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step in the CoA pathway.

evaluated biochemically.
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(Background: Pantothenate kinase (PanK), an essential enzyme for Mycobacterium tuberculosis, catalyzes the rate-limiting
Results: Structures of M. tuberculosis PanK, complexed with new inhibitors, were determined, and their inhibitions were

Conclusion: Inhibitor binding overlaps with the substrate/product sites; also, an alternative mode of ATP binding is proposed.
Significance: These are the first structures of a type I PanK complexed with inhibitors.

J

Mycobacterium tuberculosis, the bacterial causative agent of
tuberculosis, currently affects millions of people. The emer-
gence of drug-resistant strains makes development of new
antibiotics targeting the bacterium a global health priority.
Pantothenate kinase, a key enzyme in the universal biosyn-
thesis of the essential cofactor CoA, was targeted in this study
to find new tuberculosis drugs. The biochemical character-
izations of two new classes of compounds that inhibit panto-
thenate kinase from M. tuberculosis are described, along with
crystal structures of their enzyme-inhibitor complexes.
These represent the first crystal structures of this enzyme
with engineered inhibitors. Both classes of compounds bind
in the active site of the enzyme, overlapping with the binding
sites of the natural substrate and product, pantothenate and
phosphopantothenate, respectively. One class of compounds
also interferes with binding of the cofactor ATP. The com-
plexes were crystallized in two crystal forms, one of which is
in a new space group for this enzyme and diffracts to the
highest resolution reported for any pantothenate kinase
structure. These two crystal forms allowed, for the first time,
modeling of the cofactor-binding loop in both open and
closed conformations. The structures also show a binding
mode of ATP different from that previously reported for the
M. tuberculosis enzyme but similar to that in the pantothe-
nate kinases of other organisms.

Pantothenate kinase (PanK,” EC 2.7.1.33) catalyzes the first
and rate-limiting step in the universal CoA biosynthetic path-
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way, where pantothenate (vitamin By) is converted to 4'-phos-
phopantothenate using ATP as a cofactor (1). Three types of
PanK have been described, which differ in their biochemical
and structural characteristics. Type I, encoded by the gene coaA
(2), is found in a large number of bacterial species and is tightly
feedback-regulated by CoA and its thioesters (3). It is exempli-
fied by the extensively studied Escherichia coli PanK (EcPanK;
Ref. 4, 5). The type II enzyme is mostly found in eukaryotes.
Humans express four isoforms of the enzyme, named PanK1 to
4. Defects in the panK?2 gene have been linked to neurodegen-
erative disease (6, 7). Based on sequence and structural homol-
ogy some bacterial enzymes, such as Staphylococcus aureus
PanK, are also classified as type II enzymes. Whereas the
eukaryotic PanKs are feedback-regulated by CoA, the S. aureus
enzyme is not (8). Type III, encoded by the gene coal, is the
most widespread type of the enzyme, with homologs present in
12 of the 13 major bacterial groups (9). It is not inhibited by
CoA or its thioesters (10). Many bacteria have two PanK genes
coding for different types of the enzyme.

Tuberculosis, caused by the pathogenic bacterium Mycobac-
terium tuberculosis, is estimated to infect one-third of the world
population and is responsible for ~1.4 million deaths annually
(World Health Organization, 2011). High-burden countries for
tuberculosis are found in sub-Saharan Africa, with high rates of
the deadly combination of HIV and tuberculosis. Current treat-
ment of tuberculosis relies on the frontline drugs isoniazid and
rifampicin, developed in the 1950s and 1960s. Increasing inci-
dence rates of multidrug-resistant tuberculosis, resistant to
front-line drugs, and extensively drug-resistant tuberculosis,
resistant to front-line and second-line drugs, make develop-
ment of new antibiotics targeting M. tuberculosis a global
health priority.

