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Abstract

The crystal structure of shikimate kinase from Mycobacterium tuberculosis (MtSK) complexed with MgADP and shikimic acid
(shikimate) has been determined at 2.3 Å resolution, clearly revealing the amino acid residues involved in shikimate binding. In
MtSK, the Glu61 strictly conserved in SK forms a hydrogen bond and salt-bridge with Arg58 and assists in positioning the guan-
idinium group of Arg58 for shikimate binding. The carboxyl group of shikimate interacts with Arg58, Gly81, and Arg136, and
hydroxyl groups with Asp34 and Gly80. The crystal structure of MtSK–MgADP–shikimate will provide crucial information for
elucidation of the mechanism of SK-catalyzed reaction and for the development of a new generation of drugs against tuberculosis.
� 2004 Elsevier Inc. All rights reserved.
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The shikimate kinase (SK; EC 2.7.1.71), the fifth en-
zyme of the pathway, catalyzes the specific phosphoryla-
tion of the 3-hydroxyl group of shikimic acid using ATP
as a co-substrate. In Escherichia coli, the SK reaction is
catalyzed by two isoforms SK I encoded by the aroK

gene [1] and SK II encoded by the aroL gene [2]. The
major difference between the isoenzymes is their Km

for shikimate, 0.2 mM for the SK II and 20 mM for
the SK I enzyme [3]. The SK II isoform appears to play
a dominant role in the shikimate pathway, its expression
is controlled by the tyrR regulator, and it is repressed by
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tyrosine and tryptophan [4,5]. The physiological role of
SK I in E. coli is not clear. Since mutations in SK I are
associated with sensitivity to the antibiotic mecillinam
[6] it has been suggested that SK I may have an alterna-
tive biological role in which it phosphorylates shikimate
only fortuitously [3]. Contrary to the presence of isoen-
zymes in E. coli, complete genome sequences of a num-
ber of bacteria, for example, Haemophilus influenzae and
Mycobacterium tuberculosis, have revealed the presence
of only one SK-coding gene. Most of these SKs appear
to be encoded by aroK rather than aroL because their
amino acid sequences have higher degree of identity with
E. coli SK I. The kinetic parameters for aroK-encoded
MtSK are more similar to those of aroL-encoded E. coli

SK II than to those of aroK-encoded E. coli SK I. The
MtSK Km value (0.41 mM) for shikimate suggests that
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not all aroK-encoded SKs have high Km values for shi-
kimate [7].

The three crystal structures of SK from Erwinia

chrysanthemi (EcSK) [8,9], which is encoded by aroL,
show that SK belongs to the same structural family
of nucleoside monophosphate (NMP) kinases for
which structures are known for adenylate kinase
(AK) [10,11], guanylate kinase [12], uridylate kinase
[13], and thymidine kinase [14]. The NMP kinases are
composed of three domains: CORE, LID, and NMP-
binding (NMPB) domains [15]. A characteristic feature
of the NMP kinases is that they undergo large confor-
mational changes during catalysis, for which AK is the
most extensively studied [15]. There are two flexible re-
gions of the structures that are responsible for move-
ment: one is the NMP-binding site which is formed
by a series helices between strands 2 and 3 of parallel
b-sheet and the other is the LID domain, a region of
varied size and structure following the fourth b-strand
of the sheet [16,17,28]. In SK, the shikimate-binding
(SB) domain corresponds to the NMPB domain of
NMP kinases.

