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ABSTRACT: Shikimate kinase (SK) and other enzymes in the shikimate pathway are potential targets for
developing nontoxic antimicrobial agents, herbicides, and antiparasite drugs, because the pathway is essential
in microorganisms, plants, and parasites but absent from mammals. SK catalyzes the reaction of phosphoryl
transfer from ATP to shikimic acid (SA). Since 2002, a total of 11 SK structures have been reported, but
none contains either the two substrate (SA and ATP) or the two product (SA-phosphate and ADP)
molecules. Here, we present three crystal structures of SK fromMycobacterium tuberculosis(MtSK),
including apo-MtSK, a binary complex MtSK‚SA, and the ternary complex of MtSK with SA and an
ATP analogue, AMPPCP. The structures of apo-MtSK and MtSK‚AMPPCP‚SA make it possible to
elucidate the conformational changes of MtSK upon the binding of both substrates; the structure of MtSK‚
AMPPCP‚SA reveals interactions between the protein andγ-phosphate which indicate dynamic roles of
catalytic residues Lys15 and Arg117.

Shikimate pathway is a biosynthetic pathway with many
branches that leads to the synthesis of aromatic amino acids,
folate cofactors, ubiquinone, and many secondary metabolites
(1, 2). The pathway is essential for algae, higher plants,
bacteria, fungi, and parasite, whereas it is absent in mammals
(2, 3). Therefore, the pathway is a potential target for the
development of nontoxic antimicrobial agents (4), herbicides
(5), and antiparasite drugs (6).

Tuberculosis is a major threat to human health. According
to the 1999 World Health Organization Report (7), Myco-
bacterium tuberculosiscauses more deaths in adolescents
and adults than any other single infection. The emergence
of multidrug-resistant tuberculosis (>4% of new tuberculosis
cases) has become a major challenge to the medical world.
Shikimate kinase (SK,1 EC 2.7.1.71), the fifth enzyme in
the shikimate pathway, fromM. tuberculosis(MtSK) is
obviously an excellent target for developing novel anti-M.
tuberculosisagents.

To date, a total of 11 crystal structures of SK have been
reported, including four structures for MtSK [PDB accession
codes 1L4U (8), 1L4Y (8), 1U8A (9), and 1WE2 (10)], three
for Erwinia chrysanthemiSK [EcSK, PDB codes 1SHK (11),
2SHK (11), and 1E6C (12)], one for Escherichia coliSKI
[EcolSKI, PDB code 1KAG (13)], one for Campylobacter
jejuni SK [CjSK, PDB code 1V1A (14)], and two for
Helicobacter pylori[HpSK, PDB codes 1ZUH and 1ZUI
(15)]. These structures show that SK belongs to the family
of nucleoside monophosphate (NMP) kinases, which are
composed of three domains: the core, lid, and NMP-binding
domains (16). The core domain contains a highly conserved
P-loop, the lid domain closes over bound ATP and bears
functionally essential residues, and the NMP-binding domain
is responsible for recognizing and binding a specific NMP.
NMP kinases undergo large domain movement upon sub-
strate binding, for which adenylate kinase is the most
extensively studied (16, 17). The binding domain for shikimic
acid (SA) in SK corresponds to the NMP-binding domain
in NMP kinases.

SK catalyzes the transfer of a phosphoryl group from ATP
to SA. The structural details of SK in complex with its
substrate/product molecules will certainly provide valuable
information for elucidating the mechanism of SK-catalyzed
reaction and for structure-based drug design. Among the 11
previously reported structures, 1SHK (11), 1E6C (12), 1KAG
(13), 1V1A (14), and 1ZUH (15) have neither SA nor a
nucleotide bound in their active centers; 1L4U (8), 1L4Y
(8), and 2SHK (11) are complexed with ADP only; 1ZUI
(15) is complexed with SA only; and 1U8A (9) and 1WE2
(10) are complexed with both SA and ADP. Not available
was a ternary structure that contains either the two substrates
(SA and ATP) or the two products (SA-phosphate and
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ADP). Here, we present three crystal structures, including
apo-MtSK, binary complex MtSK‚SA, and the ternary
complex of MtSK with SA and AMPPCP (an ATP ana-
logue), which mimics the Michaelis complex for the MtSK-
catalyzed phosphoryl transfer reaction.

