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ABSTRACT: Pantothenate kinase (PanK) catalyzes the first step of the universal five-step coenzyme A
(CoA) biosynthetic pathway. The recently characterized type III PanK (PanK-III, encoded by thecoaX
gene) is distinct in sequence, structure and enzymatic properties from both the long-known bacterial type
I PanK (PanK-I, exemplified by theEscherichia coliCoaA protein) and the predominantly eukaryotic
type II PanK (PanK-II). PanK-III enzymes have an unusually highKm for ATP, are resistant to feedback
inhibition by CoA, and are unable to utilize theN-alkylpantothenamide family of pantothenate analogues
as alternative substrates, thus making type III PanK ineffective in generating CoA analogues as
antimetabolitesin ViVo. Previously, we reported the crystal structure of the PanK-III fromThermotoga
maritima and identified it as a member of the “acetate and sugar kinase/heat shock protein 70/actin”
(ASKHA) superfamily. Here we report the crystal structures of the same PanK-III in complex with one
of its substrates (pantothenate), its product (phosphopantothenate) as well as a ternary complex structure
of PanK-III with pantothenate and ADP. These results are combined with isothermal titration calorimetry
experiments to present a detailed structural and thermodynamic characterization of the interactions between
PanK-III and its substrates ATP and pantothenate. Comparison of substrate binding and catalytic sites of
PanK-III with that of eukaryotic PanK-II revealed drastic differences in the binding modes for both ATP
and pantothenate substrates, and suggests that these differences may be exploited in the development of
new inhibitors specifically targeting PanK-III.

Coenzyme A (CoA1) is a ubiquitous and essential cofactor
in all living organisms where it functions as the major acyl
group carrier in many crucial cellular processes, most notably
in the tricarboxylic acid (TCA) cycle and in fatty acid
metabolism. Pantothenate kinase (PanK) catalyzes the first
and rate-limiting step in the universal five-step CoA bio-
synthetic pathway, transferring a phosphoryl group from ATP
to pantothenate (Pan) (1-3) (Scheme 1). The essential
requirement of CoA, in combination with the fact that it has
to be biosynthesizedde noVo from pantothenate in all
organisms, has led to the recognition of CoA biosynthetic

enzymes as possible new antimicrobial targets of important
human pathogens (4, 5). In this regard inhibitors that
specifically target PanK are of special interest due to the
enzyme’s key role in regulating the intracellular concentration
of CoA and the lack of homology between bacterial PanK
enzymes and their human counterparts, and their develop-
ment is actively being pursued (6-8).

Three distinct types of PanK have been characterized thus
far: the type I PanK (PanK-I), exemplified byEscherichia
coli CoaA protein, was originally thought to represent the
majority of PanK enzymes from prokaryotic sources. Type
II PanKs (PanK-II), in contrast, predominantly occur in
eukaryotic organisms. These two types of PanK have long
been the subject of intensive investigations (9-14). These
studies have shown that although they are evolutionarily
unrelated, both types are feedback inhibited by the end-
product of the pathway in the form of either CoA or its
thioesters, and thus play a key regulatory role in CoA
biosynthesis and homeostasis in the cell (12, 13, 15-17).
Furthermore, both PanK-I and PanK-II enzymes are able to
phosphorylate a class of pantothenate analogues known as
theN-alkylpantothenamides, allowing them to be transformed
by the organism’s native CoA biosynthetic pathway into
inactive CoA analogues which act as antimetabolites and
effective inhibitors of bacterial growth (6, 7, 18). Interest-
ingly, the distinction between these two types of PanK cannot
be made solely based on phylogenetic relationships, as
“eukaryotic” PanK-II-like enzymes are also found in a few
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Gram-positive bacteria, most notablyBacillus anthracisand
Staphylococcus aureus(7, 19, 20). These bacterial PanK-II
enzymes share significant sequence and structural similarity
with their eukaryotic counterparts, although they do exhibit
differences in certain catalytic properties (7, 21, 22). In
particular, PanK-II fromS. aureus(SaPanK-II) is not subject
to inhibition by either CoA or its thioesters (21), a property
that is most likely related to the additional metabolic function
of CoA as the major low molecular weight thiol in this
organism, which uses CoA and an NADPH-dependent CoA
disulfide reductase to maintain its redox balance (19, 23, 24).

Recently a third type of PanK (PanK-III, encoded by the
gene denoted ascoaX,to be distinguished fromcoaA) was
identified in bacteria (25, 26). A comprehensive analysis of
the PanK-encoding genes in more than 300 complete or
nearly complete bacterial genomes using THE SEED tool
(http://theseed.uchicago.edu/FIG/index.cgi) (27) revealed that
PanK-III enzymes have a much wider phylogenetic distribu-
tion than the better known PanK-I, being present in 12 of
the 13 major bacterial groups, and in many pathogenic
bacteria (20). PanK-I, in contrast, is present in only four of
these groups. Recent studies of the biochemical properties
of PanK-III enzymes from several bacterial species have
shown that PanK-III differs significantly from both PanK-I
and PanK-II as PanK-III enzymes are not feedback inhibited
by CoA, and cannot useN-alkylpantothenamides as sub-
strates (20, 22, 25). Additionally, PanK-III has an unusually
high Km for ATP (in the millimolar range) and requires a
monovalent cation for catalysis (22, 25).