The M. tuberculosis genome contains both coaA and coaX
genes, coding for a type I and type III PanK, respectively. How-
ever, it has been shown that coaA is the only PanK gene essen-
tial for bacterial growth in vitro and in vivo (11). The M. tuber-
culosis type I PanK (MPanK) is a 312-amino acid (36 kDa)
P-loop kinase with a central seven-stranded B-sheet sur-
rounded by a-helices, containing a Walker A motif for nucleo-
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tide binding (12). It functions as a homodimer. MtPanK has
been the target for extensive structural studies and has been
crystallized in complex with its substrates, products, adenosine
or guanosine cofactors, and feedback inhibitor CoA (13-16).
The MtPanK structures in this study represent the first com-
plexes with engineered inhibitory compounds and provide a
starting point for development of novel antibiotics targeting
pathogens that are dependent on type I PanK.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The gene encoding
MtPanK (coaA, Rv1092c) was PCR-amplified from genomic
DNA, and an N-terminal His, tag was added. The resulting
construct was ligated into a pET15b expression vector (Nova-
gen) using restriction enzymes Ndel and BamHI. Correct liga-
tion of the sequence coding for a full-length His-tagged
MtPanK was confirmed by sequencing. The resulting expres-
sion vector was used to transform E. coli BL21-Al competent
cells (Invitrogen). Cells were incubated at 37 °C in Luria-Ber-
tani growth medium, with 100 wg/ml ampicillin. Expression
was induced by adding 0.2% (w/v) L-arabinose, at Ay, =~ 0.6,
and cells were further incubated at 37 °C for 3 h. Cells were
centrifuged at 4500 X g for 30 min, and the resulting cell pellet
was resuspended in lysis buffer (50 mm Tris-HCI, pH 8.0, 300
mM NaCl, 20 mMm imidazole) with 0.01 mg/ml RNase and 0.02
mg/ml DNase. Cells were lysed in a cell disruptor (Constant
Systems, Ltd.) and the lysate was centrifuged at 18,000 X g for
30 min to remove cell debris. The His-tagged protein was then
purified by binding it on a nickel-Sepharose (GE Healthcare)
column. The column was washed with 10 column volumes of
wash buffer (50 mm Tris-HCI, pH 8.0, 300 mm NaCl, 50 mm
imidazole), and the protein was eluted with 4 column volumes
of elution buffer (50 mm Tris-HCI, pH 8.0, 300 mm NaCl, and
500 mMm imidazole). The elution fractions were pooled and then
diluted at a 2:1 ratio with gel filtration buffer (50 mm Hepes, pH
7.5, 300 mm NaCl, 2% (v/v) glycerol, and 10 mm B-mercapto-
ethanol). The diluted protein sample was further purified using
a Superdex 75 (GE Healthcare) size-exclusion column, pre-
equilibrated with gel filtration buffer. A modified gel filtration
buffer (50 mm Tris-HCI, pH 7.5, 300 mm NaCl, 10% (v/v) glyc-
erol, 2 mm DTT, and 0.1 mMm EDTA) was used in subsequent
purifications of the enzyme for biochemical studies. Elution
fractions were pooled, and analysis by SDS-PAGE showed it to
contain ~99% pure protein of correct size. Protein aliquots
were stored at —70 °C. Only once-thawed aliquots were used
for each experiment.

IC<, Minimum Inhibitory Concentration , and Thermal Sta-
bility Measurements—The biochemical and thermal shift
assays have been described in detail by Venkatraman et al. (17).
Briefly, M¢PanK activity was measured in a pyruvate kinase-
lactate dehydrogenase-coupled assay where the reaction rate
was determined by spectrophotometric measurement of
NADH consumption. IC., measurements were performed with
a suitable concentration range of inhibitory compound, while
keeping the concentration of pantothenate and ATP at 122 and
395 M, respectively, which is their respective K, (17). A sec-
ond set of IC,, measurements were performed with the ATP
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concentration at 50X K, to determine the effect of cofactor
competition.

Thermal stability measurements were recorded with a real-
time PCR thermal cycler where the fluorescence of SYPRO
orange dye (Invitrogen) was used to monitor protein unfolding
in the absence or presence of 25 uM inhibitory compound, at
temperature intervals of 0.5 °C, from 25 °C to 85 °C. Measure-
ments were repeated with the addition of 0.5 and 1.0 mm ATP.

The minimum inhibitory concentration assay was set up as
per the Clinical and Laboratory Standards Institute guidelines.
These assays were done in 96-well plate format, and the readout
was by Microplate Alamar Blue Assay (18).

Crystallization—The purified protein was concentrated to
12 mg/mlin 20 mm Tris-HCI, pH 8.0, 0.3 M NaCl, 10 mm B-mer-
captoethanol, and 10% (v/v) glycerol for initial crystallization
trials. Trials were set up with the sitting-drop vapor diffusion
method on an Oryx 6 robot (Douglas Instruments) in two-well
MRC plates (Molecular Dimensions). Droplets composed of 0.3
wl of protein solution and 0.3 ul of reservoir solution were
equilibrated against 80 ul of the latter. Inhibitors were dissolved
in dimethyl sulfoxide. For cocrystallization experiments, a
10-molar excess of the inhibitor with and without 5 mm ATP
and 1 mm MgCl, was added to the protein immediately before
crystallization trials. In addition, five non-hydrolyzable ATP
analogues (Jena Bioscience, catalog no. NK-101), adenosine,
adenosine ribose, and ADP were substituted for ATP.

Crystals of a binary complex (M¢PanK-1a) in space group
P3,21 grew in 3—4 days at 20 °C from condition E11 of the
JCSG+ screen (Qiagen) containing 14.4% (w/v) PEG 8000, 20%
(v/v) glycerol, 0.08 M sodium cacodylate, pH 6.5, and 0.16 M
calcium acetate. The optimized crystallization conditions were
essentially the same except that magnesium chloride replaced
the calcium. The cryosolution for these crystals consisted of
35% (w/v) PEG 3350, 0.2 M cacodylate, 10 mm MgCl,, and,
where appropriate, 1 mum inhibitor. Crystals were placed in the
cryosolution for 5 s before vitrification in liquid nitrogen. Soak-
ing experiments on apo-crystals with this space group were
unsuccessful.