Three functional motifs of nucleotide-binding en-
zymes are recognizable in MtSK, including a Walker
A-motif, a Walker B-motif, and an adenine-binding
loop. The Walker A-motif is located between the first
b-strand (b1) and first a-helix (a1), containing the
GXXXXGKT/S conserved sequence [18], where X
represents any residue. This motif forms the phos-
phate-binding loop (P-loop), a giant anion hole which
accommodates the b-phosphate of the ADP by donat-
ing hydrogen bonds from several backbone amides
[19]. In addition to the Walker A-motif, a second con-
served sequence ZZDXXG called Walker B-motif [18]
is observed, where Z represents a hydrophobic residue.
An Asp-Ser replacement exists in MtSK. More re-
cently, however, sequence and structural comparisons
for all P-loop-fold proteins classified shikimate kinase
in the DxD group of enzymes [20], which has a con-
served DxD motif in strand 2. The Walker B motif
consensus in shikimate kinases is ZZZTGGG and
the second glycine (Gly80 in MtSK) has been impli-
cated in hydrogen bonding to the c-phosphate of
ATP. The Walker B-motif provides a bond for the
octahedral coordination of a Mg2+ cation, which, in
turn, is coordinated to the b- and c-phosphate groups
of nucleoside triphosphates [18]. The adenine-binding
loop motif may be described as a sequence stretch
of I/VDXXX(X)XP [7]. This motif forms a loop that
wraps around the adenine moiety of ATP, connecting
the b5-strand with the C-terminal a8-helix. The
present crystal structure of MtSK–shikimate–MgADP
will provide crucial information for the design of
non-promiscuous SK inhibitors that target both the
shikimate- and ATP-binding pockets or uniquely, the
shikimate-binding site.
Materials and methods

Crystallization. The MtSK was concentrated and dialyzed against
50 mM Na Hepes buffer, pH 7.5, containing 0.5 M NaCl and 5.0 mM
MgCl2. This protein solution was mixed with 13.0 mM shikimate and
13.0 mM ADP, and centrifuged prior to crystallization. The protein
concentration was about 17.0 mgmL�1. The crystals were obtained by
the hanging-drop vapor-diffusion method. The well solution contained
0.1 M Na Hepes buffer, pH 7.5, 10% 2-propanol, and 35% PEG 3350,
and the drop was a mixture of 1.0 lL well solution and 1.5 lL of the
protein solution.

Data collection and processing. The data set of MtSK–shikimate
was collected at a wavelength of 1.431 Å using the Synchrotron
Radiation Source (Station PCr, LNLS, Campinas-Brazil) [21] and a
CCD detector (MARCCD). The cryoprotectant contained 15% glyc-
erol, 12% PEG 3350, and 3.5% propanol. The crystal was flash-frozen
at 104 K under cold nitrogen stream generated and maintained with an
Oxford Cryosystem. The oscillation range used was 1.0�, crystal to
detector distance was 90 mm, and the exposure time was 50 s. The data
set containing 160 frames was collected and processed to 2.3 Å reso-
lution using the program MOSFLM [22] and scaled with SCALA [23].

Molecular replacement and crystallographic refinement. The crystal
structure of the MtSK–MgADP–shikimate was determined by stan-
dard molecular replacement methods using the program AMoRe [24],
using as search model the structure of MtSK–MgADP (PDB access
code: 1L4Y) [7]. After translation function computation the cor-
relation was 65% and the Rfactor 38.3%. The highest magnitude of
correlation coefficient function was obtained for the Euler angles
a = 54.85�, b = 85.32�, and c = 91.90�. The fractional coordinates are
Tx = 0.7336, Ty = 0.5326, and Tz = 0.2768. The atomic positions
obtained from molecular replacement were used to initiate the crys-
tallographic refinement. Structure refinement was performed using
X-PLOR [25]. In the following rigid-body refinement, the Rfactor

decreased from 38.3% to 35.8%. Further refinement continued with
simulated annealing using the slow-cooling protocol, followed by
alternate cycles of positional refinement and manual rebuilding using
XtalView [26]. Finally, the positions of waters, MgADP, and shikimate
were checked and corrected in Fobs � Fcalc maps. The final model has
an Rfactor of 20.7% and an Rfree of 28.7%.