From a structural perspective, it has long been known that
bacterial type I PanKs belong to the P-loop kinase super-
family based on both sequence and structural evidence (15,
28). More recently, structures of type II and type III PanKs
were also determined (19, 20, 22, 29). These structures
confirmed a previous prediction that both PanK-II and PanK-
III are evolutionarily unrelated to PanK-I, adopting an actin-
like fold insteadsthis places them in the ASKHA (an
abbreviation for “acetate and sugar kinase/Hsp70/actin”)
protein superfamily (30, 31). However, notwithstanding their
shared common fold and conserved key catalytic residues,
PanK-II and PanK-III appear to differ significantly in dimer
formation and in the detailed substrate binding site configu-
rations that underlie their different enzymatic properties (22).
These differences would be particularly relevant to any effort
directed at the development of inhibitors targeting PanK-
III.

To further aid our efforts in this regard we report here the
crystal structures of PanK-III fromThermotoga maritima
(TmPanK-III) in complex with its substrate (i.e., pantothen-
ate), product (phosphopantothenate), or both pantothenate
and ADP. These structures, in combination with isothermal
titration calorimetry (ITC) analysis of the binding of the
substrates to the protein, provide a detailed picture of the
interactions between both the substrates and the enzyme
while shedding new light onto the unique kinetic properties
of PanK-III. Our results further highlight the drastic differ-
ences in the substrate binding sites of type II and type III
PanKs, which should facilitate the structure based approach
for developing inhibitors specifically targeting PanK-III
enzymes.

EXPERIMENTAL PROCEDURES

Isothermal Titration Calorimetry (ITC). PanK-III fromT.
maritimaandHelicobacter pylori(TmPanK-III andHpPanK-
III) were cloned, expressed, and purified as described before
(20, 25). In preparation for the isothermal calorimetric (ITC)
assays, proteins were exhaustively exchanged into a buffer
containing 100 mM NaCl, 20 mM Tris, pH 8.0. Protein
concentrations were determined by measuring the absorbance
at 280 nm and were calculated according to Beer’s law using
extinction coefficients obtained from the ProtParam tool
available at the ExPASy Proteomics Sever (www.Expasy-
.org). The extinction coefficients that were used are 27055
M-1‚cm-1 and 13910 M-1‚cm-1 for TmPanK-III andHp-
PanK-III, respectively. The protein concentrations were
further confirmed using the Bradford assay (32) with bovine
serum albumin (Sigma, St. Louis, MO) as a standard. The
calorimetric titration experiments were carried out at 20°C
in a VP-ITC titration microcalorimeter (MicroCal, Northamp-
ton, MA). Ligand at a stock concentration of 1 mM (for
pantothenate) or 4 mM (for ATP or AMPPNP) was titrated
into a sample cell (1.4 mL) containing PanK-III proteins at
a concentration of 0.1 or 0.28 mM, respectively. Nucleotides
were used at a higher concentration along with a higher
concentration of proteins in order to increase the observed
signals of small heat changes associated with nucleotide
binding. The heat change from protein-ligand interaction
was monitored by the VP-ITC instrument until the target
protein was saturated with the ligands. Data were processed
and fitted using Microcal ORIGIN software (OriginLab,
Northampton, MA).

Scheme 1
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Enzyme ActiVity and Kinetic Assays.The enzyme activity
assay and steady-state kinetics were carried out as described
before (25) with minor modifications. Briefly, a continuous
spectrophotometric assay that couples the production of ADP
to the reactions catalyzed by pyruvate kinase and lactate
dehydrogenase was used and the consumption of NADH was
monitored by changes in absorption at 340 nm. Each 600
µL reaction mixture contained 100 mM HEPES, pH 7.6, 20
mM KCl, 10 mM MgCl2, 2 mM phosphoenolpyruvate (PEP),
0.3 mM NADH, 5 units of lactate dehydrogenase, 2.5 units
of pyruvate kinase and an appropriate amount of pantothenate
and ATP. The concentration of pantothenate was varied from
5 to 80µM while the ATP concentration varied between 2
and 20 mM. The reactions were initiated by the addition of
the reaction mixture to the PanK-III protein (final concentra-
tion 0.27µM) placed in cuvettes. ApparentKm (for pantoth-
enate) andkcat values were calculated by fitting initial rates
to a standard Michaelis-Menten model using the SigmaPlot
software package. The plot of velocity versus ATP concen-
tration has a sigmoidal appearance and was fitted to the Hill
equation (V/Vmax) ) [ATP]n/(K′ + [ATP]n) to determine the
kinetic parameters for ATP.

Crystallization, Data Collection, and Refinement.Coc-
rystals ofThermotoga maritimaPanK (TmPanK) complexes
were grown using the hanging drop vapor-diffusion method
in conditions similar to that of the native proteins (20). Prior
to crystallization, 20 mg/mLTmPanK protein, in 20 mM
HEPES, pH 8.0, 200 mM NaCl and 1 mM DTT, was
incubated with either 5 mM pantothenic acid (Pan), 5 mM
phosphopantothenate (P-Pan, synthesized as described previ-
ously (33, 34)), or both 5 mM pantothenic acid and 30 mM
ADP for the growth of binary and ternary complexes. The
complex solution (1.5µL) was then mixed with an equal
volume of the reservoir solution containing 16% PEG-3350,
and was allowed to equilibrate against the same reservoir