Crystals of seven different ternary complexes (MtPanK-in-
hibitor-PO,) in space group P2,2,2 were obtained with 1.8 m
sodium/potassium phosphate, pH 8.2 (Quik screen, Hampton
Research) at 20 °C in a 3—4 days. For optimization of these
crystals, the protein concentration was reduced to 5 mg/ml, and
the drops were seeded. These drops (0.5 ul each of protein and
reservoir solution) were set up manually and equilibrated
against 1 ml of the reservoir solution (1.8 M sodium/potassium
phosphate, pH 8.2) in Nextal 24-well plates (Qiagen). The ter-
nary complexes were obtained either by cocrystallization or
soaking. The crystals (0.1 X 0.2 X 0.2 mm) were vitrified
directly from the drops.

Data Collection and Processing—Diffraction data from
MtPanK, co-crystallized or soaked with inhibitors, were col-
lected from single crystals at the European Synchrotron Radia-
tion Facility (Grenoble, France) or MAXlab (Lund, Sweden).
Diffraction data were indexed and integrated using MOSFLM
(19) and scaled with SCALA (20). These programs are part of
the CCP4 program package (21). Data collection statistics are
shown in Table 1.
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Structure Determination and Refinement—The MtPanK-1a
binary complex (see Table 1) was crystallized in space group
P3,21, isomorphous with the published M¢PanK-CoA struc-
ture (PDB code 2GEV; Ref. 13). These coordinates were
stripped of ligands and water molecules and subjected to an
initial round of rigid body crystallographic refinement with
REFMACS (22). The seven structures of the MtPanK-inhibitor-
PO, ternary complexes (see Table 1) in space group P2,2,2
were solved by molecular replacement with the program
PHASER (23), using the refined MtPanK-1a structure, stripped
of ligands and waters, as a search model.

All eight structures were improved by multiple, alternating
cycles of crystallographic refinement with REFMAC5 and
interactive rebuilding using the program O (24). Waters were
added using the carbonyl oxygen profiling methods imple-
mented in O. Coordinates and stereochemical restraints for
inhibitory compounds were generated in O, and stereochemical
dictionaries for refinement were generated by REFMACS.
Refinement statistics are shown in Table 1.

Other Methods—Structural figures were created in O and
rendered with MOLRAY (25). Detailed structural comparisons
were made in O with Ca matching pair cutoffs of 3.8 A (26).
Sequence alignments were made using ClustalW (27), and the
corresponding figure was designed with ALINE (28).

RESULTS

Sequence Alignment—The sequence alignment of type I
PanK sequences from 13 pathogenic bacterial species shows
that the sequences are highly conserved, with a minimum of
41% pairwise sequence conservation (Fig. 1). The longest
stretches of conserved residues are found around the P-loop,
where the Walker A motif is identical in all 13 species, as are
residues involved in substrate and cofactor binding. The M¢
enzyme differs from the rest in the loop formed by residues
79 -91 (MtPanK numbering), flanked by helix a4 and strand 32,
which is extended by four residues. Some variation is seen in the
length of the loop formed by residues 203-213 (MtPanK num-
bering), flanked by strand 6 and helix «10.

The MtPanK-1a Binary Complex—The MtPanK-1a binary
complex was solved in space group 3,21, with one molecule in
the asymmetric unit, and refined to a crystallographic R factor
0f 19.9% at a resolution of 2.9 A (see Table 1 for crystallographic
data). The crystal structure is in the same space group and has
similar unit cell parameters as the previously reported MtPanK
structures. It is isomorphous to what has been called crystal
form II of the enzyme (13). The MtPanK-1a structure can be
superimposed on all previously described MtPanK structures
with root mean square deviations (r.m.s.d.) from 0.3 t0 0.6 A for
302 paired Ca atoms. The greatest differences between the
MtPanK structures in this space group are located at the N-ter-
minal and the loop formed by residues 79-91, which adopt
different conformations in crystal forms I and II of the enzyme
(13). The flexible part of this loop, residues 81— 87, is disordered
in our MtPanK-1a structure and has therefore been omitted
from the model as well as the disordered first five residues and
the N-terminal His tag.