EXPERIMENTAL PROCEDURES

Crystallization and Data Collection. The cloning, expres-
sion, and purification of MtSK have previously been reported
(18). Single crystals were grown using the sitting-drop vapor
diffusion method at 19( 1 °C. For apo-MtSK, the protein
solution was composed of 9.3 mg/mL MtSK, 5 mM MgCl2,
and 0.25 M KCl in 50 mM Tris-HCl (pH 7.5). The well
solution contained 0.2 M ammonium sulfate and 30% (w/v)
poly(ethylene glycol) (PEG) monomethyl ether 5000 in 0.1
M MES (pH 6.5) buffer. The drops consisted of 0.2µL of
protein solution and 0.4µL of well solution. For both MtSK‚
SA and MtSK‚AMPPCP‚SA crystals, the protein solution
was composed of 9.3 mg/mL MtSK, 2.5 mM SA, 2.5 mM
AMPPCP, 5.0 mM MgCl2, and 0.25 M KCl in 50 mM Tris-
HCl (pH 7.5). For MtSK‚SA, the reservoir solution contained
2.0 M ammonium sulfate in 0.1 M sodium acetate (pH 4.5)
buffer and the drop consisted of equal volumes of protein
and well solutions. For MtSK‚AMPPCP‚SA, the reservoir
solution contained 20% PEG 3000 in 0.1 N citrate (pH 5.5)
buffer and the drop consisted of equal volumes of protein
and well solutions. The crystals of apo-MtSK and MtSK‚
SA appeared within 1 week, whereas the crystals of MtSK‚
AMPPCP‚SA appeared after 6 months.

The X-ray diffraction data were collected at the Southeast
Regional Collaborative Access Team (SER-CAT) insertion
device beamline 22-ID at the Advanced Photon Source
(APS), Argonne National Laboratory. For the apo-MtSK and
MtSK‚AMPPCP‚SA crystals, the cryoprotectant contained
20% glycerol and 80% well solution. The MtSK‚SA crystal
was protected by oil (type A; Hampton Research). The
crystals were flash frozen with liquid nitrogen and kept at
100 K during data collection. The crystals diffracted to 2.0,
1.75, and 2.9 Å for apo-MtSK, MtSK‚SA, and MtSK‚
AMPPCP‚SA, respectively. The raw data were processed
using DENZO and SCALEPACK packages (19). The X-ray
data statistics are shown in Table 1.

Structure Solution and Refinement. The structures of apo-
MtSK and MtSK‚SA were solved with the molecular
replacement program AMoRe (20) using the MtSK‚MgADP
binary complex structure [PDB entry 1L4Y (8)] as the search
model after removing ADP, Mg2+, water molecules, and
polypeptide segments Asp34-Gly53 and Ala104-Arg130.
The structure of MtSK‚AMPPCP‚SA was also solved with
AMoRe (20) using the refined MtSK‚SA structure as the
search model after SA and solvent molecules were removed.
The partial structures were subjected to rigid body refine-
ment, simulated annealing, energy minimization, and grouped
B-factor refinement followed by difference Fourier synthesis,
which revealed the missing segments of the structure.
Accordingly, the complete models were built. The apo-MtSK
crystal was twinned with twinning lawh, -h - k, -l. The
twinning fraction was estimated to be 0.47 using the
statistical method of Yeates (21), refined to 0.49, and fixed
at 0.50 during the refinement.