over a period of several days at 4°C. Diffraction data for
the ternary complex (TmPanK-III‚Pan‚ADP) was collected
in-house on an RAXIS-IV++ image plate detector equipped
with a Rigaku FR-E SuperBright X-ray generator and Osmic
Varimax HF mirrors. Data from two binary complex crystals,
TmPanK-III‚Pan andTmPanK-III‚P-Pan, were collected at
beamline 19-BM at the Advance Photon Source, Argonne
National Laboratory (Argonne, IL). The diffraction data were
indexed, integrated, and scaled using the HKL2000 program
package (35). The crystals ofTmPanK-III‚Pan andTmPanK-
III ‚Pan‚ADP complexes are isomorphous to the uncomplexed
crystal and belong to the space groupP21, with unit cell
dimensionsa ) 74.92 Å,b ) 136.99 Å,c ) 74.97 Å, and
â ) 109.62°. The product complex crystals, though also of
the same space group with similar unit cell dimensions, have
different crystal packing interactions. Therefore the molecular
replacement method as implemented in the MOLREP (36)
program was used to solve the initial phases ofTmPanK-
III ‚P-Pan complex structure.

Refinement and model building of all threeTmPanK-III
complexes were carried out using the Refmac (37) program
in the CCP4 package (38) and Coot (39). After a first round
of refinement, theFo - Fc difference electron density maps
revealed clear density for the bound ligands. These ligand
molecules, Pan, ADP, and P-Pan, were built in the model
based on the difference densities. The solvent molecules were
addedsubsequentlyusingCoot(39).TheprogramPROCHECK
(40) was used to evaluate the quality of the structures. The
data collection and final refinement statistics are given in
Table 1. All figures were made using PyMOL (41).

Protein Structure Accession Numbers.Coordinates of
TmPanK-III‚Pan,TmPanK-III‚Pan‚ADP, andTmPanK-III‚
P-Pan have been deposited in the Research Collaboratory
for Structural Bioinformatics (RCSB) Protein Data Bank (42)
under accession codes 3BEX, 3BF1, and 3BF3, respectively.

Table 1: Data Collection and Refinement Statistics

TmPanK‚Pan
binary complex

TmPanK‚P-Pan
binary complex

TmPanK‚Pan‚ADP
ternary complex

data collection
wavelength (Å) 0.9790 0.9790 1.5418
resolution (Å) 50-1.51 50-1.63 50-2.30
total no. of observations 855,017 686,415 255,007
no. of unique reflections 220,185 176,024 62,103
completeness (% in outer shell) 99.7 (98.4) 99.4 (94.0) 98.9 (97.6)
Rsym (outer shell)a 0.061 (0.361) 0.057 (0.356) 0.066 (0.251)
I/σ (outer shell) 11.3 (5.0) 18.9 (9.2) 44 (7.9)

refinement
Rwork

b 0.184 0.185 0.190
Rfree

c 0.213 0.229 0.257
protein atoms (avB-factor, Å2) 11574 (19.3) 11528 (20.3) 11574 (20.9)
solvent atoms (avB-factor, Å2) 1807 (34.1) 1652 (34.2) 648 (23.9)
Pan atoms (avB-factor, Å2) 15 (13.7) 15 (14.5)
P-pan atoms (avB-factor, Å2) 19 (19.0)
ADP atoms (avB-factor, Å2) 27 (43.4)
rmsd bond length (Å) 0.009 0.010 0.009
rmsd bond angle (deg) 1.37 1.49 1.41

Ramachandran plot
% in most favored region 92.0 92.5 92.5
% in additional allowed region 8.0 7.4 7.5
% in disallowed region 0 0.1 0.1

a Rsym ) ∑hkl∑j|Ij - 〈I〉|/∑hkl∑j|Ij|. b Rwork ) ∑hkl|Fo - Fc|/∑hkl|Fo|, whereFo andFc are the observed and calculated structure factors, respectively.
c Five percent randomly selected reflections were excluded from the refinement and used in the calculation ofRfree.
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RESULTS AND DISCUSSION

Thermodynamic Characterization of Interactions between
PanK-III and Its Substrates.One of the unusual enzymatic
properties of PanK-III is its highKm value for ATP (∼3-
10 mM) (20, 22, 25). Experiments done with PanK-III from
H. pylori andP. aeruginosa(HpPanK-III andPaPanK-III)
have excluded several alternative phosphoryl donors such
as phosphoenolpyruvate, acetyl- and carbamoylphosphate as
possible substrates of PanK-III. It has also been shown that
although PanK-III enzymes are able to utilize various
different NTPs and dNTPs as phosphoryl donors, they exhibit
a trend which indicates that the purine nucleotides (ATP,
GTP, dATP and dGTP) are slightly more efficient as
substrates than pyrimidine nucleotides. Nonetheless, their
activities are generally the highest when using ATP as the
substrate (22).

To gain further insight into the nature of the enzyme-
substrate interactions and to obtain unbiased binding affinities
of each substrate (Pan or ATP) toward PanK-III, we carried
out isothermal titration calorimetry (ITC) experiments with
two divergent PanK-III enzymes fromThermotoga maritima
andHelicobacter pylori, respectively. Our results show that
pantothenate binds to both PanK-III enzymes with high
affinity (Figure 1), withKd,Pan ranging from 2.7 to 6.4µM
(Table 2). Interestingly, the titration profile revealed that the
two pantothenate binding sites of theTmPanK-III dimer do
not appear to be the same under the assay conditions, as the
data agree the best with a sequential two-site model with
the first site having aKd of 2.7µM, and the second 6.4µM.
This result suggests a slightly negative cooperativity between
the two pantothenate binding sites in theTmPanK-III dimer.
No cooperativity is observed between the two pantothenate
binding sites ofHpPanK-III dimer, where the two sites
appear to act independently of each other (Figure 1). The
same lack of cooperativity in Pan-binding was also observed
in P. aeruginosaPanK-III (data not shown). Therefore the
slight negative cooperativity of Pan-binding inTmPanK-III
does not appear to be a prevalent feature of the family.

