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Abstract

Tuberculosis (TB) resurged in the late 1980s and now Kkills approximately 3 million people a year. The reemergence of tuber-
culosis as a public health threat has created a need to develop new anti-mycobacterial agents. The shikimate pathway is an attractive
target for herbicides and anti-microbial agents development because it is essential in algae, higher plants, bacteria, and fungi, but
absent from mammals. Homologs to enzymes in the shikimate pathway have been identified in the genome sequence of Myco-
bacterium tuberculosis. Among them, the shikimate kinase I encoding gene (aroK) was proposed to be present by sequence ho-
mology. Accordingly, to pave the way for structural and functional efforts towards anti-mycobacterial agents development, here we
describe the molecular modeling of M. tuberculosis shikimate kinase that should provide a structural framework on which the design
of specific inhibitors may be based. © 2002 Elsevier Science (USA). All rights reserved.
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The fifth annual report on global tuberculosis (TB)
control of the World Health Organization found that
there were an estimated 8.4 million new cases in 1999, up
from 8.0 million in 1997 [1]. It is expected that there will
be 10.2 million new cases in 2005 if the present trend
continues. Approximately 3 million persons die from the
disease each year [2]. Ninety percent of tuberculosis
cases occur in developing countries, where few resources
are available to ensure proper treatment and where
human immunodeficiency virus (HIV) infection may be
common. The concentration of deaths due to tuber-
culosis in demographically developing nations and
mortality rate in the range from 25 to 54 years, the most
economically fruitful years of life, causes substantial
losses in productivity and contributes to the impover-
ishment of third-world countries [3]. The reemergence of
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TB as a public health threat, the high susceptibility of
HIV-infected persons to the disease, and the prolifera-
tion of multi-drug (MDR) strains have created much
scientific interest in developing new anti-mycobacterial
agents to both treat Mycobacterium tuberculosis strains
resistant to existing drugs and shorten the duration of
short-course treatment to improve patient compliance
[4].

The shikimate pathway is an attractive target for the
development of herbicides and anti-microbial agents
because it is essential in algae, higher plants, bacteria,
and fungi, but absent from mammals [5]. In mycobac-
teria, the shikimate pathway leads to the biosynthesis of
precursors for the synthesis of aromatic amino acids,
naphthoquinones, menaquinones, and mycobactin [6].
Homologs to enzymes in the shikimate pathway have
been identified in the complete genome sequence of
Mycobacterium tuberculosis H37Rv strain [7]. Among
them, the shikimate kinase I (mtSK, EC 2.7.1.71) en-
coding gene (aroK, Rv2539c) was proposed to be present
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by sequence homology. Shikimate kinase catalyzes a
phosphate transfer from ATP to the carbon-3 hydroxyl
group of shikimate resulting in the formation of shiki-
mate-3-phosphate (S3P) and ADP.

The present paper describes the molecular model of
M. tuberculosis shikimate kinase (mtSK) and analysis of
SK and shikimate complex obtained by docking simu-
lations. The homology modeling was performed using
three crystallographic structures of SK from Erwinia
chrysanthemi, solved to resolution better than 2.6 A, as
templates [8]. The mtSK has been cloned, sequenced,
overexpressed in soluble and functional forms [9], thus
allowing enzymological studies to be performed. The
results presented here should provide a three-dimen-
sional model of mtSK to both guide enzymological
studies and aid the design of specific inhibitors.

Methods

Molecular modeling. For modeling of the mtSK we used restrained-
based modeling implemented in the program MODELLER [10]. This
program is an automated approach to comparative modeling by sat-
isfaction of spatial restraints [11-13]. The modeling procedure begins
with an alignment of the sequence to be modeled (target) with related
known three-dimensional structures (templates). This alignment is
usually the input to the program. The output is a three-dimensional
model for the target sequence containing all main-chain and side-chain
non-hydrogen atoms.