The structure refinement was done with the program CNS
(22) on a Silicon Graphics Fuel workstation. Bulk solvent

correction was employed. During the refinement, the 2Fo -
Fc and Fo - Fc electron density maps were regularly
calculated for inspecting and improving the model. Solvent
molecules, as peaksg3σ on theFo - Fc electron density
map with reasonable hydrogen bond networks, were included
in the model at the later stage of the refinement and verified
with omit maps. All graphics work was carried out using O
(23). Illustrations were prepared with program packages
MOLSCRIPT (24), BOBSCRIPT (25), RASTER3D (26),
and PyMOL (Delano Scientific, LLC).

RESULTS AND DISCUSSION

OVerall Structure. The refinement statistics for the three
crystal structures can be found in Table 1. There are two
MtSK molecules in the asymmetric unit of apo-MtSK, but
one for the other two structures. The apo-MtSK structure
contains 318 amino acid residues (two MtSK molecules, each
containing residues Ala2-Gly113 and Ala121-Gln167),
three SO4

2- ions, and 231 water molecules; MtSK‚SA
contains residues Ala2-Gln169, three SO42- ions, and 174
water molecules; and MtSK‚AMPPCP‚SA contains residues
Ala2-Gln169, one AMPPCP, one SA, and 48 water
molecules. The analysis of the structures using the validation
program PROCHECK (27) reveals that more than 85% of
the residues exhibit the most favoredæ/ψ relationship and
no residue has a disallowedæ/ψ relationship in the three
structures (Table 1). The overall structure of MtSK‚AMPPCP‚
SA is illustrated in Figure 1, where theFo - Fc electron
density (annealed omit map) is shown for the AMPPCP and
SA molecules. The core domain of MtSK is centered by a

Table 1: X-ray Diffraction Data and Structure Refinement Statistics

apo-MtSK MtSK‚SA
MtSK‚

AMPPCP‚SA

resolution range (Å) 30.0-2.0 30.0-1.75 30.0-2.9
space group P31 P3121 P3121
cell dimension

a ) b (Å) 90.2 59.3 60.0
c (Å) 41.4 102.5 102.7

completeness (%),
overall/last shella

96.1/91.1 96.1/91.3 88.7/54.0

redundancy 2.7 3.5 4.1
I/σ(I), overall/

last shell
13.4/4.2 13.6/3.4 9.3/2.0

Rscaling,b overall/
last shell

0.071/0.212 0.084/0.250 0.125/0.312

data for refinement 22558 20819 4488
data forR-free calcn 1121 1006 472
final R-factorc 0.175 0.222 0.196
final R-free 0.207 0.247 0.251
no. of amino acid

residues
318 168 168

no. of water oxygen 231 174 48
no. of AMPPCP 0 0 1
no. of SA 0 1 1
rmsd

bond distances (Å) 0.007 0.005 0.006
bond angles (deg) 2.0 1.2 1.1

Ramachandran plot
most favoredæ/ψ

angles (%)
94.3 95.0 85.7

disallowedæ/ψ
angles (%)

0 0 0

a The outmost shell of X-ray diffraction data for apo-MtSK,
MtSK‚SA, and MtSK‚AMPPCP‚SA is 2.07-2.0, 1.81-1.75, and 3.08-
2.9 Å, respectively.b Rscaling) ∑|I - 〈I〉|/∑I. c CrystallographicR-factor
) ∑hkl||Fo| - |Fc||/∑hkl|Fo|.

8540 Biochemistry, Vol. 45, No. 28, 2006 Gan et al.



five-stranded parallelâ-sheet; the lid domain contains
residues 112-124; and the SA-binding domain containsR2,
R3, and the N-terminal half ofR4. The overall structure of
MtSK‚SA is similar to that of MtSK‚AMPPCP‚SA.