The negative enthalpy changes for the binding of pan-
tothenate to both PanK-III enzymes (Table 2) indicate that
the reaction is exothermic and there is an overall increase in
interactions between Pan and the enzyme. The entropy
changes (∆S) for pantothenate binding were small for
HpPanK-III and for site 1 of theTmPanK-III dimer, but
increased to a larger negative value (∼-3 cal/mol/deg) for
site 2 of TmPanK-III. It would thus appear that there are
enhanced hydrogen bonding and hydrophobic interactions
between Pan and protein at site 2 ofTmPanK-III, resulting
in an increase in order and consequently in a more negative
∆S. All of these observations are consistent with extensive
enzyme-pantothenate interactions that include both specific
hydrogen bonds and hydrophobic interactions as observed
in the PanK-III‚Pan complex structures (see (22) and the
discussion below). In contrast, the binding of either ATP or
the ATP analogue AMPPNP to PanK-III is endothermic, and
is accompanied by a more favorable entropy component
(Table 2). Overall the favorable entropy contribution is
sufficient to offset the unfavorable enthalpic changes, and
the free energy change∆G for ATP binding is consequently
negative (Table 2).

To establish whether there is any synergism or antagonism
in the binding of the substrates (ATP and pantothenate) of
PanK-III we also determined the binding constants of theT.
maritima andH. pylori enzymes for both pantothenate and
the ATP analogue AMPPNP in the presence of the other
substrate. The results show that the binding affinities of
pantothenate and ATP analogue in the presence and absence
of the second substrate are essentially identical (data not
shown), suggesting that the Pan and ATP binding occurs
independently of each other. This is in contrast to the strong
synergism observed for substrate binding in hexokinase,
another member of the ASKHA superfamily, where binding
of the sugar molecule causes significant conformational
changes in enzyme active site which greatly facilitate the
subsequent binding of MgATP (43-45).

Steady-State Kinetic Parameters of HpPanK-III.The Kd

values for pantothenate (∼3-6 µM) obtained in the ITC
assays are quite different from the previously determined
Km,Pan values forHpPanK-III, which was in the∼100 µM
range (25). To investigate the basis for this difference we
revisited the steady-state kinetic experiments. Care was taken
to ensure that data were collected during the initial rate phase
of the reaction (<10% substrate consumed) (see Experimen-
tal Procedures). Under these conditions the apparentKm,Pan

was determined to be 5.5µM for HpPanK-III (Figure 2A),
which is essentially the same as theKd value of Pan
determined with the ITC experiment (5.6µM). The plot of
velocity versus ATP concentration has a sigmoidal appear-
ance suggesting cooperative binding of ATP byHpPanK-
III (Figure 2B). The data was thus fitted to the Hill equation,
and aK′ ) 62 mM andn ) 2.0 was obtained. This yielded
an apparentKm for ATP of 7.9 mM, similar to the previously
determined value of 9.6 mM. SinceHpPanK-III exists in
solution as a dimer (data not shown), this observation may
suggest a strong cooperativity between the two ATP binding
sites ofHpPanK-III dimer. Since theHpPanK-III structure
has not yet been determined, the basis for this cooperativity
is not clear. It thus remains to be seen whether this is a shared
property among other members of PanK-III enzymes.
Although data from the ITC experiments suggest that the
binding of ATP and pantothenate is independent of each
other, we have observed significant substrate inhibition
(∼25%) by ATP when the ATP concentration is increased
to 20 mM. This observation is consistent with the notion
that pantothenate probably prefers to bind to PanK-III before
ATP, as based on structural considerations (22). The apparent
independence in the binding of the substrates to PanK-III is
most likely due to the extreme disparity in binding affinities
(∼500-fold) of the two substrates.

The nearly identical values ofKd obtained from the ITC
assays and theKm from the steady-state kinetic analyses
suggest that substrate binding rather than catalysis is likely
the rate-limiting step of the enzyme. As PanK-III enzymes
are not regulated through feedback inhibition by CoA (the
end product of the pathway), its relatively high affinity for
pantothenate and low affinity for ATP may be of important
physiological consequence for CoA biosynthesis and ho-
meostasis in organisms harboring type III PanK enzymes.

The OVerall Structures of the TmPanK-III Complexes.
Previously, the structures of the PanK-III enzymes fromT.
maritima and B. anthracis in their apo forms and the
structures of PanK-III fromP. aeruginosain both apo- and
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pantothenate-bound forms were reported (19, 20, 22). We
have now also obtained crystal structures of two binary
complexes ofTmPanK-III with its substrate (pantothenate)
and product (phosphopantothenate), respectively, as well as

a ternary complexTmPanK-III‚Pan‚ADP (Figure 3A). The
overall structures of these complexes are very similar to that
of the apo enzyme (20), with an average root-mean-square
deviation (rmsd) between CR positions of∼0.3 Å. There

FIGURE 1: Calorimetric titrations of PanK-III enzymes with pantothenate (A and C) and AMPPNP (B and D). The results obtained from
titrations of ATP are not shown, but were essentially identical to those obtained with AMPPNP. The upper panel in each graph shows the
heat changes elicited by successive injections of respective ligand intoTmPanK-III (A and B) orHpPanK-III (C and D). The lower panels
show the binding isotherms as a function of the molar ratio of ligand to enzyme. The theoretical curves were fitted to the integrated data.
A sequential two-site model was used in A, while a one-site binding model was used in B, C, and D. Note the difference scales used in each
graph.
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appears to be no significant conformational differences in
TmPanK-III complexes compared to the apoenzyme under
the crystallization conditions.