The degree of primary sequence identity between mtSK and Er-
winia chrysanthemi shikiamte SK (ecSK) indicates that the crystallo-
graphic structures of ecSK are good models to be used as templates for
mtSK. The atomic coordinates of three crystallographic ecSK struc-
tures (PDB access code: 1ISHK, 2SHK, and 1E6C) [8,14], with two
independent structures in each asymmetric unit, solved to resolution
better than 2.6 A were used to build up an ensemble of SK structures to
be used as starting models for modeling of the mtSK. The atomic
coordinates of all waters and ligands were removed from the ecSK
structures. Next, the spatial restraints and CHARMM energy terms
enforcing proper stereochemistry [15] were combined into an objective
function. Finally, the model is obtained by optimizing the objective
function in Cartesian space. The optimization is carried out by the use
of the variable target function method [16] employing methods of
conjugate gradients and molecular dynamics with simulated annealing.

B1 ol B2 o2

Several slightly different models can be calculated by varying the initial
structure. A total of 500 models were generated for mtSK, and the final
model was selected based on stereochemical quality.

Docking simulations. To obtain information about the docking of
shikimate to ecSK and mtSK, several rigid docking simulations were
performed using the geometric recognition algorithm, which was de-
veloped to identify molecular surface complementarity. The geometric
recognition algorithm was implemented in the program GRAMM [17].

The atomic coordinates of shikimate, used in the docking simula-
tions, were obtained from structure of S5-enolpyruvylshikimate-3-
phosphate synthase liganded with shikimate-3-phosphate and
glyphosate (PDB access code: 1G6S) [18]. To generate the ternary
complex mtSK-shikimate~ADP/Mg*" we superposed the atomic co-
ordinates of the ADP/Mg** to the binary complex of mtSK-shikimate.
The optimization of the complexes was carried out by the use of the
variable target function method [10] employing methods of conjugate
gradients and molecular dynamics with simulated annealing. All
docking simulations and optimization process were performed on SGI
Octane, R12000.

Analysis of the model. The overall stereochemical quality of the final
model for mtSK complex was assessed by the program PROCHECK
[19]. The cutoff for hydrogen bonds and salt bridges was 3.6 A.

Results and discussion
Primary sequence comparison

The sequence alignment of ecSK (template) and
mtSK (target) is shown in Fig. 1. The secondary struc-
tural elements are indicated in the figure. The sequence
mtSK shows 34% of identity with the sequence of ecSK.

Quality of the model

Figs. 2A and B show the Ramachandran diagram ¢—
¥ plots for the mtSK structure and for three crystallo-
graphic SK structures solved to resolution better than
2.6 A. The Ramachandran plot for the three ecSK
structures was generated to compare the overall stereo-
chemical quality of mtSK model against SK structures
solved by biocrystallography. Analysis of the Rama-
chandran plot of the mtSK model shows that 91.1% of
the residues lie in the most favorable regions and the

o3 o4 B3 310 oS5

Mt SK MAPKAVLVGLPGSGKSTIGRRLAKALGVGLLDTDVAIEQRTGRSIADIFATDGEQEFRRIEEDVVRAALADHDGVLSLGGGAVTSPGVRA 90
EcSK MTEPIFMVGARGCGKTTVGRELARALGYEFVDTDIFMQHTSGMTVADVVAAEGWPGFRRRESEALQA . VATPNRVVATGGGMVLLEQNRQ 90

B1 ol B2 o2 o3 o4 B3 310 oS
A-motif B-motif
o5 B4 o6 o7 B5 o8
MtSK ALAGH.TVVYLEISAAEGVRRTGGNTV. . .RPLLAGPDRAEKYRALMAKRAPLYRRVATMRVDTNRRNPGAVVRHILSRLQVPSPSEAAT 176
EcSK FMRAHGTVVYLFAPAEELALRLQASPQAHQRPTLTGRPIAEEMEAVLREREALYQDVAHYVVDATOP . PAATVCELMOTMRLPAA. ... 173
o5 B4 o6 o7 B5 o8

Adenine binding loop

Fig. 1. The sequence alignment of ecSK and mtSK indicating the secondary structural elements. The sequence mtSK shows 34% of identity with the
sequence of ecSK. The alignment was performed with the program CLUSTAL V [31].
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Fig. 2. (A) Ramachandran diagram ¢— plots for the mtSK structure and (B) for three crystallographic SK structures solved to resolution better than

2.6A.

remaining 8.9% in the additional allowed regions. The
same analysis for three crystallographic ecSK structures
(six chains) present 93.7% of residues in the most fa-
vorable, 6.1% additional allowed regions, and 0.7%
generously allowed regions. The overall rating for the
mtSK model is slightly poorer than the one obtained for
the three structures of SK. However, it has over 90% of
the residues in the most favorable regions.

