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Bacillus anthracis has been used as weapon in bioterrorist activities, with high mortality, despite anti-
microbial treatment, which strongly indicates a need of new drugs to treat anthrax. Shikimate Pathway
is a seven-step biosynthetic route which generates chorismic acid. The shikimate pathway is essential for
many pathological organisms, whereas it is absent in mammals. Therefore, these enzymes are potential
targets for the development of non-toxic anti-microbial agents and herbicides and have been submitted
to intensive structural studies. Shikimate Kinase is the fifth enzyme of shikimate pathway and catalyzes
the specific phosphorylation of the 3-hydroxyl group of shikimate using ATP as a co-substrate, resulting
in shikimate-3-phosphate and ADP. The present work describes for the first time a structural model for
the Shikimate Kinase from B. anthracis using molecular modeling approach and molecular dynamics sim-
ulations. This study was able to identify the main residues of the ATP-binding and the shikimate pockets
responsible for ligand affinities. Analysis of the molecular dynamics simulations indicates the structural
features responsible for the stability of the structure. This study may help in the identification of new
inhibitors for this enzyme.
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1. Introduction

Bacillus anthracis is an animal pathogen known since 1887,
when was described by Koch and L. Pasteur. B. anthracis is the eti-
ological agent of anthrax. Like all the members of the genus Bacil-
lus, it is a Gram-positive bacterium, which produces spores in
unfavorable environment conditions. Its natural habitat is the soil,
where it can be viable for decades. The anthrax is a disease that oc-
curs primary in herbivores. Humans are infected by exposure to
sick animals or derivate products of these animals.! The infection
occurs by a contamination with bacteria spores that can go into
the organism through three ways: inoculation, inhalation and
ingestion.?

Recent events have strongly indicated the potential of B. anthra-
cis as an agent of bioterrorism.3 In October 2001, four inhalational
anthrax cases in the United States were identified in a large mail
processing and distribution center in Washington, DC, after enve-
lopes containing B. anthracis spores were processed.*> The anthrax
is related with high mortality, despite anti-microbial treatment
and therapy.® Therefore, there is an urgent need of new therapies
to treat anthrax. Among potential targets, to be used on the devel-
opment of drugs against bacterial diseases 2-trans-enoyl-ACP
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(CoA) reductase’~'? and enzymes from shikimate pathway (SP) de-
serve special attention.'>~1”

In plants and microorganisms, all the key aromatic compounds,
involved on the primary metabolism, are produced by SP. It is a se-
ven-step biosynthetic route which generates chorismic acid (the
major branch point in the synthesis of aromatic amino acids, ubi-
quinone, and secondary metabolites) from phosphoenol pyruvate
and erythrose-4-phosphate. This pathway is essential for algae,
higher plants, bacteria, fungi, apicomplexan parasites, whereas it
is absent in mammals.'® Therefore, these enzymes are potential
targets for the development of non-toxic anti-microbial agents'®
and herbicides.?° Several enzymes of the SP have been submitted
to structural studies.?’?” Knowledge of three-dimensional struc-
tures will undoubtedly aid the design of useful inhibitors.

The object of our study is the fifth enzyme of the SP, Shikimate
Kinase (SK), which catalyzes the specific phosphorylation of the 3-
hydroxyl group of shikimate using ATP as a co-substrate, resulting
in shikimate-3-phosphate (S3P), and ADP.%®

It has been demonstrated that the gene aroK, is essential for
bacteria, such as Mycobacterium tuberculosis.?® In addition, this
gene is not present in human genome, therefore we chose it as a
target for inhibitor development.

SK belongs to the same structural family of nucleoside mono-
phosphate (NMP) kinases. A characteristic feature of the NMP ki-
nases is that they undergo large conformational changes during
catalysis.>®
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Previously MtSK and other NMP kinases were classified as con-
sisting of three domains including an SB (Shikimate-Binding) or
NMP-binding domain, a CORE domain and the LID domain. Based
on analysis of global movements accompanying conformational
changes in agreement with the sequence of ligands entrance, four
domains were identified in MtSK,*' the Extended Substrate-Bind-
ing (ESB) site, the Nucleotide-Binding (NB) site, the LID domain
and the Reduced Core (RC) domain. The ESB domain comprises res-
idues 31-91 in BaSK and includes the SB sub-domain (residues 31—
60). NB site contains the phosphate-binding (P-) loop (Walker-A
motif, 8-16), the AB-loop (145-152) and the segment 100-109
including a6 (103-109). The LID domain is composed by the resi-
dues from 111 to 123. The remaining part of the molecule forms
the RC domain. Fig. 1 shows these domains for BaSK.

The three-dimensional structure of SK from B. anthracis (BaSK)
was modeled in both apo and complexed forms corresponding to
individual steps in the enzymatic reaction. We used as templates
crystallographic structures of SK from M. tuberculosis (MtSK) which
include the (unliganded) apo-form of the enzyme, binary com-
plexes of the enzyme with MgATP and with shikimate (SKM),
and a ternary complex with the products S3P and ADP.