The structure ofTmPanK-III is also similar to that of
PanK-III from P. aeruginosa(PaPanK-III) (22). The two
enzymes share∼23% sequence identity, and the rmsd
between their CR atoms is 1.8 Å. In contrast, CoaA fromS.
aureus, a type-II PanK (SaPanK-II) which also belongs to
the ASHKA protein superfamily, is much more divergent
from PanK-III, with a large rmsd (2.9 Å) over∼180
superimposed CR atoms and a sequence identity of only 13%.
PanK-II and PanK-III share a common fold generally referred
to as an “actin-like” or “ribonuclease H-like” fold that
contains a duplication of two domains with each domain
consisting of a five-stranded mixedâ-sheet and three flanking
R helices (30, 31). The substrate binding and catalytic site
is located at the interface between the two domains (Figure

3A). The signature motifs of the superfamily including
ADENOSINE, PHOSPHATE 1 and PHOSPHATE 2 are
conserved in both PanK-II and PanK-III (19, 20, 22, 30)
(Figure 3B). However, there are significant differences in
the peripheral structural elements and in the relative arrange-
ment of the monomers in the dimer, which result in
substantially different substrate binding modes (see below).

Pantothenate Binding Site.In the TmPanK-III‚Pan com-
plex as well as the ternaryTmPanK-III‚Pan‚ADP complex
structures the conformation of the bound pantothenate
molecule is well-defined by the unambiguous electron
densities (Figure 4A). The bound pantothenate is located in
a small cavity at the domain interface and forms extensive
and highly specific interactions with protein residues from
both monomers of theTmPanK-III dimer (Figure 4B). Two
structural motifs unique to PanK-III form the rest of the
largely enclosed Pan binding pocket. The first is the “Pan
Cap” loop from the second monomer of the dimer (residues
158-165) (20). This loop is part of the highly variable
insertion element in the C-terminal domain and tends to be
flexible or even disordered in the absence of substrate in
cases of the PanK-III enzymes fromP. aeruginosaandB.
anthracis, but becomes ordered upon binding of pantothenate
(19, 22). The second PanK-III specific motif was named the
“Pan motif” by Nicely et al. (19) and comprises an extended
loop connecting the lastâ-strand of the N-terminal domain
(â5) to R3 helix, and also includes the highly conserved
residues Asp105 and Arg106 (Figure 3, 4B). This loop is
another unique insertion element to the ASKHA core of
PanK-III and is not present in PanK-II. Most specific
interactions between the enzyme and Pan are formed through
residues from these two motifs. At one end of the Pan
molecule, the C1 carboxyl group forms two hydrogen bonds
with the side chains of Arg106 and Thr179B (the subscript
“B” denotes residues from the second monomer), while at
the other end the C2′ and the C4′ hydroxyl groups are
hydrogen bonded to the side chain of Asp105. The carbonyl
oxygen of Pan interacts with Asn9 indirectly through a water
molecule; and the 3′ geminal dimethyl groups make van der
Waals contact with the side chains of Ile145 and Leu163B.
Together the two Pan-binding motifs complete the enclosed
Pan-binding pocket of PanK-III (Figures 3A and 4B).

Superimposition of the pantothenate binding pocket of
TmPanK-III with that ofPaPanK-III reveals that the position
and conformation of Pan in the two structures are essentially
identical (Figure 5). Most of the Pan-interacting residues are
conserved in both enzymes. These include Asn9, Asp105,
Arg106, Ile145, Leu163B and Thr179B of TmPanK-III,
corresponding to Asn9, Asp101, Arg102, Ile142, Ile160B,
and Thr180B of PaPanK-III, respectively. A notable differ-
ence in Pan-binding sites of the two enzymes is the presence
of Tyr92 in PaPanK-III, which forms a hydrogen bond to
the carboxylate group of Pan. This tyrosine residue is also

Table 2: Thermodynamic Parameters of Interactions between Substrate and PanK-III

Pan AMPPNP

Kd

(µM)
∆H

(kcal/M)
T∆S

(kcal/M)
∆G

(kcal/M)
Kd

(mM)
∆H

(kcal/M)
T∆S

(kcal/M)
∆G

(kcal/M)

TmPanK-III site 1 2.7( 0.16 -8.4( 0.07 -0.94 -7.5 3.0( 0.50 2.9( 0.36 6.2 -3.3site 2 6.4( 0.24 -15.2( 0.11 -8.20 -7.0

HpPanK-III 5.6( 0.34 -6.4( 0.06 0.59 -7.0 2.3( 0.15 2.0( 0.10 5.6 -3.4

FIGURE 2: Plots of initial rate (V) versus pantothenate (A) and ATP
concentrations (B) forHpPanK-III. TheV versus [Pan] data is fitted
to the Michaelis-Menten equation (A), while theV versus [ATP]
data is fitted to the Hill equation (B) (see Experimental Procedures).
Each data point is the average of four measurements.
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present in the enzymes fromBacillus species (Figure 3B),
corresponding to Tyr100 ofBaPanK-III, but is changed to a
Val residue (Val96) in other PanK-III enzymes such as those
from T. maritimaandM. tuberculosis(Figure 3B). Neverthe-
less, given the high degrees of conservation of most residues
interacting with pantothenate and similar Pan-binding af-
finities observed among divergent members of PanK-III
enzymes, it is likely that the general Pan-binding mode is
highly conserved in all type III PanKs.