The MtPanK-inhibitor-PO,, Ternary Complexes—Structures
of seven ternary complexes of M¢PanK with inhibitory com-
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pounds and phosphate ions were solved in space group P2,2,2
(see Table 1 for crystallographic data). This is a new space group
for this enzyme. One of these complexes, the M¢tPanK-2b-PO,
complex, diffracts to a resolution of 2.1 A, which is the highest
resolution reported for a type I PanK crystal structure. The
structures in this space group have a complete homodimer in
the asymmetric unit. This dimer is positioned such that the
crystallographic 2-fold operator forms a tetramer with 222
point group symmetry. The active sites in both molecules con-
tain a bound inhibitor and a phosphate ion. The first six resi-
dues and the N-terminal His tag are disordered in these struc-
tures and therefore omitted from the model. The A and B
molecules of the homodimers can be superimposed with
r.m.s.d. values ranging from 0.4 to 0.8 A for all paired Ca atoms.
The MtPanK-1a binary complex, as a representative of the
structures in the trigonal space group, can be superimposed on
the MtPanK-inhibitor-PO, ternary complexes with an average
r.m.s.d. of 1.1 A for both A and B molecules, for all paired Ca
atoms. The main differences are found in the second half of
helix a4 at the dimerization interface. Here the end point, Leu-
78, is shifted ~6.5 A as a result of helix bending, adopting a local
conformation identical to that of the EcPanK (5, 29) and Cox-
iella burnetii PanK (ChPanK)? structures (Fig. 2). Another dif-
ference is the cofactor-binding loop, or adenosine lid, which
adopts an open conformation, in contrast to the closed confor-
mation seen in all previous M¢PanK structures (discussed in
detail below). The open conformation of this loop forces a shift
of helix a1 and the loop between helices a1 and a2.

The MtPanK-inhibitor-PO, ternary complex dimers super-
impose on the various EcPanK or ChPanK dimers with average
r.m.s.d. values of 1.3 and 1.2 A, respectively, with more than
~570 paired Ca atoms. Although the structures of the central
B-sheet and the P-loop are highly conserved in all PanK struc-
tures, differences can be seen in the surrounding helices and
loops. The main differences between the M¢-, Ec-, and
CbPanKs are located to the loop formed by residues 203-213
(MtPanK numbering), flanked by strand B6 and helix «10
(Fig. 1). This loop is elongated by seven residues in the Ec and
Cb enzymes and extends away from the center of the mole-
cule in different conformations (Fig. 2). However, the loop
formed by residues 79 -91 (MtPanK numbering), flanked by
helix a4 and strand B2, is elongated by four residues in the
Mt enzyme (Figs. 1 and 2).

Binding of Inhibitors—We have determined crystal struc-
tures of eight protein-inhibitor complexes of MtPanK with
inhibitors of two different classes. Compounds 1a to 1f are tria-
zoles, whereas compounds 2a and 2b are biaryls (Table 2). Elec-
tron density is well defined for all of these inhibitors, except for
the slightly less well defined electron density of the difluorophe-
nyl ring in 1f (Fig. 3).

The binding mode of the triazole compounds is exemplified
by triazole la in Fig. 4a. They overlap with pantothenate
(MtPanK-Pan-AMPPCP, PDB code 2ZSE; Ref. 14), and the

3M. C. Franklin, J. Cheung, M. Rudolph, M. Cassidy, E. Gary, F. Burshteyn,
and J. Love, unpublished work.
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FIGURE 1.Sequence alignment of type | PanKs from various pathogenicbacteria. MtPanK numbering and secondary structure are shown as defined by Das
(13). The blue triangle shows residue Arg-238, interacting with the phosphate bound in the P-loop, or inhibitory compounds. Red triangles show residues

etal.

involved in pantothenate/phosphopantothenate binding. Green triangles show residues involved in adenine binding in the nucleoside binding site reported

for Ec-

Corynebacterium diphtheriae PanK (UniProt ID Q6NI48),

’

and CbPanK. Sequences used in this alignment were as follows: MtPanK (UniProt ID P63810)

EcPanK (UniProt ID POA6I3), Salmonella typhi PanK (UniProt ID Q8Z318), Shigella dysenteriae PanK (UniProt ID Q32aF0), Klebsiella pneumoniae PanK (UniProt ID

GOGSU?), Yersinia pestis PanK (UniProt ID Q8ZANG6), Haemophilus influenzae PanK (UniProt ID P44793), Vibrio cholerae PanK (UniProt ID Q9KV38), Coxiella
burnetii PanK (UniProt ID Q83EV9), Bacillus subtilis PanK (UniProt ID P54556), Listeria monocytogenes PanK (UniProt ID Q8Y8I0), and Streptococcus pneumoniae

PanK (UniProt ID Q97RH6).
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FIGURE 2. Ca superposition of A molecules of all MtPanK-inhibitor-PO,
complexes (red), MtPanK-1a (green), EcPanK-CoA (light blue, PDB code
1ESM), EcPanK-Pan-ADP (blue, PDB code 15SQ5), and CbPanK-ADP (yel-
low, PDB code 3TQC). Shown is the conserved conformation of the P-loop,
the open and closed form of the adenosine lid (a-lid), the alternative confor-
mation of helix a4, and the two loops (with MtPanK numbering) elongated in
MtPanK, EcPanK, or CbPanK.