Overall description

MtSK is an o/ protein consisting of a mixed P sheet
surrounded by o helices. A central five stranded parallel
B-sheet (B1-BS) presents the strand order 23145. The
B-strands are flanked on either side by o helices (a1 and
a8 on one side, o4, a5, and o7 on the other). Fig. 3
shows a schematic diagram of the mtSK structure, with
shikimate and ADP/Mg*" bound to the structure.

The ordering of the strands 23145 observed the mtSK
structure classifies it as belonging to the same structural
family as the nucleoside monophosphate (NMP) ki-
nases. The mtSK structure exhibits the Walker A-motif
located between Bl and ol forming a canonical phos-
phate-binding loop (P-loop). The core of the mtSK
structure forms a classical mononucleoside-binding fold
[20].

It has been reported that NMP kinases undergo large
confomation changes during catalysis. The regions re-
sponsible for this movement are NMP-binding site and
the lid domain. The NMP-binding site is formed by a
series of helices between strands 1 and 2 of the parallel
B-sheet. The lid domain is a region of variable size and
structure following the forth B-strand of the sheet

[21,22]. The residues from 112 to 123 form the lid do-
main in the mtSK which has been reported to be highly
dynamic and possibly flexible in solution in the ecSK
structure [8].

ADP/Mg*"-binding site

The molecular model for ternary complex mtSK-
shikimate-ADP/Mg”" indicates that ADP/Mg’" is

Fig. 3. Ribbon diagram of the mtSK structure with shikimate and
ADP/Mg** bound to the structure generated by MOLSCRIPT [32].
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Table 1
Intermolecular hydrogen bonds between mtSK and ADP

Distance (A)

Hydrogen bonds between active site and inhibitor

ADP mtSK

O1B Leul0 o 3.49
O3B Glyl2 N 3.15
O1B Ser13 N 3.08
O1B Ser13 oG 2.66
O3A Glyl4 N 2.75
0O3A Lysl5 N 3.35
0O2B Lysl5 NZ 2.80
O3B Lysl15 NZ 2.54
O1B Lysl5 NZ 2.82
02A Ser16 oG 2.65
02A Serl16 N 3.40
OlA Ser16 oG 2.98
O2A Thrl7 0OG1 3.02
02A Thrl7 N 3.08
NI Argl10 NHI1 3.05
04 Argl10 NE 3.41
N3 Argl10 NH1 2.88
N7 Argl10 NHI1 3.29
N6 Argl52 o 2.52
NI Argl52 (0] 3.23
NI Argl53 o 3.37
N6 Argl53 o 2.66
N3 Argl53 NE 2.80
N3 Argl53 NH2 2.68
NI Argl53 N 3.20

tightly bound to the mtSK structure. The intermolecular
hydrogen bonds are described in Table 1. Most of the
intermolecular hydrogen bonds observed in the ecSK
structure is conserved in the ternary complex mtSK-—
shikimate-ADP/Mg”". Fig. 4 shows the superposition of
the ATP-binding site of mtSK and ecSK. As previously
described a phosphate-binding loop (P-loop) accom-
modates the B-phosphate of ADP by donating hydrogen
bonds from several backbone amides [8,14]. SKs contain

a conserved stretch of sequence GXXXXGKT/S known
as the Walker A-motif [23]. This motif forms the P-loop
in the ecSK and mtSK structures. In addition to the
Walker A-motif, the mtSK structure presents a modified
Walker B-motif. The Walker B-motif is present in the
majority of purine-nucleotide binding proteins. This
motif, Z-Z-Asp—X-X-Gly (where Z is a hydrophobic
residue and X is any residue) forms a loop around the
v-phosphate of the nucleotide. The B-motif present in
the mtSK has a different conformation from that ob-
served in proteins with full Walker B-motif [§8], the Asp
is replaced by Ser77. However, the conserved Gly80 of
mtSK (Fig. 1) is in an almost identical position to the
conserved Gly found in proteins with the full B-motif
with its amide nitrogen hydrogen-bonded to the
v-phosphate of a bound ATP.