Considerable progress in computer simulation has been made in
recent years. Improvement in force fields, simulation techniques, pro-
tocols and increasing computer power are playing prominent roles in
a wide area of research, including molecular dynamics (MD). The use
of MD simulation allows monitoring the dynamics of individual atoms
thereby giving a unique insight into the molecule behavior that cannot
be easily extracted from laboratory experiments.

MD simulations are becoming a powerful tool for analyzing bio-
logical processes and proving to be a reliable way to understand
the static and dynamic aspects in solution, avoiding difficulties
that can occur in a crystalline environment.>?

The present work discusses the structural features of the
homology models obtained for BaSK, the structural stability as-
sessed by MD simulation and the potential of these structures on
the studies of new inhibitors that may generate a new generation
of drugs against B. anthracis.

Figure 1. This image illustrates the 4 domains for BaSK. The residues at both ends
are indicated. Image generated by Pymol.”®

2. Results and discussion
2.1. Quality of the models

There is no crystallographic structure available for BaSK. The se-
quence of MtSK shows 32% of identity with the sequence of BaSK.
This percentage of primary sequence identity indicates that the
crystallographic structures of MtSK are fair models to be used as
templates for modeling of BaSK. Furthermore, there are several
binary complexes between MtSK and their ligands (SKM, ATP,
ADP, and S3P), which make available templates to model binary
complexes of BaSK against these ligands. The atomic coordinates
of crystallographic structures of templates were used as basic
models for modeling of the BaSK. The analysis of the Ramachan-
dran diagram ¢ — \ plots was used to compare the overall stereo-
chemical quality of the BaSK structures against those of the
templates solved by biocrystallographic methods. The homology
models present over 89.3% of the residues in the most favorable re-
gions (Table 1).

2.2. Overall description

BaSK is an a/B protein consisting of a mixed B-sheet surrounded
by o helices. A central five stranded parallel B-sheet (B1-85) pre-
sents the strand order 2, 3, 1, 4, and 5 that consist of residues
29-31, 73-75, 4-7, 96-100, and 143-146, respectively. The B-
strands are flanked on either side by o helices (o1 and 8 on one
side, a4, a5, and o7 on the other). The residues making up the heli-
ces are 14-25, 32-40, 44-51, 53-69, 84-90, 103-110, 122-134,
and 152-163. Fig. 2 shows a schematic diagram of the BaSK struc-
ture, with SKM and ADP bound to the structure.

The MtSK structure consists of 176 amino acids with a molecu-
lar weight of 18,583.3 Da and a theoretical pI of 10.56. BaSK con-
sists of 165 amino acids with a molecular weight of 19,130.8 Da
and a theoretical pI of 5.38. Analysis of the structures of the SKs
shows that some mutations were observed in both ATP- and
SKM-binding sites. These differences are shown in the primary se-
quence alignment of BaSK and MtSK (Fig. 3).

However, these mutations do not influence significantly in the
affinity of the ligands against BaSK. The pKgs values, which indicate
the affinity of shikimate and ADP/ATP to the proteins MtSK and
BaSK are shown in Table 2 We can observe that the BaSK models
values do not change significantly from the templates (MtSK).

Fig. 4 shows the superposition of BaSK against MtSK.

2.3. Domain motions

Previous studies based on high resolution crystal structures of
MtSK that corresponds to individual steps in the enzymatic reac-
tion show that the random sequential binding of SKM and nucleo-
tides is associated with domain movements. Fig. 5 shows the
models obtained for BaSK binary complexes that were modeled
with the enzyme in a number of liganded states, including binary
complexes of BaSK with SO, or MgADP, and ternary complexes of
BaSK with shikimate (SKM) as one ligand and SO4, ADP or MgADP
as a second ligand. The global motions which are associated with
the sequential binding for BaSK are described in the following with
respect to the RC domain.

The binding of nucleotides, ADP or ATP, induces a rotational
movement of the NB domain (Fig. 6). The binding of SKM causes
rotation of the ESB domain.

Previous studies indicate that a third type of global motion
causing the LID to flap over the active site is associated with the
binding of the first substrate, independent of whether it is shikim-
ate or a nucleotide. For the LID, we observed two different confor-
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Table 1

This table shows the percentage of residues of MtSK (templates) and BaSK (models) in each of the Ramachandran plot regions

Enzyme (PDB access code) Most favorable region?® (%)

Additional allowed region® (%)

Generously allowed region? (%) Disallowed region® (%)

MtSK (1WE2) 92.7 6.6
BaSK (template TWE2) 90.7 7.3
MtSK (2IYU) 97.1 29
BaSK (template 21YU) 92.0 6.7
MtSK (2IYV) 96.6 34
BaSK (template 2IYV) 92.0 4.7
MtSK (2IYW) 96.6 34
BaSK (template 2IYW) 92.0 53
MtSK (2IYS) 97.9 2.1
BaSK (template 2IYS) 92.0 53
MtSK (2IYR) 95.9 4.1
BaSK (template 2IYR) 90.7 8.0
MtSK (21YQ) 98.6 1.4
BaSK (template 21YQ) 90.7 6.7
MtSK (2IYY) 96.4 3.6
BaSK (template 2IYY) 90.7 7.3
MtSK (21YZ) 96.4 3.6
BaSK (template 21YZ) 89.3 10.0