TABLE 2

Inhibitors of M. tuberculosis PanK Characterized

pantothenate moieties of phosphopantothenate (MtPanK-
PPan-ADP, PDB code 2ZSA; Ref. 14) and CoA (MtPanK-CoA,
PDB code 2ZSD) in the active site pocket (Fig. 5, @ and b,
respectively). These compounds fan out from the conserved
triazole ring to form similar U-shaped conformations where the
halogen-substituted phenyl rings are roughly co-planar, with
ring edges abutting. In the 1b complex, for example, the vector
normals to the phenyl rings form a 51° angle, with ring centers
separated by 7.8 A, and the pair of ring edge carbons separated
by ~5.5-6.5 A. Each triazole ring forms a pair of conserved
hydrogen bond interactions with side chains that are them-
selves highly conserved (Fig. 4a). Residues Tyr-235 and Asn-
277 are involved in pantothenate and phosphopantothenate
binding (14), respectively, but here, the hydroxyl group of Tyr-
235 forms a hydrogen bond to one nitrogen in the triazole ring,
whereas the amide group of the side chain of Asn-277 hydrogen
bonds to another (Fig. 4a). Hydrogen bonding atoms in the
peptide linkage make interactions with water molecules, where
visible, except in the 1c complex where the carbonyl oxygen
directly interacts with the hydroxyl of Tyr-177. No hydrogen
bonding interactions are observed to the ether-linking oxygen.
The removal of the ether-linked oxygen in 1c is easily accom-
modated by the inhibitor. Here, we see a ~0.7 A shift in the
fluorophenyl group. This involves a small pivot of the triazole

Structures of the inhibitory compounds and results from the biochemical assay, thermal shift, and MIC measurements

ND, not determined.

Tm shift Tm shift Tm shift
ICyatK, ICy at 50x with 0.0 with 0.5 with 1.0
Compound for ATP K, for ATP Mt MIC mM ATP mM ATP mM ATP Mode of
Structure Class ID (M) (M) (pg/ml) (°C) (°C) (°C) Inhibition
FF I
\Nh/s/\/o\@L Triazole 1a 0.09 55 >64 3.8 1.1 09 Competitive
N—N
-
s/\,o
@X"”J\G T Triazole 1b 113 >12.5 >64 18 04 03 Competitive
F
To |
NH N / S/D\ Triazole 1c 0.15 10.36 >64 3.7 1.8 04 Competitive
N—N
£
F
F
? |
NHJ\«NH/S/\/O Triazole 1d 0.14 2.82 >32 39 1.7 1.8 Competitive
.
.y
FLF
NHJ\«Nh/S/\/O Triazole le 0.05 0.69 >32 4.6 25 29 Competitive
N—N
: I\F
s/\/o
@fL"” { ’Y Triazole 1f 1.09 14.0 >64 24 10 07 Competitive
F
=~
OH
<‘_‘§ Biaryl 2a 0.12 0.13 >64 24 48 46 Non-
competitive
N
7\
OO g
NH- N
{'_‘5 Biaryl 2b 0.55 ND >64 ND ND ND on-
N competitive
7\
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FIGURE 3. Representative electron density for inhibitors in the A mole-
cules of their respective complex structure. The oA-weighted 2m|F, | —
DIF|) electron density maps (34) are drawn at the level of the root mean
square value of the respective map.

ring that maintains the protein-inhibitor hydrogen bonds but
results in relatively large local changes in the enzyme. In partic-
ular, the side chain of Tyr-182 takes on a different rotamer
conformation compared with all the other complexes. The
tyrosyl ring comes closer to the space vacated by the truncated
ether linkage, and there is a rigid-body shift in helix @12, one of
the helices that define the binding site. A much larger change in
structure has been made in 1e where a para-fluorobenzyl ring
extends from the triazole ring. This change is easily accommo-
dated by the enzyme, fitting into a preformed hydrophobic tun-
nel in the active site whose surface is created from four seg-
ments of the enzyme (helix «12 and a13, the loop between helix
a7-a8 and sheets B4 —f35).

Many of the fluorine atoms are involved in the electrostatic
interactions described by Miiller et al. (30). One of the phenyl
rings has a para-fluorine atom in five of the six triazole com-
pounds, and this ring binds in a mostly hydrophobic pocket
made up of side chains Val-99, Ala-100, Tyr-235, Phe-239, and
Met-242. The side chain of Arg-238, however, stretches to the
bound phosphate in the orthorhombic crystal forms (for five of
the six triazoles), to form a salt link. The para-fluorophenyl ring
is approximately parallel to the plane of the guanidinium group
with the fluorine atom ~3.3 A above the plane. Another salt
link exists between Asp-129 and His-179. The trifluoro-methyl
at the ortho-phenyl substitution of le, for example, is 3.3 A
from a nitrogen of the imidazole ring but is more distant in the
1c complex (closest contact at 3.8 A) as a consequence of the

18266 JOURNAL OF BIOLOGICAL CHEMISTRY

structural rearrangement in the enzyme. The relative orienta-
tion of the phenyl rings also means that the trifluoro-methyl
group in one ring points toward the edge of the second ring in
these structures.