Shikimate-binding site

The crystallographic structure of ecSK indicated the
presence of a strong electron density peak attributed to
shikimate. However, the electron density was not clear
enough to include shikimate in the molecular structure
[8]. The docking simulations of shikimate to ecSK and
mtSK identified that shikimate binds in a position
analogous to nucleotide monophosphate in NMP
kinases [8]. The shikimate binding domain, which fol-
lows strand B2, consists of helices a2 and o3 and the
N-terminal region of helix a4. A total of four hydrogen
bonds between ecSK and shikimate, in the model,
involving the residues Lys15, Asp34, and Arg 136 was
observed. For the mtSK model the same pattern was
observed. Fig. 5SA and B show the main residues
involved in contact with shikimate in the complexes.
Tables 2 and 3 show the intermolecular hydrogen bonds
for both structures. The residues involved hydrogen

Fig. 4. Superimposed binding pockets of the ATP-binding site of mtSK (thick line) and ecSK (thin line).
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bond identified from the docking simulation of shiki-
mate to ecSK are in good agreement with that of crys-
tallographic structure.

The electrostatic potential surface of the ecSK and
shikimate calculated with
GRASP [24] indicates the presence of some charge

mtSK complexed with
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Fig. 5. Main residues involved in contact with shikimate in the complexes (A) mtSK:shikimate and (B) ecSK:shikimate.

Table 2

Intermolecular hydrogen bonds between mtSK and shikimate
Hydrogen bonds between active site and inhibitor ~ Distance (108)
Shikimate mtSK
0Ol Asp34 OD2 2.58
02 Asp34 OoD2 3.55
03 Lysl5 NZ 3.36
05 Argl36 NHI1 3.47

complementarity between shikimate and enzyme,
nevertheless most of the residues in the binding pocket is
hydrophobic in all structures. Figs. 6A and B show the
molecular surfaces for mtSK and ecSK complexed with
shikimate. The electrostatic potential surfaces of mtSK
and ecSK show some striking differences. The main

Table 3
Intermolecular hydrogen bonds between ecSK and shikimate

Hydrogen bonds between active site and inhibitor ~ Distance (A)

Shikimate ecSK

0Ol Asp34 OoD2 2.64
02 Asp34 OoD2 3.17
03 Lysl5 NZ 3.46
05 Argll NHI 2.77

05 Argl36 NH]1 3.51
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Fig. 6. (A) Molecular surfaces for mtSK and (B) ecSK complexed with shikimate generated with GRASP [24].

difference is the presence of a positive potential patch on
the surface of mtSK, which is not observed in the ecSK
surface. This positive patch indicates a concentration
of positive charged residues in the mtSK structure,
involving residues Arg2l, Argl25, Lys128, Argl30,
Lys135, Argld2, Argld7, ArglS3, Argl60, His161, and
Argl65. These residues are changed to polar or hydro-
phobic or negative charged residues in the ecSK
sequence. Particularly interesting is the intermolecular
hydrogen bond pattern between SK and shikimate. The
residues Lysl15, Asp34, and Argl36, involved in inter-
molecular hydrogen bonds, are conserved in both
structures. The model strongly indicates that the shiki-
mate binding domain is a well-conserved motif in SK
structures. Furthermore, the alignment of 37 SK
sequences, figure not shown, indicates that the main
residues involved in intermolecular hydrogen bonds are
conserved in all sequences. Such observation suggests
that competitive inhibitors with shikimate will be able to
inhibit most or even all SKs, since specificity and affinity
between enzyme and its inhibitor depend on directional
hydrogen bonds and ionic interactions, as well as on
shape complementarity of the contact surfaces of both
partners [25-30]. Further inhibition experiments may
confirm this prediction.
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