AMPPCP Binding. SK and many other nucleotide-binding
enzymes contain a short conserved stretch of sequence
GXXXXGKT/S, the P-loop (28), a giant anion hole that
accommodates theâ-phosphate of bound nucleotides. The
interactions between MtSK and AMPPCP in the MtSK‚
AMPPCP‚SA complex are illustrated in Figure 2 and
compared with those found in the MtSK‚MgADP (8) and
MtSK‚MgADP‚SA(10) structures in Figure 3A. Theγ-phos-
phate group interacts with the side chains of Lys15 and
Arg117; the distance between theγ-phosphorus of AMPPCP
and the 3-hydroxyl oxygen of SA is 4.1 Å (Figure 2). As
previously observed, the binding of MgADP in the structures
of MtSK‚MgADP (8) and MtSK‚MgADP‚SA (10) is identi-
cal. The â-phosphate of AMPPCP mainly interacts with
P-loop residues, Gly12, Gly14, Lys15, and Ser16, the
R-phosphate of AMPPCP interacts with residues Ser16 and
Thr17 (Figure 3A), and the adenine motiey of AMPPCP is

sandwiched between Arg110 (Figure 2) and Pro155 (not
shown). The structure of MtSK‚AMPPCP‚SA reveals inter-
actions between the protein andγ-phosphate which reflect
the dynamic roles of residues Lys15 and Arg117. In the two
MgADP complexes, these two side chains interact with the
â-phosphate, whereas in the AMPPCP complex, they interact
with the γ-phosphate (Figure 3A). It is therefore obvious
that these two side chains must be directly involved in the
phosphoryl transfer reaction. MtSK has only two positively
charged residues, Lys15 and Arg117, interacting with the
substrate groups directly involved in the chemistry, in
contrast to six positively charged residues in adenylate kinase
and UMP/CMP kinase and five in guanylate kinase (16).
There are three arginine residues from the lid domain of
adenylate kinase or UMP/CMP kinase and two from the lid
domain of guanylate kinase but only one from the lid domain
of SK. Among the positively charged residues, only the lysine
residue on the P-loop is conserved between SK and NMP
kinases. Unfortunately, no Mg2+ ion is found in the MtSK‚
AMPPCP‚SA structure. Residue Ser16, the only residue that
is directly coordinated with the bound Mg2+ ion (8, 10),

FIGURE 1: Stereoview showing the overall structure and representative electron density of the MtSK‚AMPPCP‚SA complex. Secondary
structure elements are indicated by blue spirals forR-helices, yellow arrows forâ-strands, and gray pipes for loops. The AMPPCP and SA
molecules are shown as ball-and-stick models with atomic color scheme (C, black; N, blue; O, red; S, yellow; and P, pink). Electron
density maps (annealed omit map,Fo - Fc, contoured at 3.0σ) are shown as green nets.

FIGURE 2: Stereoview showing the binding of AMPPCP and SA in MtSK‚AMPPCP‚SA. AMPPCP and SA are shown in atomic color (C,
black; N, blue; O, red; and P, pink) as ball-and-stick models. Protein and water molecules are shown as green stick models and yellow
spheres, respectively. The water molecules are labeled with numbers only. Hydrogen bonds are shown as dashed lines. The distance (4.1
Å) between theγ-phosphorus of bound AMPPCP and the 3-hydroxyl oxygen of SA is indicated with a double-headed arrow.
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interacts with the nucleotide differently (Figures 3A and 4B).
The details of Mg2+ coordination in the ternary substrate
complex remain to be seen.

SA Binding. The SA-binding domain, residues 33-61,
consists of helicesR2 andR3 and the N-terminal region of
helix R4 (Figure 1). The SA molecule is well defined in the
MtSK‚SA and MtSK‚AMPPCP‚SA structures (Figure 1).
The interactions between the SA molecule and MtSK are
shown in Figure 2. The SA-binding site is characterized by
an SA-binding pocket with a number of charged residues
that project into the cavity. The SA-binding pocket is formed
by the hydrophobic residues of the SA-binding domain
(Ile45, Phe49, and Phe57), the P-loop and three hydrophobic
residues (Pro11, Pro118, and Leu119), and three highly
conserved residues (Gly79, Gly80, and Gly81) (Figure 2).
A number of charged residues project into the SA-binding
pocket. The carboxylate group of SA interacts with the