The biaryl compounds, 2a and 2b (Fig. 4b), were both crys-
tallized in ternary complexes with phosphate ions in the
orthorhombic space group. These compounds also bind in the
active site pocket, overlapping with the binding site of the tri-
azole compounds (overlaid structure, Fig. 4c), and that of the
pantothenate moieties in the previous MtPanK structures (Fig.
5, a and b). In the 2b complex, the Arg-238 side chain interacts
with the phosphate ion as seen with the triazoles but changes
conformation to form a salt link with the carboxylate of the
inhibitor in the 2a complex. The Tyr-182 side chain has the
same rotamer conformation observed in the 1c¢ complex such
that the hydroxyl group interacts with the ether linkage oxy-
gen atom, as well as the carboxylate of one inhibitor and the
amide nitrogen of the other (Fig. 4b). The para-nitrile phenyl
group from each inhibitor packs into the hydrophobic tunnel
used by the para-fluorobenzyl ring of le. The conserved
residues Tyr-235 and Asn-277 that are important for triazole
binding do not interact directly with the biaryl class of com-
pounds. Instead, they form hydrogen bonds to a water mol-
ecule that, in turn, interacts with a nitrogen of the piperazine
ring. The 2-pyridyl nitrogen also forms a hydrogen bond to
another water molecule, structurally equivalent to the water
forming the same interaction with the peptide oxygen of the
triazoles (Fig. 4b). When the triazole and biaryl complexes
are superimposed on the ATP analogue complexes of Ec- and
MtPanK, the phosphate ion that we observe in the
orthorhombic crystal form overlaps with the ATP B-phos-
phate group (Fig. 5¢).

The Different Conformations of the Adenosine Lid—A struc-
tural feature of type I PanK enzymes is an adenosine-lid loop
formed by residues 38 —44 (MtPanK numbering) and flanked
by helices a2 and a3 (Figs. 1 and 2). The loop is in an open form
when the adenosine moiety of ADP or ATP is bound, exempli-
fied by the EcPanK-Pan-ADP, EcPanK-AMPPNP, and
CbPanK-ADP complex structures (Fig. 6a). In the absence of a
bound adenosine, the loop adopts a closed conformation,
exemplified by the EcPanK-CoA structure (Fig. 6b). When
switching from an open to closed conformation the loop shifts
~5 A toward the adjacent helix all. To accommodate this
shift, the flanking helix 2 unwinds, contracting by one turn in
the closed conformation. Helix a2 extends almost to helix a3 in
the open form of the ChPank-ADP structure. The adenine ring
of the cofactor is stacked between the loop and conserved res-
idue His-302 (M¢PanK numbering), which in turn stacks with
the ring of conserved residue Trp-234 (MtPanK numbering) in
the open form of the EcPanK and ChPanK structures (Fig. 6a).
However, the MtPanK structures crystallized in complex with
nucleoside cofactors exhibit an alternative binding-mode (Fig.
5¢; Refs. 15 and 16), where the adenine or guanine moieties
occupy roughly the same binding site as the adenine moiety of
CoA (Fig. 5b). In these structures, the adenosine lid retains a
closed conformation, unable to accommodate a nucleoside in
this binding site. In the M¢PanK-1a complex, crystallized in the
previously reported trigonal space group, the adenosine lid

VOLUME 288+NUMBER 25+JUNE 21, 2013
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FIGURE 4. g, binding of a triazole compound (gray carbons) in the active site,
exemplified by the MtPanK-1a complex. Also shown are the residues
involved in compound interactions and the P-loop. b, binding of a biaryl
compound (white carbons) in the A molecule active site, exemplified by
the MtPanK-2b-PO, complex. Also shown are the residues involved in
compound interactions (yellow carbons) and the phosphate ion bound in
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FIGURE 5. g, superposition of MtPanK-1a, MtPanK-2b-PO,, MtPanK-Pan-AMP-
PCP (PDB code 2ZSE) and MtPanK-PPan-ADP (PDB code 2ZSA) showing the
triazole compound 1a (green), the biaryl-compound 2b (red) with the phos-
phate ion (atom colors), pantothenate (blue), and phosphopantothenate (yel-
low). b, superposition of MtPanK-1a, MtPanK-2b-PO,, and MtPanK-CoA (PDB
code 2ZSD) showing the triazole compound 1a (green), the biaryl compound
2b (red) with the phosphate ion (atom colors), and CoA (light blue). ¢, super-
position of MtPanK-1a, MtPanK-2b-PO,, MtPanK-Pan-AMPPCP (PDB code
2Z7SE) and EcPanK-AMPPNP (PDB code 1ESN) showing the triazole compound
1a (green), the biaryl compound 2b (red) with the phosphate ion (atom col-
ors), AMPPCP bound in the Mt structure (gray), and AMPPNP bound in the Ec
structure (magenta). The van der Waals radii of the fluorine in compound 1a
and the y-phosphate oxygen of AMPPCP and AMPPNP are shown as transpar-
ent spheres.