0.7 0.0
0.7 13
0.0 0.0
13 0.0
0.0 0.0
2.7 0.7
0.0 0.0
2.0 0.7
0.0 0.0
20 0.7
0.0 0.0
13 0.0
0.0 0.0
2.0 0.7
0.0 0.0
13 0.7
0.0 0.0
0.0 0.7

2 The analysis of the Ramachandran diagram ¢ — \s plots was used to compare the overall stereochemical quality of the BaSK structures against those of the templates

solved by biocrystallographic methods.

Figure 2. Tertiary structure of the BaSK. The structure is presented as a ribbon
diagram. The structure contains a central five stranded parallel B-sheet flanked on
either side by o helices. The ligands SKM and ADP are bound to the protein. The
image was generated using Pymol.>®

mations before the closure (Fig. 7), indicating the high flexibility of
this domain.

2.4. Shikimate binding

The substrate shikimate binds to a pocket formed by the con-
served residues Asp33, Arg57, Gly78 and Gly79, and Arg135 (Fig.
8). The residues involved in the ADP/ATP- and SKM-binding sites
for each binary complex are shown in Table 3. Analyzing all the
structures we could see that approximately 65% of the residues in-
volved in the binding pocket are conserved in all SKs. The superpo-
sition of the active sites of SKs from B. anthracis and M. tuberculosis
give us a value of 0.36 A, indicating that they are very similar to

each other. We superposed the C-a of the residues that compose
the shikimate-binding site which are Asp34, Arg58, Glu61, Gly79,
Gly80, Gly81, and Argl136 for MtSK and Asp33, Arg57, Glu60,
Glu77, Gly78, Gly79, and Arg135 for BaSK. The shikimate adopts
essentially the same orientation in all complexes of BaSK.

The intermolecular hydrogen bonds between BaSK and SKM are
described in Table 4. Most of the intermolecular hydrogen bonds ob-
served in the binary complex MtSK and SKM are conserved in BaSK.

Experimental results for MtSK suggest that shikimate binding to
the enzyme involves two subsequent steps. In a first step, the sub-
strate attaches to its binding site in its final orientation. In the ab-
sence of molecular packing interactions stabilizing this
intermediate state, LID closure follows as a second step.®

2.5. Nucleotide binding

The binding of ATP or ADP to BaSK involves interactions with
the P-loop (residues 1-14 in BaSK), the AB-loop (residues 146-
152 in BaSK), and a6 (residues 103-109 in BaSK), all three motifs
being conserved in SKs. Similar as in the case of shikimate binding,
LID closure appears to follow nucleotide binding as a subsequent
step.® The intrinsic conformation of the P-loop is well preserved
in all BaSK structures containing a nucleotide or sulfate that inter-
acts with the P-loop. In particular, it is not affected by the binding
of shikimate or shikimate-3-phosphate. Fig. 9 shows the active site
of ATP in BaSK. Around 30% of the residues involved in this active
site are conserved in all SKs. The MtSK nucleotide-binding site
comprises the residues Lys15, Ser16, Thr17, Asp32, Asp34,
Argl110, Argl17, Val148, Asp149, Thr150, Asn151, Argl52,
Arg153, Asn154, and Pro155. The correspondents for BaSK are
Lys14, Thr15, Thr17, Asp31, Asp33, Argl09, Argl16, Ile145,
Asp146, Thr147, Thr148, Asn149, Lys150, Ser151, and Val152.
Some of these residues such as Lys14, Asp33, and Arg109 are con-
served in bacterial SKs. The intermolecular hydrogen bonds be-
tween BaSK and ADP/ATP are shown in supplementary material.
Most of the intermolecular hydrogen bonds observed in the binary
complex BaSK structure are conserved in MtSK.

2.6. Attempts to confirm the pKy results

In order to confirm our results obtained for the affinities (pKy
values) of both ATP/ADP and SKM against BaSK, we used the data
from BRENDA (BRaunschweig ENzyme DAtabase).® There are K,
values for SK from the organisms B. anthracis, Escherichia coli,
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Figure 3. Sequence alignment for MtSK and BaSK. The alignment was performed using ClustalW and edited with BioEdit. (*) and black boxes indicate positions which have a
single fully conserved, (:) and gray boxes indicate that one of the following ‘strong’ groups is fully conserved, and (.) indicates that one of the following ‘weaker’ groups is fully

conserved.

