48.26 48.18 48.05 69.75
b 70.93 70.91 70.82 70.57 70.86 70.80 70.69 98.65
c 81.83 81.88 81.80 81.77 81.82 81.75 81.59 82.10
B 98.69 99.31 99.28 99.23 99.34 99.43 99.10

# All data collected at cryogenic temperature of 100 K.
® Data sets 2, 3, 4, 6, and 7 are collected on crystals grown in identical conditions to that of data set 1, but soaked in various solutions. Data sets 5 and

8 are from cocrystallization crystals.

¢ For data set 3, the crystal was soaked in 10 mM each of AMPCPP and pantoate overnight; from data set 4, the crystal was soaked in 10 mM of AMPCPP

and 20 mM of pantoate for 24 h.

9 The numbers in parentheses are for the last bin of data, which is from 1.66 to 1.6 A, 1.76 to 1.7 A, 1.86 to 1.8 A, 2.07 to 2.0 A, or2.18 to 2.1 A
°R = Sl — L)V 20, where () is the average of Iy, over all symmetry equivalents.
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