ATP Binding Site.Despite a very low affinity between
PanK-III and nucleotide (Kd ∼3 mM), we were able to obtain
a TmPanK-III‚Pan‚ADP ternary complex structure, which
offered a first view of the interactions between the nucleotide
and enzyme. Notably, theB-factors of the bound ADP
molecule are higher than that of surrounding protein atoms
(43 Å2 vs 20 Å2), indicating partial occupancy or disordering.
Nevertheless the electron density for ADP is clear enough

to allow unambiguous assignment of the adenine base, ribose
and the two phosphate groups (Figure 4A).

The ADP molecule binds in a cleft between the two
domains of the enzyme (Figures 3, 4), in a position generally
conserved for nucleotide binding in the ASKHA superfamily
(28, 31, 46). Most interactions between ADP and the enzyme
are formed through the two phosphate groups of ADP. Here
theR-phosphate of the bound ADP forms several hydrogen
bonds with the enzyme, specifically through direct interaction
with the side chains of Thr10, His11 (both are part of the
“PHOSPHATE 1” motif) and Arg27. Theâ-phosphate of
ADP is hydrogen bonded to the side chains of Thr10 and
Thr128 directly, and indirectly to Asp6 and Asn9 through
water molecules. Theâ-phosphate of ADP also interacts with
the C4′ hydroxyl group of the bound pantothenate via a water
molecule (labeled “W” in Figure 4), which is coordinated
by the side chain of Asn9. This water molecule would

FIGURE 3: (A) The ribbon diagram ofTmPanK-III dimer with bound ADP and Pan. The two PanK-III specific motifs (“Pan cap” and “Pan
motif”) are highlighted in red. (B) Multiple sequence alignment of selected PanK-III sequences including those with available 3D structures.
Secondary structure elements are indicated at the top with arrows representingâ-strands and cylinders representingR-helices. The conserved
motifs within the ASKHA superfamily (PHOSPHATE 1, PHOSPHATE 2 and ADENOSINE) and those specific for PanK-III (“pan motif”
and “pan cap”) are underlined. Residues that interact with bound substrates are shaded in cyan, and indicated on top of the secondary
structure cartoon (usingTmPanK-III numbering). The generally conserved hydrophobic or neutral residues are shaded in yellow, while
conserved small residues (G, P, S, A, T) are shaded in gray.
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partially overlap with theγ-phosphate if an ATP molecule
is to be bound in the same position as the ADP. It is likely
that Asn9 directly interacts with the transferringγ-phosphate
of ATP and thus plays an important role in catalysis.
Mutation of the corresponding Asn residue to Ala in theP.
aeruginosaenzyme resulted in a decrease of enzyme activity

by 100-fold, supporting its important role in either substrate
binding or catalysis (22). There are essentially no specific
interactions observed between the enzyme and the ribose
group of ADP (Figure 4B). The interaction between the
enzyme and the adenine ring of ADP is also very limited,
involving primarily a weak stacking interaction with the side

FIGURE 4: (A) Fo - Fc omit map for ADP and Pan inTmPanK-III ternary complex, contoured at 3.5σ. (B) Stereoview of pantothenate and
ATP binding sites inTmPanK-III. Pantothenate molecule (Pan) is colored green and ADP magenta. The two monomers inTmPanK-III
dimer are colored cyan and gray, respectively. Protein side chains that interact with substrates are drawn as sticks. Active site water molecules
are shown as small red spheres. Hydrogen bonds are represented by dotted lines. Structural elements corresponding to “Pan cap” and “Pan
motif” are indicated.

FIGURE 5: Superposition of the substrate binding sites ofTmPanK-III (cyan) andPaPanK-III (yellow). The pantothenate and ADP bound
to TmPanK-III are shown in stick representation with carbon atoms colored in green. The pantothenate bound toPaPanK-III is shown with
carbon atoms colored in orange.
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chain of Phe150. The ATP binding pocket ofTmPanK-III
opens up considerably to the solvent and does not support
tight interactions with the adenosyl moiety of ATP (Figures
3A and 4B).

The observed nucleotide binding mode in PanK-III
provides a structural explanation for the low binding affinity
for ATP. It also explains why PanK-III enzymes do not
discriminate strongly among various NTPs or dNTPs, and
possibly why purine nucleotides are better phosphate donors
than pyrimidine nucleotides. It is possible that, since adenine
and guanine bases have bigger surface areas than the
pyrimidine bases, they may form slightly stronger van der
Waals interactions with the enzyme and thus may have a
somewhat higher binding affinity. Since there are few
specific direct interactions between PanK-III and the ribose
moiety of the bound nucleotide, PanK-III is nearly equally
as active when using dNTPs compared to NTPs as phos-
phoryl donors (22).