adopts a closed conformation, identical to all previously
reported MtPanK structures. However, in the MtPanK-inhibi-
tor-PO, structures crystallized in the orthorhombic space
group, the loop adopts an open conformation. This conforma-
tion is similar to the open conformation of the EcPanK and
CbPanK structures, although no adenosine is present in the
adenosine-binding site (Fig. 6).

the P-loop. ¢, superposition of all triazole compounds (gray carbons) and
biaryl compounds (white carbons) in the MtPanK active site. The second-
ary structure is colored as in Fig. 1.

JOURNAL OF BIOLOGICAL CHEMISTRY 18267
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-

FIGURE 6. a, superposition of MtPanK-2b-PO, (red), EcPanK-AMPPNP (magenta, PDB code 1ESN), EcPanK-Pan-ADP (blue, PDB code 15Q5), and CbPanK-ADP
(vellow, PDB code 3TQC) showing the open form of the adenosine lid and conserved residues involved in adenosine binding. b, superposition of MtPanK-1a
(green), EcPanK-CoA (light blue, PDB code 1ESM), MtPanK-2b-PO, (red), EcPanK-AMPPNP (magenta, PDB code 1ESN), EcPanK-Pan-ADP (blue, PDB code 15Q5),
and CbPanK-ADP (yellow, PDB code 3TQC) showing the open and closed forms of the adenosine lid.

Attempts to obtain binary complexes of MtPanK with ATP
or ternary complexes with inhibitory compounds and ATP,
whether by co-crystallization or soaking in conditions for the
orthorhombic space group, were unsuccessful. Non-hydrolyz-
able ATP analogues, adenosine, adenosine ribose, or ADP were
also used in place of ATP but without success. Although some
crystals were obtained and diffraction data were collected, the
resolution and data quality did not allow modeling of the enti-
ties seen in the active site. The high phosphate concentration
required for crystallization in this space group, resulting in a
phosphate occupying the P-loop or potentially close contacts
between our inhibitors and the y-phosphate of ATP, may
account for our inability to crystallize M¢PanK with bound ATP
analogues.

IC.,, Minimum Inhibitory Concentration, and Thermal Sta-
bility Measurements—Detailed results for related inhibitory
compounds of the classes presented here have been described
(17). The loss of inhibition of the triazole compounds when the
assay was run in excess of ATP (Table 2) indicates that these
compounds compete with ATP. This is supported by the ther-
mal stability measurements of these compounds where a
decrease in the thermal shift is observed when the measure-
ments are performed at higher ATP concentrations (Table 2).
The biaryl compound 2a shows comparable levels of inhibition
at low and high ATP concentrations, suggesting that this class
of compounds is non-competitive with respect to ATP. The
thermal stability measurements for this compound show an
increase in thermal shift in the presence of ATP, also indicative of
anon-competitive mode of inhibition. Unfortunately, inhibition in
the presence of ATP and thermal stability measurements were not
available for compound 2b. None of the compounds described
here inhibited growth of Mt in the whole cell assay at their respec-
tive maximum concentration tested (Table 2).

DISCUSSION

We have determined the first enzyme-inhibitor complex
structures of a type I PanK enzyme. The structures show that
the two classes of inhibitory compounds, triazoles and biar-

18268 JOURNAL OF BIOLOGICAL CHEMISTRY

yls, bind in roughly the same position, overlapping with
binding sites for the substrate pantothenate and product
phosphopantothenate.

The six triazole complexes provide 12 views of how this class
of inhibitor interacts with M¢PanK. The inhibitors share a com-
mon binding site with the same overall U-shaped structure and
share many equivalent interactions with the enzyme and struc-
turally conserved water molecules. In particular, the hydrogen
bonding network of the triazole nitrogens with residues Tyr-
235 and Asn-277 is a feature of this class of inhibitor. Modula-
tion in IC, values has been achieved by the introduction of
halogen atoms and/or groups, by removal of the ether-linked
oxygen, and by an extension from the central triazole ring. The
benefits of introducing fluorine atoms on small molecule scaf-
folds is well documented, and structural data have been used to
clarify the nature of fluorine-protein interactions. It has been
suggested that C-F dipolar and multipolar interactions with
protein side chain and main chain atoms can benefit the ener-
getics of inhibitor binding (30). Favorable interactions with
backbone and side chain amides as well as the guanidinium
group of arginine residues appear to be common occurrences.
The top four, most active triazoles (1a, 1c, 1d, and 1e) con-
tain a trifluoromethyl substitution that is positioned close to
the imidazole ring of His-179, with closest contacts in the
range 3.3-3.7 A. The trifluoromethyl group points toward
the edge of the second phenyl ring of each inhibitor to form
other, potentially stabilizing multipolar interactions. The
combined effects may be sufficient to explain the 10-fold
increase in IC;, values that are observed for 1b and 1f where
the trifluoromethyl group has been substituted. In seven of
the eight triazoles, the second phenyl ring is also fluorinated
at the para-position. In these structures, we observe an inter-
action with the guanidinium group of Arg-238, but the
removal of the fluorine atom does not reduce the activity of
1d. The replacement of the para-fluorophenyl ring by an
ortho-methylphenyl ring in 1d results in a structural rear-
rangement such that the ring to ring centers are closer in 1d