Root-mean-square deviation differences from ideal geometries for
bond lengths, angles, and dihedrals were calculated with X-PLOR [25].
The overall stereochemical quality of the final model for MtSK–
MgADP–shikimate was assessed by the program PROCHECK [27].
Atomic models were superposed using the program LSQKAB from
CCP4 [23]. The molecular surface areas have been calculated using the
program Swiss-PDBViewer v3.7 (www.expasy.org/spdbv), probe ra-
dius of 1.4 Å, and a fixed radius for all atoms.
Results and discussion

The crystals of MtSK–MgADP–shikimate were
grown in the presence of 5.0 mM MgCl2, 13.0 mM
ADP, and 13.0 mM shikimate. The data set of MtSK–
MgADP–shikimate was collected at 2.3 Å (Table 1)
using the Synchrotron Radiation Source [21], and the
structure was solved by molecular replacement. There
is one molecule of MtSK–MgADP–shikimate in the
asymmetric unit, containing residues 2–166, Mg2+,
ADP, shikimate, two Cl� ions, and 144 water molecules.
Therefore, the enzyme crystallized as an MtSK–
MgADP–shikimate dead-end ternary complex. The
N-terminal methionine residue is not observed and the
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Table 1
Summary of data collection statistics for MtSK–shikimate

Unit cell (Å) a = b = 62.91, c = 90.92
Space group P3221
Number of measurements with I > 2r (I) 34,274
Number of independent reflections 9563
Completeness in the range from 29.74
to 2.30 Å (%)

98.7

Rsym
a (%) 3.0

Highest resolution shell (Å) 2.41–2.30
Completeness in the highest resolution
shell (%)

98.7

Rsym
a in the highest resolution shell (%) 7.20

Rsym
a (for all data) (%) 3.1

Wilson B value 40.06

a Rsym = 100
P

|I (h) � ÆI (h)æ|/
P

I (h) with I (h), observed intensity
and ÆI (h)æ, mean intensity of reflection h overall measurement of I (h).
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10 C-terminal residues (NQIIHMLESN) are disordered.
Details of refinement and final model statistics are pre-
sented in Table 2. Analysis of the Ramachandran dia-
gram /–w plot shows that 93.4% of non-glycine
residues lie in the most favored regions and there are
no residues in the disallowed region. The average B fac-
tor for main chain atoms is 34.64 Å2, whereas that for
side-chain atoms is 35.68 Å2 (Table 2). In order to accu-
rately determine the position of shikimate binding in the
Table 2
Summary of refinement statistics for MtSK–MgADP–shikimate

Resolution range (Å) 6.00–2.30
Data used for refinement 8885
Number of residues 165
Number of water oxygen atoms 144
Number of ADP molecules 1
Number of metal ions (Mg2+) 1
Number of Cl� 2
Number of shikimate molecules 1
Final Rfactor

a (%) 20.7
Rfactor

a (%) (for all data) 24.6
Final Rfree

b (%) 28.7
Rfree

a (%) (for all data) 30.3
B factorsc (Å2)

Main chain 34.64
Side chains 35.68
Waters 39.63
ADP 21.81
Mg2+ 34.70
Cl� 37.65
Shikimate 26.15

Observed rmsd from ideal geometry
Bond lengths (Å) 0.017
Bond angles (�) 1.905
Dihedrals (�) 22.125

Ramachandran plot (%)
Most favored U/W angles 93.4
Disallowed U/W angles 0

a Rfactor = 100 ·
P

|Fobs � Fcalc|/
P

(Fobs), the sums being taken
overall reflections with F/r (F) > 2 cutoff.

b Rfree = Rfactor for 10% of the data, which were not included during
crystallographic refinement.

c B values = average B values for all non-hydrogen atoms.
active site of MtSK, larger final concentrations of ADP
and shikimate in the drop (8 mM) than those used by
Gu et al. [7] are used to obtain the crystals (4 mM).
The average B factor value of 26.15 Å2 obtained for shi-
kimate indicates a higher order and occupancy of this
substrate in the present structure than in other SKs pre-
viously solved, where either shikimate was not com-
plexed or its electron density was too poor to
accurately locate this substrate (Table 2) [7,8].

SK displays an a/b fold and consists of five central
parallel b-sheets, flanked by a-helices. As pointed out
above, a characteristic feature of SKs is that they under-
go large conformational changes during catalysis. There
are two flexible regions of the structures that are respon-
sible for movement: SB and LID domains (Fig. 1),
which in MtSK correspond to residues 33–61 and 112–
124, respectively.