guanidium groups of Arg58 and Arg136; the carboxylate
group of Asp34 forms H-bonds with the 3- and 4-hydroxyl
groups of SA (Figure 2). The interactions between SA and
SK were also observed in the structure of MtSK‚MgADP‚
SA (10) with two exceptions. First, the guanidinium group
of Arg136 interacts with only one of two oxygen atoms of
the SA carboxyl group due to the flip of the guanidinium
group. Second, an additional hydrogen bond is formed
between the 3-hydroxyl group and the amide group of Gly80
(Figure 3B).

Conformational Changes of MtSK upon the Binding of
Both Substrates. The lid domain of SK has high flexibility
and undergoes extraordinary conformational changes upon
substrate binding. It usually adopts “closed” conformation
when the nucleoside triphosphate is bound in the active center
to protect the bound triphosphate from being hydrolyzed (17).
A comparison between an apo-EcSK structure (12) and the

FIGURE 3: Stereoview showing the comparison of ligand binding in MtSK structures. (A) Alignment of bound nucleotide molecules in
MtSK‚AMPPCP‚SA, MtSK‚MgADP [PDB entry 1L4U (8)], and MtSK‚MgADP‚SA [PDB entry 1WE2 (10)] (shown as stick models in
red, cyan, and orange, respectively). Hydrogen bonds between ligands and protein are shown as dashed lines. (B) Superposition of SA in
the MtSK‚AMPPCP‚SA, MtSK‚SA, and MtSK‚MgADP‚SA [PDB entry 1WE2 (10)] structures (shown as stick models in red, cyan, and
orange, respectively). The hydrogen bonds between SA and protein are shown as dashed lines in the same color of the individual structure.
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MtSK‚MgADP structure suggested that ADP binding induces
a large hinged movement of the lid domain over the active
site (8).

Previously, four MtSK structures were reported, including
two structures for the binary complex MtSK‚MgADP [PDB
accession codes 1L4U and 1L4Y (8)] and the structures of
two dead-end ternary complexes, MtSK‚ADP‚SA [PDB
accession code 1U8A (9)] and MtSK‚MgADP‚SA [PDB
accession code 1WE2 (10)]. In this study, we present three
structures, including apo-MtSK, binary complex Mtsk‚SA,
and ternary complex MtSK‚AMPPCP‚SA. Comparison be-
tween structures of the same protein at various liganded states
provides the opportunity to elucidate the conformational
changes of MtSK upon ligand binding.

The alignment of apo-MtSK and MtSK‚AMPPCP‚SA is
shown in Figure 4A. The protein conformation in the
structure of MtSK‚SA is virtually identical to that in MtSK‚
AMPPCP‚SA with a root-mean-square deviation (rmsd) of
0.32 Å for all CR positions, suggesting that SA binding

defines the conformational change of the protein although it
is not conclusive before the structure of MtSK in complex
with an ATP (or ATP analogue) becomes available. The core
domains of all three structures superimpose very well, but
ligand binding induces significant movements of the other
two domains.

The lid domain is the most flexible part of the protein. In
apo-MtSK, the lid domain is wide open with seven residues
(114-120) missing due to unobserved electron density
(Figure 4A), indicating that the lid domain is highly flexible
in the ligand-free form of the protein. When SA is bound,
the lid domain is ordered and closed over onto the bound
SA, as observed in the structures of both MtSK‚SA and
MtSK‚AMPPCP‚SA (Figures 1 and 4A). In addition, the SA-
binding domain and the P-loop move closer to the core
domain by∼2 Å (Figure 4A).

