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The binding mode of several substrate analogues, (2R)-2-
benzyl-3-dehydroquinic acids 4, which are potent reversible
competitive inhibitors of type Il dehydroquinase (DHQ2), the
third enzyme of the shikimic acid pathway, has been investi-
gated by structural and computational studies. The crystal
structures of Mycobacterium tuberculosis and Helicobacter pylori
DHQ2 in complex with one of the most potent inhibitor, p-me-
thoxybenzyl derivative 4a, have been solved at 240 A and
2.75 &, respectively. This has allowed the resolution of the
M. tuberculosis DHQ2 loop containing residues 20-25 for the

Introduction

Dehydroquinase (3-dehydroquinate dehydratase; EC 4.2.1.10) is
the third enzyme in the shikimic acid pathway and catalyzes
the reversible dehydration of 3-dehydroquinic acid (1) to form
3-dehydroshikimic acid (2) (Scheme 1)."’ There are two distinct
dehydroquinases, designated as typel (DHQT) and typell
(DHQ2), which have different biochemical and biophysical
properties and exhibit little sequence similarity. Both subtypes
catalyze the same overall reaction through independent mech-
anisms and with opposite stereochemistry.”’ The typel en-
zymes (identified from Escherichia coli, Salmonella typhi) use a
multistep mechanism that involves covalent imine intermedi-
ates between the ketone 1 and a conserved lysine (Lys170 in
E. coli).® These enzymes are only involved in the biosynthesis
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Scheme 1. Proposed E1cB mechanism for the enzymatic conversion of 3-de-
hydroquinic acid (1) to 3-dehydroshikimic acid (2) catalyzed by DHQ2. The
reaction proceeds via the enol intermediate 3.
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first time. These structures show the key interactions of the ar-
omatic ring in the active site of both enzymes and additionally
reveal an important change in the conformation and flexibility
of the loop that closes over substrate binding. The loop con-
formation and the binding mode of compounds 4b-d has
been also studied by molecular dynamics simulations, which
suggest that the benzyl group of inhibitors 4 prevent appropri-
ate orientation of the catalytic tyrosine of the loop for proton
abstraction and disrupts its basicity.

of shikimate and catalyze an overall syn elimination of water
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characterized by the loss of the less acidic pro-R hydrogen
from C-2 of 1.” In contrast to DHQ1, the type Il enzymes cata-
lyze the anti elimination of water, which involves the loss of
the more acidic pro-S hydrogen from C-2 of 1.” DHQ2 en-
zymes are found on both the shikimate and quinate pathways.
Biosynthetic DHQ2 occurs in many bacterial species including
M. tuberculosis, Streptomyces coelicolor and H. pylori"® Catabo-
lic DHQ2 have been characterized from Aspergillus nidulans
and Neurospora crassa. DHQ2 from Amycolatopsis methanolic
operates on both pathways."™ The elimination proceeds
through a stepwise E1cB mechanism involving an enol inter-
mediate 3 (Scheme 1).%7 Initially, an essential tyrosine of the
active site removes the pro-S hydrogen from C-2 of 1. The final
step is the acid-catalyzed elimination of the C-1 hydroxy
group—a reaction mediated by a histidine residue that acts as
proton donor. It is believed that the lower pK, of the tyrosine
is the result of a basic environment formed by two conserved
arginine residues in close proximity.”

In recent years, we have focused on the inhibition of DHQ2
from M. tuberculosis (DHQ2-Mt) and H. pylori (DHQ2-Hp), essen-
tial enzymes in the normal function of these organisms.®** We
have shown that substitution of pro-R hydrogen of 3-dehydro-
quinic acid (1), the natural substrate of the DHQ2, by benzyl
groups generates potent reversible competitive inhibitors
(Figure 1).% The p-methoxybenzyl derivative 4a and the ben-

4a Ar = (4-MeO)CgHy4 (0.026 um; 0.17 um)

4b Ar = (4-Me)CgH,4 (0.089 um; 0.25 pum)

4c¢ Ar = CgFs5 (0.047 pm; 2.6 um)

4d Ar = benzo[b]thiophen-5-yl (0.028 um; 0.16 um)

Figure 1. (2R)-2-Benzyl-3-dehydroquinic acids 4 are reversible, competitive
inhibitors of DHQ2. The K; values (um) for compounds 4 against DHQ2-Mt
and DHQ2-Hp are indicated in parentheses in that order.

zothiophene 4d proved to be the most potent competitive in-
hibitors of both DHQ2 enzymes, with K; values of 26 nm and
28 nm against M. tuberculosis and 170 nm and 160 nm against
H. pylori, respectively. In order to gain further insights into the
interaction, we aimed to solve the crystal structures of M. tu-
berculosis and H. pylori DHQ2 in complex with one of the most
potent inhibitors, p-methoxybenzyl derivative 4a. The binding
mode of compounds 4b-d and the observed conformational
changes affecting the loop region that closes over the active
site were also studied by molecular dynamics simulations.