The TmPanK-III‚ADP complex is the only nucleotide-
complexed PanK-III structure available at present. Super-
position of TmPanK-III‚Pan‚ADP structure with that of
PanK-III from P. aeruginosaandB. anthracisbrings ADP
into the active sites of these enzymes without any serious
steric clashes, thus offering a model of ADP binding in
PanK-III from different species (Figure 5). In this model,
Thr10 and Thr128 ofTmPanK-III, corresponding to Ser10
and Thr124 of PaPanK-III, and Thr10 and Thr132 of
BaPanK-III, respectively, are well conserved in all three
enzymes (Figure 3B). The His11 and Arg27 residues of
TmPanK-III that are involved in ATP binding are also well
conserved inB. anthracisand many other PanK-III enzymes
(Figure 3B). However, these residues are respectively
changed to Leu11 and Leu28 inPaPanK-III, which are no
longer able to form the same specific interactions with ATP.
Therefore, there appears to be some variation in the ATP
binding sites among PanK-III enzymes from different spe-
cies. However, these variations do not appear to alter the
enzymes’ low overall affinity toward ATP, since all the
PanK-III enzymes characterized to date have similar high
Km values (in the mM range).

TmPanK-III Product Complex Structure and Catalytic
Mechanism of PanK-III.We have determined the structure
of TmPanK-III complexed with its product phosphopantoth-
enate (P-Pan, Figure 6). The less than optimal density for
the terminal phosphate of the bound product indicates partial
occupancy of this phosphate group, probably due to degrada-
tion of the original product stock solution upon storage.
Subsequent ES-MS analysis of the stock solution confirmed
the presence of significant amounts of pantothenate in
addition to the expected P-Pan. In this complex structure
the side chain of Asn9, previously interacting with a water
molecule bridging pantothenate C4′ hydroxyl and ADP
â-phosphate in theTmPanK-III‚ADP‚Pan ternary complex
structure (Figure 4B), is now hydrogen bonded to the
phosphate group of P-Pan. When an ADP molecule is
modeled in this product complex according to theTmPanK-
III ‚Pan‚ADP structure to generate a ternary product complex
model, the distance between one of the oxygen atoms of the
ADP â-phosphate and the phosphorus of P-Pan is only∼3.0
Å and it is collinear with the P-O4′ bond of P-Pan (Figure
6). This active site configuration is consistent with a
mechanism in which the phosphoryl transfer proceeds via a

nucleophilic attack by the C4′ hydroxyl group of pantothenate
on the γ-phosphorus of ATP, followed by direct in-line
transfer of the terminal phosphate to C4′ hydroxyl. The short
distance between the two terminal phosphoryl groups (4.47
Å) would suggest a large degree of associative character in
the phosphoryl transfer reaction catalyzed by PanK-III (47,
48). Two Asp residues of the PHOSPHATE 1 and PHOS-
PHATE 2 motifs, Asp6 and Asp125, have been proposed to
coordinate the catalytic Mg2+ and/or K+/NH4

+ ions that
interact with ATP’sâ- and γ-phosphates and stabilize the
reaction intermediate. Additionally the highly conserved
Asp105 residue is ideally positioned to act as the catalytic
base in activating the C4′ hydroxyl group of pantothenate
for nucleophilic attack on ATPγ-phosphate (Figure 4).
However, results from mutagenesis analysis of this residue
in the PanK-III enzymes fromH. pylori andP. aeruginosa
have not been conclusive in confirming this role. While a
conservative mutation of this aspartate residue to Asn or Glu
reduced the activity ofHpPanK-III to <5% of that of the
wild-type enzyme (20), an Asp to Ala mutation inPaPanK-
III retained as much as 20% of the wild-type enzyme activity
(22). It is clear that this Asp residue at least plays a role in
substrate binding as it coordinates the phosphoryl receptor
group in the active site of the enzyme. Further investigations
will be needed to determine whether and to what extent it is
also involved in chemical catalysis.

Comparison of PanK-III and PanK-II Enzymes.Although
type II and type III PanK proteins both adopt the same overall
fold and belong to the same ASHKA superfamily, they share
only limited sequence identity (∼13%) and have distinct
kinetic properties and substrate preferences (7, 21, 22, 25).
Structural comparison of PanK-III with the recently published
PanK-II structures from bothS. aureusand human sources
reveals that, while the overall fold and key catalytic residues
are conserved, the conformations of the substrate binding
sites for both ATP and pantothenate are significantly different
in these two distantly related PanKs. First, a superposition
of the AMNPNP boundSaPanK-II (22) and the ADP bound
TmPanK-III structures shows that the positioning of the
bound nucleotide in the two enzymes is very different,
especially in the adenosine portion (Figure 7A). Different
sets of protein residues are involved in the interactions with
the adenosyl moiety of the nucleotide in PanK-II and PanK-

FIGURE 6: Interactions betweenTmPanK-III and product phospho-
pantothenate (P-Pan) in theTmPanK-III‚P-Pan binary complex. The
Fo -Fc omit map for P-Pan, contoured at 2.5σ, is shown. The ADP
molecule was modeled according to theTmPanK-III‚Pan‚ADP
ternary complex structure. Hydrogen bonds are represented as dotted
lines.