Table 2
pKd values that indicate the affinity of the ligand against the proteins MtSK
(templates) and BaSK (models)

Enzyme (PDB access code)/ligand ~ ADP SKM ATP S3P
MtSK (1WE2) 56 (6.7) 4.8(3.2)

BaSK (template TWE2) 33(8.6) 3.7(6.4)

MtSK (2IYU) 5.4 (6.8)

BaSK (template 2IYU) 5.4 (7.3)

MtSK (2IYV) 5.7 (7.3)

BaSK (template 2IYV) 5.5(7.3)

MtSK (2IYW) 5.7 (9.8)

BaSK (template 2IYW) 5.7 (8.2)

MtSK (2IYS) 5.0 (3.25)

BaSK (template 21YS) 5.0 (4.8)

MtSK (2IYR) 4.9 (5.0)

BaSK (template 2IYR) (4.4)

MtSK (21YQ) 55(7.6) 5.3(4.5)

BaSK (template 21YQ) 5.5(7.9) (6.1)

MtSK (2IYY) 5.2 (6.7)
BaSK (template 2IYY) 53(7.2)
MtSK (21YZ) 5.5(8.3) 5.2 (4.5)
BaSK (template 21YZ) 5.4 (7.9) 5.3 (7.7)

All values are in pKd units.
In parentheses we present the values obtained with PEARLS.

Erwinia chrysanthemi, and Methanococcus jannaschii for ATP. To cal-
culate the pKy values we modeled the structures of SKs from these
organisms with the ligands ATP and SKM using molecular model-
ing approach. As templates we used the structures deposited in
the Protein Data Bank, with PDB access codes TWE2, 1U8A and
2IYW in agreement with the molecular modeling procedure de-
scribed in materials and methods. In a second moment, the pro-
grams XSCORE>* and PEARLS®® were used to evaluate the binding
affinity of the ligands ATP/ADP and SKM against these SK struc-
tures. The calculated pKy values are shown in Table 5.

Comparing the results obtained with XSCORE and PEARLS
against experimental determined affinities, we can see that the
pKy values obtained by using PEARLS are slightly closer to the
experimental ones, however, they can be used only for a qualita-
tive analysis. Using PEARLS results we may suggest that SKM pres-
ent higher affinity for SK from B. anthracis. This result is also
observed using XSCORE. The high affinity of BaSK for SKM is prob-
ably due to the higher number of hydrogen bonds between BaSK
and SKM when comparing with the other three enzymes (Table
6). E. coli presents the same number of intermolecular hydrogen
bonds that B. anthracis; however, the intensity of electrostatic
interactions seems to be lower due to the hydrogen bonds distance
to be near to the cut off (~3.4 A).

Figure 4. This figure illustrates the superposition of MtSK (light gray) against BaSK
(dark gray). The image was generated using Pymol.>®

In order to estimate the solvent accessible surface (ASA)
and contact surface of the proteins cited above, we had per-
formed analysis using AREAIMOL3® which is a program from
the CCP4 package (Collaborative Computational Project, Num-
ber 4, 1994)>7 using default settings. The result does not show
a correlation between the contact surface and the highest pKy
value for BaSK. However, for E. coli this relation can be ob-
served (Table 6). Nevertheless, contact surface contributes to
increase protein-ligand affinity, as can be observed in the
empirical scoring functions employed in the programs XSCORE
and PEARLS.3%35

We used only the results for the ligand SKM because the ATP
phosphate charges do not give us good results using PEARLS. The
results for B. anthracis can be confirmed by enzymatic methods.
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Figure 5. Representation of the models obtained for BaSK binary complexes that were modeled with the enzyme in a number of liganded states. (5a) BaSK(apo) with the LID
in open(A) conformation; (5b) BaSK:ADP LID with the LID in open(A) conformation; (5¢) BaSK:ADP with the LID in open(B) conformation; (5d) BaSK:MgATP with the LID in
open(B) conformation; (5e) BaSK:SKM with the LID in open(A) conformation; (5f) BaSK:SKM with the LID in closed conformation; (5g) BaSK:SKM:ADP with the LID in closed

conformation; (5h) BaSK:S3P:SO4 with the LID in closed conformation; (5i) BaSK:S3P:ADP with the LID in closed conformation. The images were generated using Pymo

2.7. Molecular dynamics simulation

The root mean square deviation (RMSD) from the starting
structure is an important criterion for the convergence of the
protein system. The RMSD values of all Ca of BaSK (Open (Sys-
tem 1) and Closed (System 2) LID domain) and BaSK:SKM:ADP
(System 3) structures are shown in Fig. 10, demonstrating that
the 4ns of simulation system appear to have been stabilized
after 1000 ps of equilibration. Furthermore, the RMSD for the
system 1 is higher than other systems (3.1 £0.5 A), the system
2 presents slightly larger (2.6 +0.4 A) than that for the system
3 (2.3+£0.4A), which indicates that the stability of BaSK de-
creases upon binding the ligand.

Rg (Radius of gyration) as a function of time is shown in Fig. 11.
Unfolding is often revealed by an increase of Rg. The mean values
of the Rg averaged over the period from O to 4 ns were determined
(16.0+3.5, 15.7+ 1.1, and 15.6 + 1.2 for the systems 1, 2, and 3,
respectively), remaining essentially constant after 2000 ps for
those systems, suggesting that the molecular conformation was
significantly preserved as a whole.