Results and Discussion
Structural studies

In an effort to obtain structural information on the binding
mechanism of (2R)-2-benzyl-3-dehydroquinic acids 4, one of
the most potent competitive inhibitors of the series, p-methox-
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ybenzyl derivative 4a, was co-crystallized with DHQ2 from
both M. tuberculosis and H. pylori.

X-ray diffraction data were collected from a cryo-cooled crys-
tal of DHQ2-Mt/4a complex using synchrotron radiation and a
summary of the statistics following data reduction and proc-
essing is given in Table 1. The structure was determined by
molecular replacement, using the back-bone chain of DHQ2-
Mt bound to 3-hydroxyimino quinic acid (PDB: 1HO0S)"™ as a

search model (Figure 2), and then refined.

Table 1. Crystallographic data collection and refinement statistics of
DHQ2-Mt and DHQ2-Hp complexes with inhibitor 4a.

merge

refinement'®

Data processing™ DHQ2-Mt/4a DHQ2-Hp/4a

space group F23 P4,22

cell parameters a=b=c=12652 A" a=b=100.56 A",

c=10545A

wavelength 0.87260 A 1.54184 A

detector 225 mm MarMOSAIC  Kappa CCD2000
flatpanel

crystal-to-detector distance  238.9 mm 90.0 mm

resolution range 38.0-2.40 A (2.53- 35.0-2.75 A (2.85-
240 A) 2.75 A)

observed reflections' 6707 (982) 14629 (1446)

wilson B 28.6 A2 61.5 A%

multiplicity 10.9 (11.0) 36 (3.2)

completeness 1.000 (1.000) 0.999 (0.999)

R, 0.118 (0.383) 0.044 (0.318)

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reflections used in refine- 6175 (887) 13844 (1967)

ment!

reflections used for R-free 503 (81) 748 (89)

resolution range 20.0-2.40 A (2.53- 34.2-2.75 A (2.90-
240 A) 275 A)

R-factort! 0.156 (0.170) 0.185 (0.281)

R-free!® 0.203 (0.234) 0.250 (0.309)

RMSD (bonds/angles) 0.015 A/1.5° 0.014 A/1.4°

protein/inhibitor/Tris/sulfate/ 1071/22/8/35/-/50 3663/44/-/-/13/21

citrate/water atoms
average B protein/inhibitor/
Tris/sulfate/citrate/water

46.1 A%/40.6 A%/-/-/
415 A%/37.4 A

19.1 A18.2 AY
44.0 A%/50.2 A%/
217 A2
97.1%/99.3%

ramachandran statistics™ 95.9%/99.8%

[a] Results from SCALA (DHQ2-Mt/4a; Reference [12]) or XPREP (DHQ2-
Hp/4a; Reference [13]). [b] One Angstrom (A) is 0.1 nm. [c] No sigma
cutoff or other restrictions were used for inclusion of reflections.
[d] Values in parentheses are for the highest resolution bin, where appli-
cable. [e] Results from REFMAC (Reference [14]). [f] R-factor=S||Fobs-
(hkl) | — | Fealc(hkl) | | /S | Fobs(hkl) |. [g] According to Reference [15]. [h] Ac-
cording to the program MOLPROBITY (Reference [16]). The percentages
indicated are for residues in favored and total allowed regions, respec-
tively.

The structure contains a single DHQ2-Mt molecule in the
asymmetric unit. Overall, the two structures (PDB: THOS and
2BX8) are virtually identical (0.371 A root mean square differ-
ence (RMSD) after superimposition); the only significant differ-
ences are noted for Leu3 (the most N-terminal resolved resi-
due), Gly17, Arg18, Arg19 and Gly26. Amino acids 20-25,
which are located in the loop that closes over the active site
following substrate binding, have now been visualized for the
first time (Figure 3). It should be noted that in both structures,
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Figure 2. Electron density for inhibitor 4a in the crystal structure of DHQ2-
Mt (PDB: 2XB8). From the model obtained by molecular replacement, amino
acids 17-25 were removed and refinement was performed to obtain un-
biased density for the inhibitor molecule and other model changes. A maxi-
mum-likelihood-weighted 2F ,~F. map"* contoured at 10 is shown up to 3 A
around the inhibitor molecule. The final model, as deposited in the database
Protein Data Bank and including the inhibitor molecule, is superposed onto
the map.