Shikimate-binding

The shikimate-binding domain, which follows strand
b2, consists of the helices a2, a3, and N-terminal region
of helix a4 (residues 33–61). A peak of more than 3r in
the final Fobs � Fcalc difference Fourier map clearly indi-
cates the position of bound shikimate in the electron
density (Fig. 2).

The chemical structure of shikimic acid ([3R-
(3a,4a,5b)]3,4,5-trihydroxy-1-cyclohexene-1-carboxylic
acid) is shown in Fig. 3. The guanidinium group of
Arg58 and Arg136, and the NH-backbone group of
Gly81 interact with the carboxyl group of shikimate.
The 3-hydroxyl group of shikimate forms hydrogen
bonds with carboxyl group of Asp34, main chain NH
group of Gly80, and a water molecule. This water mole-
cule, in turn, mediates interactions with side-chains of SB
residues Arg58 and Glu61; Walker-B residues Gly79,
Gly80, and Gly81; and Ala82. The 2-hydroxyl group of
shikimate hydrogen bonds to Asp34 side-chain. The dis-
tances of direct and water-mediated hydrogen bonds of
shikimate binding in MtSK are shown in Table 3.

The residue Glu61 is conserved in both aroK- and
aroL-encoded shikimate kinase enzymes and has been
implicated in shikimate binding [7,8,29]. Krell et al. [8]
proposed that Glu61 is suitably positioned to bind the
5-hydroxyl group of shikimate in EcSK. However, the
amino acid residues comprising the shikimate binding
domain were not clearly demonstrated because the elec-
tron density was not sufficient to position the shikimate
molecule in the structure. In our structure, the Glu61
side-chain forms a water-mediated interaction with the
3-hydroxyl group of shikimate. In addition, the Glu61
forms a hydrogen bond and a salt-bridge with the con-
served Arg58 and assists in positioning the guanidinium
group of Arg58 for substrate binding through interac-
tions with the carboxylate group of shikimate. The
OE2 atom of Glu61 makes a hydrogen bond with the



Fig. 1. MtSK complexed with Mg2+, ADP, and shikimate (this work). LID (residues 112–124) and SB (residues 33–61) are responsible for large
conformational changes during catalysis and are also shown. The figure was prepared with MOLMOL [35].

Fig. 2. The Fobs � Fcalc electron density contoured at 3.0r showing the binding of shikimate. The figure was prepared with XtalView (McRee, 1999).
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amide nitrogen of Ala82. Moreover, the NH1 atom of
Arg58 forms a hydrogen bond with the O atom of
Gly80. Therefore, the Glu61 residue plays an important
role in positioning a shikimate molecule, even though it
is not directly involved in substrate binding. Further-
more, the residue Glu61 is conserved in all SKs



Fig. 3. Molecular structure of shikimate shows the carboxyl group and
three hydroxyl groups. In black, numbering of atoms of carbons, and
in red numbering of oxygen atoms. (For interpretation of the
references to colors in this figure legend, the reader is referred to the
web version of this paper.)
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sequenced so far, which corroborates its role in anchor-
ing Arg58 in the shikimate binding site. The Glu54 car-
boxylate group also appears to anchor the guanidinium
group of Arg58 for interaction with shikimate carboxyl-
ate group, as suggested in the MtSK–MgADP structure
[7]. However, Glu54 is not conserved, except for aroK-
encoded shikimate kinases.

Conformational changes upon substrate binding

MtSK belongs to the family of nucleoside monophos-
phate (NMP) kinases, which are composed of three do-
mains: CORE, LID, and NMP-binding domains.
Table 3
Direct and water-mediated hydrogen bonding of shikimate in MtSK