1.57

2.8. Principal component analysis

To support our results and investigate the most significant col-
lective modes of motion occurring during the simulations of the
uncomplexed and complexed BaSK, the covariance matrix corre-
sponding to the Co-atom coordinates was calculated and PCA
was performed. By diagonalizing the covariance matrix, the anhar-
monic and large-scale motions of the protein are isolated from the
mostly harmonic and small-scale motions. Because the large-scale
anharmonic motions in the essential subspace are often correlated
to the vital functions of the protein, we only focus on these move-
ments. The 3N eigenvalues (495 eigenvalues) of the covariance ma-
trix were ranked in a decreasing order of magnitude (data not
shown). Ninety-two percent of the total positional fluctuations
are described by the first 50 eigenvectors of both models (data
not shown), but different from the usual case, in which the first
10 eigenvectors represent ~95% of the total motion for the other
protein.®® This indicates that the fluctuations in BaSK are more
complicated. Although the first 50 eigenvectors account for 94%
of eigenvectors on the systems 1 and 2, and 92% on system 3, the
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Figure 6. The binding of nucleotides, ADP or ATP, induces a rotational movement of
the NB domain. The binding of SKM causes a rotation of the ESB domain. This
motion is visible when we superposed the BaSK apo-enzyme structure—template

2IYT—(light gray) to the BaSK:ADP:SKM complex—template 2IYQ—(dark gray). The
1_58

image was generated using Pymo

open (B)

closed

Figure 7. This figure illustrates the high flexibility of the LID domain, indicating by
three different conformations. The image was generating using Pymol.>®

first 4 eigenvectors alone represent about 67.1%, 66.0%, and 57.4%
for uncomplexed (system 1 and 2, respectively) and complexed
BaSK (system 3), of the fluctuations. Thus, the displacements of
the components of the first 4 eigenvectors for uncomplexed BaSK
(Open and closed LID domain) and BaSK:SKM:ADP are shown in
Fig. 12. For uncomplexed BaSK, the significant fluctuations are

Figure 8. This image presents the active site of the BaSK with SKM. The residues are
presented in light gray and the SKM is presented in dark gray. The bond lengths are
present in A. The image was generated using Pymol.>®

localized on the residues 1-16, 42-62, 106-36, and 150-166, as
well as the C-terminal regions. It is not surprising that the signifi-
cant fluctuations occur in these regions, because they are generally
located in the loop regions of the protein. Similarly, there also exist
the fluctuations in these regions for the complexed BaSK. But the
fluctuations in these residues decrease. Because the P-loop (1-
14) moves toward the inhibitor and interacts with the ADP, the
fluctuation in this region decreases. Correspondingly, the ESB
(31-91) next to the P-Loop fluctuates less. Additionally, a signifi-
cant fluctuation in residues 107-136, which are composed by LID
domain, appears in the uncomplexed BaSK.

For comparison of the fluctuations between uncomplexed and
complexed BaSK more clearly, we displayed the displacements of
residues of eigenvector 1 for uncomplexed (Open and closed LID
domain) and complexed BaSK in one plot (Fig. 13), due to fluctua-
tions of eigenvector 1 being the major motion. It can be seen from
Fig. 13 that ligand-binding reduces motion in residues 1-16, 44 -
62, 103-109, 111-123, and 145-152, whereas increases fluctua-
tions in segment 77-92. It is not surprising that the fluctuation
in the LID reduces once the ligand binds, because the LID moves to-
ward the ligand and forms hydrophobic interactions and hydrogen
bonds with it, and the flexibility of the LID reduces accordingly.

3. Conclusions

The structures of BaSK modeled in different conformational
states provided snapshots of the interactions of this protein with
its natural substrates. The comparison of the enzyme in apo-form
to the complexes collaborate with a better understanding of the
interactions between SK with its substrates. Structural analyses
of BaSK were able to identify the main residues involved in ATP-
and SKM-binding, which are responsible for ligand-binding affini-
ties. The residues involved in BaSK- and MtSK-binding sites do not
differ significantly. The residues Asp33, Arg57, Gly78, and Gly79
present in BaSK SKM-binding site are conserved in all SKs and also
the residues Gly13 and Lys14 from the BaSK ATP-binding site. S3P-
binding involves conserved residues Lys14, Asp33, Arg57, and
Gly78.