VOLUME 288+NUMBER 25+JUNE 21, 2013



adenosine-lid

FIGURE 7. Crystal contacts between the adenosine lid (magenta) of
MtPanK-1a (green) in the orthorhombic space group and a symmetry-
related molecule (gray). Shown are interactions between Arg-38 in the
adenosine lid (yellow carbons) and Arg-140 in helix a7 of the symmetry-re-
lated molecule (gray carbons).

by 0.3 A. This may benefit the interactions with the trifluo-
romethyl group sufficiently so that there is little change in
the IC,, compared with 1a, for example.

IC,, values for the biaryl compounds are comparable with
those for the triazole compounds, with 2a having the lowest
IC,, (Table 2). The approximate 5-fold increase in IC,, for
compound 2b can be due to the lack of a hydrogen bond to the
guanido group of Arg-238 and the apparent weakening of the
hydrogen bond to Tyr-182, which is absent in the B molecule
due to side chain rotation.

Increasing the ATP concentration in the biochemical assay
resulted in a large increase of the IC, for all triazole com-
pounds (Table 2). This suggests that these compounds exhibit a
competitive mode of binding with respect to ATP. The same
increase in ATP concentration does not affect the biaryl com-
pounds (Table 2), suggesting that these compounds exhibit a
non-competitive mode of binding. This observation is also sup-
ported by the thermal shift measurements where addition of
ATP resulted in a decrease in T, in the presence of triazole
compounds and an increase with the biaryl compounds (Table
2). The superimposed ATP analogue complexes of the Mt and
Ec enzymes (Fig. 5¢) provide a likely explanation. In all triazole
complexes, an electronegative fluorine or chlorine is in close
contact with the y-phosphate oxygen of an ATP analogue. The
repulsive electrostatic force between these atoms results in
the competitive binding mode of these compounds. In the
biaryl complexes, these interactions are absent, making it pos-
sible for the non-competitive binding mode observed for this
class of compounds.

In all previously reported MtPanK structures, solved in what
has been described as crystal form I or II of the trigonal space
group, the adenosine lid is in a closed conformation. The
MtPanK-1a complex, crystallized in crystal form II of the tri-
gonal space group, also exhibits a closed conformation of the
adenosine lid. An examination of the crystal contacts in this
crystal form reveals that the adenosine lid is in close contact
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with helix a7 of a symmetry-related molecule (Fig. 7). In par-
ticular, the guanidinium group of residue Arg-38 in the adeno-
sine lid forms a hydrogen bond to the carbonyl oxygen of resi-
due Arg-140 in helix a7 of the symmetry-related molecule.
These crystal packing interactions are present in all MtPanK
structures solved in crystal form II but not in the two structures
solved in crystal form I (M¢PanK-CoA, PDB codes 2GES and
2GET). Crystal packing interactions with the adenosine lid are
also absent in our structures solved in the orthorhombic space
group, where the adenosine lid adopts an open conformation.
In contrast, the complex structures with nucleoside cofactors
were crystallized in crystal form II of the trigonal space group,
where the adenosine lid assumes a closed conformation. In
these structures, the adenosine or guanosine moieties occupy
roughly the same binding site as the adenosine moiety of CoA
instead of binding in the adenosine binding site (Fig. 5, b and c).
Crystal contacts with the adenosine lid in these structures may
be responsible for keeping the adenosine lid in a closed confor-
mation, forcing the nucleoside cofactors to adopt an alternative
binding mode. To date, no crystal structure of a nucleoside-
bound enzyme has been solved in the orthorhombic space
group or crystal form I of the trigonal space group. However,
the conserved nature of the adenosine binding site and the abil-
ity of MtPanK to adopt both open and closed forms of the ade-
nosine-lid suggest that the same mode of nucleoside binding as
seen in the Ec and Cb enzymes is biologically relevant.

Even though the compounds described in this study were
inactive against Mt in the whole cell assay, they are potent
inhibitors of M¢PanK. The structural information from this
study provides us with tools for structure-based optimization of
these compounds and to design novel inhibitors that are active
against this target in other pathogens.
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