Shikimate Atom Distances (Å) MtS

Hydroxyl groups

O3 Gly80-N 3.10
Asp34-OD1 2.82
Asp34-OD2 2.57
Water320-O 2.46 Gly7

Gly8
Gly8
Ala8
Arg5
Glu6

O4 Asp34-OD1 2.66
Asp34-OD2 2.85

O5 n.o.a

Carboxyl group

O1 Gly81-N 3.22
Arg136-NH2 2.68

O2 Arg58-NH2 2.67
Gly 81-N 3.49
Arg136-NH2 2.34

All distances <3.6 Å are shown.
a Not observed.
Kinases should undergo large movements during cataly-
sis to shield their active center fromwater in order to avoid
ATP hydrolysis [30]. The NMP and LID domains of
NMP kinases have been shown to undergo large motions
that are independent, in agreement with the observed ran-
dom-bi-bi kinetics [15]. Ligand-induced changes in the
secondary structure of EcSK have been detected by com-
paring circular dichroism spectra of free enzyme, EcSK–
shikimate binary complex, and a ternary complex of
EcSK, shikimate, and adenylyl imidodiphosphate, an
ATP analog [8]. Alignment of Ca positions of MtSK–
MgADP–shikimate dead-end ternary complex and
MtSK–MgADP binary complex structures shows that
the LID and SB domains underwent noticeable concerted
movements towards each other (Fig. 4). The structural
alignment included all residues and yielded rms deviation
values of 0.56 and 0.54 Å for 1L4U and 1L4Y, respec-
tively. There is a shift of theLIDdomainwith an rms devi-
ation of 1.33 Å for residues 112–124. The SB domain shift
is somewhat smaller, with a calculated rms deviation for
residues 33–61 of 0.74 Å. The shikimate binding cavity
is delineated mainly by residues from LID and SB do-
mains,WalkerBmotif, andArg136 froma7-helix.A close
inspection of the residues involved in these movements
shows that the side-chains of Val116, Pro118, and
Leu119 from the LID domain, and Ile45, Ala46, Glu54,
Phe57, and Arg58 from the SB domain shifted upon shi-
kimate binding to MtSK–MgADP binary complex (Fig.
4). InMtSKwith boundMgADP and shikimate, a cluster
of hydrophobic contacts is formed between LID residues
Val116, Pro118, and Leu119 and SB residues Ala46 and
Phe49, which account for stabilization of partially closed
shikimate-binding site cavity.
K atom hydrogen bonded to water molecule Distances (Å)

9-O 2.96
0-N 3.13
1-N 2.51
2-N 3.54
8-NH1 3.12
1-OE2 2.99



Fig. 4. Shikimate-binding of MtSK–MgADP–shikimate structure. The Ca atoms of MtSK–MgADP–shikimate and MtSK–MgADP (1L4U) [7] were
superimposed and the Ca trace was colored by white and green, respectively. The side-chains with larger shifts owing to shikimate binding are shown
for both structures: Val116, Pro118, and Leu119 from LID domain; and Ile45, Ala46, Glu54, Phe57, and Arg58 from SB domain. For clarity only are
shown residues from LID and SB domain of 1L4U (green). The side-chains, shikimate, ADP, Mg2+, and Cl� ions, and the water molecule
(Water320) of MtSK–MgADP–shikimate complex structure are colored by CPK (white for carbon, yellow for chlorine, red for oxygen, blue for
nitrogen, orange for phosphorous, and purple for magnesium). (For interpretation of the references to colors in this figure legend, the reader is
referred to the web version of this paper.)
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The conformational changes described above result
in closure of MtSK-binding site as shown by the reduc-
tion of molecular surface areas for MtSK–shikimate–
MgADP as compared to MtSK–MgADP. The ADP,
Mg2+, shikimate, Cl� ions, and water molecules were re-
moved prior to calculation. Calculated values are
approximately 7246 Å2 for MtSK complexed with
MgADP (1L4U) and 6915 Å2 for structure complexed
with MgADP and shikimate. Thus, approximately
330 Å2 of molecular surface is buried on shikimate bind-
ing. Since both MtSK–MgADP and MtSK–MgADP–
shikimate have been crystallized in the same space group
with similar values for cell parameters [31] (Table 1) and
there are no crystal contacts of residues 114–124 from
the LID domain and residues 33–61 from SB domain
with symmetry-related MtSK molecules, the conforma-
tional changes observed may not merely be a reflection
of the different crystal-packing arrangements.