The 4ns of MD simulations on three systems (two BaSK uncom-
plexed and one BaSK complexed with SKM and ADP), were carried
out with the aim of revealing the possible mechanism of ligand
recognition and inhibition. Based on our models, dynamics simula-
tion and conformation analysis, many useful results were obtained.
First, upon binding of the ligand, the flexibility of the BaSK de-
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Table 3
The residues involved in the ADP/ATP and SKM-binding sites
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Protein(ligand)—LID conformation Residues involved on binding pocket

2IYQ(ADP)—closed GLY12 GLY14 LYS15
BaSK(ADP)—closed GLY13 CYS65 TRP89
2IYU(ADP)—open (A) GLY12 GLY14 LYS15
BaSK(ADP)—open (A) GLY11 GLY13 LYS14
21YV(ADP)—open (B) GLY12 GLY14 LYS15
BaSK(ADP)—open (B) GLY11 GLY13 LYS14
2IYW(ATP)—open (B) GLY12 GLY14 LYS15
BaSK(ATP)—open (B) GLY11 GLY13 LYS14
2IYZ(ADP)—closed GLY12 GLY14 LYS15
BaSK(ADP)—closed GLY13 LYS14 ARG109
2IYQ(SKM)—closed GLY80 ARG58 ARG136
BaSK(SKM)—closed ASP33 ILE44 ARG57
2IYR(SKM)—closed ARG58 GLY80 ARG136
BaSK(SKM)—closed ASP33 ILE44 PHE48
21YS(SKM)—open (A) ASP34 ILE45 ARG5S
BaSK(SKM)—open (A) ASP33 ILE44 ARG57

SER16 THR17

ARG109 VAL152

SER16 THR17 ARG153

THR15 THR16 ARG109 LYS 150 VAL152
SER16 THR17 ARG153

THR15 THR16 ARG109 LYS150 VAL152
SER16 THR17 ARG153

THR15 THR16 ARG109 LYS150 VAL152
SER16 THR17 ARG110 ARG153 ARG155
GLY78 GLY79 ARG135

ARG57 GLY78

GLY80 GLY81 ARG136

GLY78 GLY79 ARG135

Open (A) and open (B) indicate two different conformations of the LID domain due to ligand binding. The mutations in the residues between template and model are pointed

out in italic.

Table 4

Intermolecular hydrogen bonds between BaSK/SKM and MtSK/SKM

PROTEIN Ligand (SKM) Protein (BaSK) Distance

(template) atom atom/residue (A)

BaSK (21YQ) 03 NH2/ ARG57 2.7
03 NH2/ ARG135 29
02 NH1/ ARG135 2.7
011 N/ GLY78 3.0

BaSK (2IYR) 011 N/ GLY78 3.1
03 NH2/ ARG57 2.7

BaSK (21YS) 03 NH2/ ARG135 33
03 NH2/ ARG57 2.8
011 N/ GLY78 3.0

MtSK (21YQ) 03 NH2/ ARG58 2.7
03 NH2/ ARG136 29
02 NH1/ ARG136 2.7
011 N/ GLY80 29

MtSK (2IYR) 011 N/ GLY80 3.1
02 NH1/ ARG136 29
03 NH2/ ARG136 3.1
03 NH2/ ARG58 2.7

MtSK (21YS) 011 N/ GLY80 3.0
03 NH2/ ARG136 34
03 NH2/ ARG58 2.8

The first column presents the protein (BaSK). In parentheses we show the MtSK
template used for modeling BaSK. All these structures present the LID in closed
conformation.

creases. The most notable change is the movement between the
residues 44-62, 104-114, and 116-136, which are the residues
present in the ESB, a6 and LID domains, respectively.

This study of the interaction between ligand and protein may
help in the identification of new inhibitors for Shikimate Kinase,
contributing for better understanding the catalytic activity and
the rational drug design for the Shikimate Kinase from B. anthracis.

4. Materials and methods
4.1. Molecular modeling

Homology modeling is usually the choice method when there is
a clear relationship of homology between the sequence of a target
protein and at least one known structure. This computational tech-
nique is based on the assumption that tertiary structures of two
proteins will be similar if their sequences were related, and it is
the approach most likely to give the accurate results.>® For model-

Val152

Figure 9. This image presents the active site of the BaSK with ATP. The residues are
presented in light gray and the ATP is presented in dark gray. The bond lengths are
present in A. The image was generated using Pymol.>®

Table 5
pK4 values for ADP from the organisms Bacillus anthracis, Escherichia coli, Erwinia
chrysanthemi, and Methanococcus jannaschii

Organism X-SCORE  Experimental values (BRENDA)  PEARLS
Escherichia coli 4.6 3.7 4.6
Erwinia crysanthemi 4.4 4.1 3.6
Methanococcus jannaschii 4.8 34 4.5
Bacillus anthracis 53 — 6.4

All values are in pKy units.

ing of the BaSK we used as templates the structures of MtSK depos-
ited in the Protein Data Bank (PDB). Table 7 shows the PDB access
codes for the templates and a description of the ligands, if present.