The SO4
2- Ion Inhibits the Binding of AMPPCP.The

crystals of MtSK‚SA and MtSK‚AMPPCP‚SA grew from
the same protein solution but with different precipitants. With

FIGURE 4: Stereoviews showing the conformational changes of the MtSK structure upon ligand binding. (A) The CR trace alignment of
MtSK‚AMPPCP‚SA and apo-MtSK (in red and green, respectively). The SA and AMPPCP molecules are shown as stick models. (B) The
CR trace alignment of MtSK‚AMPPCP‚SA and MtSK‚MgADP‚SA [PDB entry 1WE2 (10)] (in red and green, respectively). The nucleotides,
SA, and the side chains of Lys15, Ser16, and Arg117 are shown as stick models. The Mg2+ ion is shown as a sphere. The interactions
between nucleotides and the side chains of Arg117 and P-loop residues are highlighted with a dashed line in black.
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PEG 3000, the MtSK‚AMPPCP‚SA complex was obtained;
with ammonium sulfate, however, AMPPCP was not bound.
Instead, a SO42- ion was found in the P-loop. It interacts
with the amide groups of Gly12, Ser13, Gly14, Lys15, and
Ser16, forming hydrogen bonds within the distance of 2.8-
3.0 Å. It also interacts with atom NZ of Lys15 directly and
with the guanidinium group of Arg117 via bridging water
molecules (not shown).

Similarly, a sulfate ion was found in the P-loop of the
apo-MtSK structure, the crystals of which were grown from
ammonium sulfate as well. In the previously reported
structure of EcSK [PDB code 1E6C (12)] and HpSK [PDB
code 1ZUI (15)], a PO4

3- ion was found in the P-loop. It
appears that negatively charged ions with a tetrahedral
geometry, such as SO4

2- and PO4
3-, can inhibit SK from

binding nucleotides bearing aâ-phosphate. Thus, the struc-
tural basis has been provided for the effects of SO4

2- on the
function and conformational stability of SK reported pre-
viously (29).

Implications for the Mechanism of MtSK-Catalyzed Phos-
phoryl Transfer. The crystal structure of MtSK‚AMPPCP‚
SA contains both SA and an ATP analogue. The difference
between ATP and AMPPCP is the substitution of the oxygen
that links theâ- andγ-phosphates in ATP with a methylene
group. It appears that the methylene substitution has minimal
effects on the conformation of the triphosphate because the
R- andâ-phosphates of the two nucleotides superimpose well
and the Pâ-C-Pγ angle (128.9°) is very similar to that of
the nominal P-O-P angle (133.1°) (30). The distance
between theγ-phosphorus of AMPPCP and the 3-hydroxyl
oxygen of SA is 4.1 Å. However, this distance will most
likely change when the Mg2+ ion is present inasmuch as both
the nucleotide and the SA molecules shift significantly in
the absence of Mg2+ (Figure 4B). Therefore, the information
is not yet sufficient for the elucidatation of the associative
(SN2-like) or dissociative (SN1-like) character of the transition
state of MtSK-catalyzed phosphoryl transfer reaction in terms
of the degree of bond cleavage between theâ-γ bridging
oxygen and theγ-phosphorus and bond formation between
the γ-phosphorus and the incoming nucleophile.

The primary candidates for the transition state stabilization
are the guanidinium group of Arg117 and the ammonium
group of Lys15 (Figure 2). The positions of the guanidinium
and the ammonium groups at the transition state may be
inferred or delimited from their positions in the ternary
enzyme-substrate complex and in the ternary enzyme-
product complex. The structure of MtSK‚AMPPCP‚SA
mimics that of the ternary enzyme-substrate complex, while
the structure of the ternary enzyme-product complex or its
mimic remains to be determined. Although the stabilization
of the transition state by Arg117 and Lys15 may be a major
component of MtSK catalysis, Asp34 also facilitates the
reaction by forming a hydrogen bond to the 3-hydroxyl group
of SA (Figure 2) and thereby increasing the nucleophilicity
of the 3-hydroxyl oxygen. It may also act as a general base
by accepting the proton from the 3-hydroxyl group of SA,
although this is unlikely to be a rate-limiting step in the
reaction.
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