Structures of Type III Pantothenate Kinase Complexes Biochemistry, Vol. 47, No. 5, 20081377



III (Figure 7B). On the other hand, theâ- andγ-phosphates
of the bound nucleotides are likely to occupy similar
positions and interact with the same conserved set of protein
residues such as those in the PHOSPHATE 1 (containing
Asp6, Asn9 and Thr10, usingTmPanK-III numbering) and
PHOSPHATE 2 (containing Asp125 and Thr128) motifs
either directly or indirectly through solvent molecules. In
contrast to PanK-III, where there is little specific interaction
between the enzyme and the adenosine moiety of the nucleo-
tide, the adenine ring of AMPPNP bound toSaPanK-II is
sandwiched between the side chains of Tyr137 and Leu11
(Figure 7B, right panel). There are also additional specific
hydrogen bonds and hydrophobic interactions betweenSa-
PanK-II and the nucleotide that are not present in PanK-III.
These include the interactions of the main chain carbonyl
of Gly121 with the O2′ hydroxyl, of Gln125 and Leu28 with
the adenine base (Figure 7B), and of Lys13 (corresponding
to Val13 in TmPanK-III) with the R- and â-phosphates of
the nucleotide. Overall, type II PanK, as represented here

by SaPanK, has a better suited ATP binding pocket compared
to type III PanK, and forms more extensive hydrogen bond
and van der Waals interactions with the nucleotide.

At present, a complex structure of a type II PanK with its
pantothenate substrate has not been reported. In the absence
of an experimentally determined PanK-II‚Pan complex
structure, the recent structures of two human PanK isoforms
(PANK1 and PANK3) complexed with a physiological
feedback inhibitor acetyl-CoA (pdb code 2i7n and 2i7p) (29)
may act as a model for pantothenate binding in PanK-II,
assuming that the Pan substrate would occupy the same
position as that of the pantothenate moiety of acetyl-CoA
(Figure 8). This mode of pantothenate binding in human
PanK is drastically different from that observed in PanK-
III. When the active site residues ofTmPanK-III and human
PanK-II are superimposed, the pantothenate moieties in the
two complex structures overlap only at the position of the
C4′ hydroxyl groups, with the rest of the molecule orientated
very differently and interacting with an entirely different set

FIGURE 7: Comparison of nucleotide binding in PanK-III and PanK-II. (A) Superposition ofTmPanK-III bound ADP (cyan) andSaPanK-II
bound AMPPNP (yellow). This superposition is achieved by overlaying the conserved active site residues of the two enzymes. (B) A
side-by-side view of the nucleotide binding site of PanK-III fromThermotoga maritima(left) and PanK-II fromStaphylococcus aureus
(right). The proteins are shown as CR traces. The Mg2+ ion is shown as a green sphere. Selected protein side chains are also shown.

FIGURE 8: Stereoview of the superposition of the pantothenate binding sites inTmPanK-III (light and dark blue) and human PANK1
(orange). Only CR traces of proteins are shown. Pantothenate (blue) bound toTmPanK-III and acetyl-CoA (magenta) bound tohsPANK1
are show as thick sticks. The adenosine moiety of the acetyl-CoA molecule is not present in the PDB coordinates (code 2i7n), and is
presumably disordered in the structure. Residues 466-512 ofhsPANK1 are removed for clarity. Selected protein side chains are shown as
thin sticks, while dotted lines represent hydrogen bonds. An active site water molecule inhsPANK1 is shown as a red sphere.
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of protein residues (Figure 8). Notably the Pan binding sites
in both PanK-II and PanK-III are located near the dimer
interface. Due to the different structures of the insertion
elements which comprise a large portion of the dimer
interface in both PanK-II and PanK-III, the relative arrange-
ment of two monomers in the dimer are very different for
the two enzymes, resulting in distinct and mutually exclusive
Pan-binding pockets. The PanK-II dimer interface leaves a
long and solvent accessible channel that can accommodate
pantothenate and the longerN-substituted pantothenamides
as substrates. It is also able to bind CoA and acetyl-CoA as
inhibitors as demonstrated by the complex structures of
human PanK-II isoforms with acetyl-CoA (29). In contrast,
the dimer interface in PanK-III generates a much smaller
and enclosed binding pocket that is not able to accommodate
eitherN-alkylpantothenamides or CoA and its analogues.

In conclusion, we would like to emphasize that although
pantothenamides have been shown to effectively inhibit the
growth of E. coli and S. aureus, two organisms harboring
type I and type II PanKs, respectively (7, 18), this inhibition
is strictly due to thein ViVo conversion of these compounds
by the target organism’s CoA biosynthetic machinery
(including the PanK enzyme) into corresponding CoA
analogues. These analogues subsequently act as anti-
metabolites, interfering with the function of CoA-dependent
enzymes (6, 21). Furthermore, it has been shown that
pantothenamides do not have any inhibitory effects onP.
aeruginosa, which contains only a type III PanK (22). The
potential application of pantothenamide-type antibiotics
therefore seems to be limited to organisms that contain only
the promiscuous PanK-I or PanK-II enzymes which will act
on these compounds as substrates. To date no compounds
apart from the natural feedback inhibitors of PanKsshas been
reported to directly inhibit the kinase activity of a PanK
enzyme. Clearly, alternative strategies are needed to develop
new types of specific inhibitors that target PanK enzymes
in general, and the type III PanKs that occur in a wide range
of pathogenic bacteria in particular. The detailed enzyme-
substrate interactions and the drastically different substrate
binding modes of PanK-II and PanK-III enzymes that have
been revealed in this study may facilitate the design of such
bona fidePanK inhibitors.
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