The web server PARMODEL*® was used to modeling the enzyme
in apo form and the complexes as well. PARMODEL is a parallelized
version of the MODELLER.*! All waters atomic coordinates were re-
moved from the MtSK structures to prepare the template struc-
tures. The modeling procedure begins with alignment of the
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Table 6

Intermolecular hydrogen bonds between SK and SKM and the solvent contact surface
(CS) from the organisms Bacillus anthracis, Escherichia coli, Erwinia chrysanthemi, and
Methanococcus jannaschii

4.2. Evaluation of binding affinity

Analysis of the interaction between a ligand and a protein target

is still a scientific endeavor. The affinity and specificity between a

Orgariiin el (F0A)) i @amy OkEne 6 ligand and its protein target depends on directional hydrogen
atom residue (A) (A%) . . .
—— bonds and ionic interactions, as well as on shape complementarity
Escherichia coli on N{_l (23]-:52 3.2 171 of the contact surfaces of both partners.** The program XSCORE>*
82 zm; ARg?SO ;; was used to evaluate the binding affinity of the ligands against
o7 N2/LYS119 34 MtSK and BaSK. According to this method, the binding affinity of
Erwinia crysanthemi 011 N/ GLYSO 31 B the ligand can be decomposgd to the contribution of _1r1d1_\/1d_ual
atoms. Each ligand atom obtains a score, called the atomic-binding
Methanococcus 02 NH2/ ARG48 29 166 T . . : T
— 02 NH2/ARG128 28 score, indicating its role in the binding process. The program reads
. . ’ the structure, assigns atom types and parameters, performs the
Bacillus anthracis 01 NH2/ ARG135 2.9 122 . . . . .
02 NH2/ARG135 29 calculation, and gives the dissociation constant of the given pro-
03 N/GLY78 28 tein-ligand complex. The computational results are fed into a text
04 NH2/ARG57 2.7 file in which the detailed information of each ligand atom, includ-

sequence to be modeled (target) with related known three-dimen-
sional structures (templates). This alignment is usually the input to
the program and the output is a three-dimensional model for the
target sequence containing all main-chain and side-chain non-
hydrogens atoms.*? The alignment of BaSK (target) and of MtSK
(template) is shown in Fig. 3.

Previous studies of MtSK in complex with different ligands
opened the possibility to assess the structure of SK in different in-
stants during catalysis. The structural mechanism of the catalytic
functioning of BaSK was investigated on the basis of a series of
high-resolution crystal structures from MtSK, deposited in PDB,
as templates, corresponding to individual steps in the enzymatic
reaction.® The degree of primary sequence identity between MtSK
and BaSK indicates that the crystallographic structures of the MtSK
are good models to be used as templates for BaSK. A total of 1000
models were generated for each binary complex and the final mod-
els were selected based on objective function of the Modeller. All
optimization process was performed on a Beowulf cluster with
16 nodes (BioComp, AMD Athlon XP 2100+, BioComp, Brazil).

ing the atomic-binding score, is tabulated. These data were used to
evaluate the affinities against SKs to verify possible resemblance in
the structural basis for specificity against these enzymes.

4.3. Analysis of the models

The overall stereochemical quality of the final models for each
enzyme of the BaSK was assessed by the program PROCHECK.**
Atomic models were superposed using the program LSQKAB from
CCP4%” and the intermolecular hydrogen bonds were assessed by
the program LIGPLOT.*® The cutoff for hydrogen bonds was 3.4 A.
Physico-chemical parameters of a protein such as isoeletric point,
amino-acid, and atomic compositions were analyzed using
PROTPARAM.*®

4.4. Molecular dynamic simulations

MD simulations were performed with the GROMACS 3.3.1 pack-
age?” using the Gromos 96.1 (43A2) force field. The SKM and ADP
topologies were generated with the PRODRG program.“® Accurate
force field are essential for reproducing the conformational and

o

RMSD (A)

—

S ==

1000

2000

3000 4000

Time (ps)

Figure 10. Graphical representation of root-mean-square deviation (RMSD) of all Co from starting structure of models as a function of time. The solid black line represents
RMSD of BaSK unbound (Open LID domain—System 1), gray line represents BaSK unbound (Closed LID domain—System 2), and dashed black line represents BaSK:SKM:ADP

(System 3).
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Figure 11. Radius of gyration as a function of time of uncomplexed BaSK unbound Open LID domain (System 1) in black, BaSK unbound Closed LID domain (System 2) in gray,
and the BaSK:SKM:ADP complex (System 3) in dashed line, during individual 4 ns MD simulation.
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Figure 12. Displacements of the components of the first four eigenvectors black line for BaSK unbound (Open LID domain—System 1), gray line BaSK unbound (Closed LID

domain—System 2), and dashed black line BaSK:SKM:ADP (System 3).

dynamic behavior of condensed-phase systems, the Gromos 96.1
force fields well parameterized for proteins but the parameters
for small molecules are still limited for simulations of more com-
plicated biological systems, so the atomic charges in the SKM
and ADP molecules were used GAMESS*® which were submitted
to single-point ab initio calculations at RHF 6-31G+ level in order
to obtain Lowdin derived charges. Manipulation of structures

was performed with Swiss-PDBViewer v3.7 program.>® The first
system was composed by BaSK in apo form with LID domain open
(system 1), the second system by BaSK in apo form with LID do-
main closed (system 2) and third system by BaSK, SKM, and ADP
(system 3). The simulations of the three systems were performed
by a time period of 4ns. In those systems were added Na+ counter
ions (six Na+ ions on the systems 1 and 2 and ten Na+ ions on the
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Figure 13. Displacements of the components of first eigenvector black line for BaSK unbound (Open LID domain—System 1), gray line for BaSK unbound (Closed LID domain—