The MtSK–MgADP–shikimate structure should rep-
resent a more partially, but not totally, closed structure,
since total active site closure upon the dead-end ternary
complex formation would result in locking the enzyme
active site in an inactive form, in which shikimate sub-
strate binding to MtSK enzyme prior to MgADP disso-
ciation from its active site would result in an inactive
abortive complex. Consistent with these structural re-
sults, measurements of EcSK intrinsic tryptophan fluo-
rescence (Trp54) upon shikimate binding to either
EcSK or EcSK–MgADP binary complex showed a
modest synergism of binding between these substrates,
since the dissociation constant value for shikimate
(Kd = 0.72 mM) decreased to 0.3 mM in the presence
of 1.5 mM ADP [32]. Measurements of quenching in
protein fluorescence of the aroL-encoded EcSK upon
nucleotide binding demonstrated that the dissociation
constant values for ADP and ATP were 1.7 and
2.6 mM, respectively [9]. The Km for ATP (620 lM)
was found to be approximately four times lower than
the dissociation constant in the absence of shikimate
[9]. These results prompted the proposal that the confor-
mational changes in the enzyme associated with binding
of the first substrate lead to an increase in the affinity for
the second substrate. However, even if it holds for
EcSK, it does not appear to hold for MtSK since the
apparent dissociation constant values for ATP (89 lM)
and shikimate (44 lM) are similar to their Km values,
83 lM for ATP and 41 lM for shikimate, considering
a random-order bi-bi enzyme mechanism [7]. Moreover,
no evidence for synergism between shikimate and ATP
could be observed in substrate binding to EcSK in a
chloride-free buffer system [33]. The K15M EcSK mu-
tant has been crystallized in an open conformation
proposed to presumably be equivalent to an apo-enzyme
structure in which neither shikimate nor ADP (or ATP)
would be bound [9]. This mutant was produced to eval-
uate the role of the conserved Lys15 of the Walker A
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motif [9]. However, an unwanted point mutation in the
LID domain (Pro115Leu) was detected during refine-
ment of the model and extensive contacts between
LID domains of neighboring EcSK enzymes were ob-
served. It appears therefore unwarranted to consider
the double K15M/P115L EcSK mutant a model for
the apo-enzyme. The incomplete LID domain closure
observed in the crystal structure presented here may sug-
gest that the c-phosphate of ATP plays a crucial role in
the completion of the domain movement as has also
been proposed by others [8]. The equilibrium constant
value for the intramolecular hydrolysis of bound ATP
to bound ADP and phosphate at enzyme active sites is
considerably larger than the equilibrium constant for
ATP hydrolysis in solution [34]. Accordingly, the loss
of two water molecules (water5 and water6) described
in ‘‘Interaction with ADP/Mg2+’’ is consistent with
exclusion of water molecules from the active site due
to the partial closure of MtSK upon shikimate binding
to minimize ATP hydrolysis.
Conclusions

Here we describe the residues involved in shikimate
binding and conformational changes upon substrate
binding to MtSK–MgADP complex, resulting in a par-
tially closed structure. A complete active site closure
could be achieved in a complex of MtSK with shikim-
ate, Mg2+, and the non-hydrolysable ATP analog aden-
osine 5 0-(b,c-methylene) triphosphate (AMP-PCP). A
likely drawback of ATP-binding site based SK inhibi-
tors would be their lack of specificity, owing to the
common fold and similar ATP-binding site that many
P-loop kinases share [20]. The availability of the M.

tuberculosis shikimate kinase structure complexed with
shikimate should allow the molecular design of specific
SK inhibitors targeting either the shikimate- and ATP-
binding sites or the shikimate-binding site only. More-
over, the knowledge of functional factors that lead to
active site closure could be used for designing inhibitors
that force MtSK to a closed conformation that would
be unable to catalyze the phosphoryl transfer to
shikimate.

The atomic coordinates and structure factors (PDB
access code 1WE2) have been deposited in the Protein
Data Bank on May 22nd 2004, Research Collaboratory
for Structural Bioinformatics, Rutgers University, New
Brunswick, NJ (http://www.rcsb.org/).
Note added to the proof

An article describing the similar structure was pub-
lished during the proofreading of this paper [36].
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