System 2), and dashed black line for BaSK:SKM:ADP (System 3).

system 3) using Genion Program of the GROMACS simulation suite
to neutralize the negative charge density of the systems. Each
structure was placed in the center of a truncated cubic box filled
with Extended Simple Point Charge (SPC/E) water molecules,’!
containing 12,985 for the system 1, 9249 for the system 2, and
9222 water molecules for the system 3. The initial simulation cell
dimensions were 33.34, 48.70, 55.39 A for the system 1, 41.92,
35.70, 45.14 A for the system 2 and 3, and had the protein solvated
by a layer of water molecules of at least 10 A in all directions in
both systems. During the simulations, bonds lengths within the
proteins were constrained by using LINCS algorithm.>? The SETTLE
algorithm was used to constrain the geometry of water mole-
cules.>® In the MD protocol, all hydrogen atoms, ions, and water
molecules were first subjected to 1500 steps of energy minimiza-
tions by steepest descent to remove close van der Waals contacts.
The systems were then submitted to a short molecular dynamic
with position restrains for a period of 20 ps and afterwards per-
formed a full molecular dynamics without restrains. The tempera-
ture of the system was then increased from 50 to 300 K in 5 steps
(50 to 100, 100 to 150, 150 to 200, 200 to 250, 250 to 300 K), and
the velocities at each step were reassigned according to the Max-
well-Boltzmann distribution at that temperature and equilibrated
for 10 ps except the last part of termalization phase where we used
a period of 40 ps. Energy minimization and MD were carried out
under periodic boundary conditions. The simulation was computed
in the NPT ensemble at 300 K with the Berendsen temperature
coupling and constant pressure of 1 atm with isotropic molecule-
based scaling.>* The LINCS algorithm, with a 107> A tolerance,
was applied to fix all bonds containing a hydrogen atom, allowing
the use of a time step of 2.0fs in the integration of the equations of
motion. No extra restrains were applied after the equilibration
phase. The electrostatic interactions between non-ligand atoms
were evaluated by the particle-mesh Ewald method®> with a

charge grid spacing of ~1.0 A and the charge grid was interpolated
on a cubic grid with the direct sum tolerance set to 1.0 x 107>, The
Lennard-Jones interactions were evaluated using a 9.0 A atom-
based cutoff.>® All analyses were performed on the ensemble of
system configurations extracted at 0.5-ps time intervals from the
simulation and MD trajectory collection was initiated after 1 ns
of dynamics to guarantee a completely equilibrated evolution.
The MD simulation and results analyses were performed on a per-
sonal computer Intel Core 2 Duo E6300 - 1.86GHz and 4Gb RAM.
The convergence of the different simulations were analyzed in
terms of the secondary structure, root mean-square deviation
(RMSD) from the initial models structures and radius of gyration

(Rg).
4.5. Essential dynamics analysis

Essential Dynamics (ED), also known as principal component
analysis (PCA), is a method commonly used for dissecting the
dynamics of proteins and their importance in biological processes,
like protein folding or substrate binding. The ED analysis is a tech-
nique that reduces the complexity of the data and extracts the con-
certed motion in simulations that are essentially correlated and
presumably meaningful for biological function.’ In the ED analy-
sis, a variance/covariance matrix was constructed from the trajec-
tories after removal of the rotational and translational movements.
A set of eigenvectors and eigenvalues was identified by diagonaliz-
ing the matrix. The eigenvalues represented the amplitude of the
eigenvectors along the multidimensional space, and the displace-
ments of atoms along each eigenvector showed the concerted mo-
tions of protein along each direction. An assumption of ED analysis
is that the correlated motions for the function of the protein are de-
scribed by eigenvectors with large eigenvalues. The movements of
protein in the essential subspace were identified by projecting the
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Table 7
PDB access codes, resolution, description of the ligands and the LID conformation for
MtSK structures (templates)

Enzyme  PDB access code  Resolution (A)  Ligands LID conformation

SK TWE2 23 SKM + ADP Closed
2IYT 1.5 Apo Open (A)
2IYU 1.8 ADP Open (A)
2IYV 1.3 ADP Open (B)
2IYW 1.8 MgATP Open (B)
21YS 14 SKM Open (A)
2IYR 2.0 SKM Closed
21IYQ 1.8 SKM + ADP  Closed
21YY 1.6 S3P + S04 Closed
21YZ 2.3 S3P + ADP Closed
1L4Y 2.0 MgADP Closed

Open (A) and open (B) indicate two different conformations of the LID domain due
to ligand binding.

Cartesian trajectory coordinates along the most important eigen-
vectors from the analysis.
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