that is, the structure reported here and PDB entry 1H0S,™
amino acids belonging to the loop 18-25 have relatively high
temperature factors (50 A% compared with the rest of the pro-
tein (17.4 A% and that Glu20 of our structure falls outside the
expected region of the Ramachandran plot. Therefore, it is
likely that this loop is flexible and adopts different conforma-
tions, even in cryo-cooled crystals. The cyclohexane ring of in-
hibitor 4a occupies approximately the same site as 3-hydroxyi-
mino quinic acid in PDB entry 1THOS, and the carbonyl group of
4a forms a hydrogen bond with an essential water molecule in
the active site. The p-methoxybenzyl moiety of 4a is located in
the position occupied by the side chain of Arg19 in PDB en-
try THOS. Therefore, this aromatic group is in close contact
with the side chain carbons of Arg15 and Asn12 and with the
side chain atoms of Leu16 and Leu13, thus establishing impor-
tant lipophilic interactions with this part of the active site.

Notably, the side chain of Arg19 is displaced outside of the
active site. This amino acid has been identified by chemical
modification and site-directed mutagenesis studies as being
essential for enzyme activity, and it has been suggested that it
plays a role in the stabilization of the enol intermediate.'””
Namely, replacement of essential Arg23 of DHQ2 from S. coeli-
color by lysine, glutamine or alanine causes a reduction in cata-
lytic activity between 3000- and 30000-fold.* Tyr24 in this
loop is located close to the aromatic ring of ligand 4a and in-
teracts with Arg108 and with Asp88 via hydrogen bonding
with a bridging water molecule. Additionally, a second water
molecule was observed close to the same loop and this inter-
acts through hydrogen bonding with the amide carbonyl
groups of Gly25, Glu20 and Arg19 and the amide nitrogen of
Gly17. The atoms involved are arranged in a pseudo-square-
planar disposition. These attractive interactions facilitate stabili-
zation of the loop in the closed conformation,® thus allowing
the description of this loop for the first time in DHQ2-Mt.

X-ray diffraction data were also collected for the DHQ2-Hp/
4a complex at room temperature using a Bruker-Nonius FR591
rotating anode diffractometer. The crystallographic structure
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‘

3-hydroxyimino

Figure 3. Interactions of inhibitor 4a with DHQ2-Mt. a) Lipophilic (blue) and
hydrophilic (red) interactions between 4a (grey) and the DHQ2-Mt (purple).
b) Superposition of DHQ2-Mt/4a complex (PDB: 2XB8; purple/grey) with
DHQ2-Mt/3-hydroxyimino quinic acid (PDB: THOS;""" green). Only relevant
residues are indicated. The side chain of Arg19 is flipped out of the active
site as a result of its displacement by the p-methoxybenzyl ring system of
4a. The position of Arg19 in the DHQ2-Mt/4a complex (purple) is displaced
by 2.3 A in relation to its position in DHQ2-Mt/3-hydroxyimino quinic acid
complex (green). Arg19 in DHQ2-Mt/4a complex (purple) is described as
two conformationally possible rotamers.

was solved by molecular replacement, using the back-bone
chain of DHQ2-Hp bound to citric acid (PDB: 2C4V'") as a
search model (Figure 4), and refined. For data and refinement
statistics see Table 1. The DHQ2-Hp/4a complex crystallized
with three copies of the monomer in the asymmetric unit (des-
ignated as chains A, B & Q).

The three crystallographically independent copies superim-
pose well onto each other, with an RMSD value of 0.3 A when
chain A is superimposed onto B, and 0.4 A when chains A or B
are superimposed onto C. PDB entry 2C4V"? contains a single
protein per asymmetric unit; when chains A, B or C are super-
imposed onto this structure, RMSD values of 0.6, 0.6 and 0.4 A
are observed, respectively; thus, the protein part of the model
is virtually identical.

When the electron densities for active sites were observed,
chains A and B showed a positive electron density difference,

ChemMedChem 2010, 5, 1726 - 1733


www.chemmedchem.org

The Inhibition of Type Il Dehydroquinase

Leu14

Figure 4. Electron density for inhibitor 4a in monomers A and B and for cit-
rate in monomer C of the crystal structure of DHQ2-Hp (PDB: 2XB9). From
the model obtained by molecular replacement, amino acids 15-23 of each
of the three monomers were removed and refinement was performed to
obtain unbiased density for the inhibitor and citrate molecules and other
model changes. A maximum-likelihood weighted 2F,~F, map"* contoured
at 10 is shown up to 3 A around the inhibitor or citrate molecules. The final
model, as deposited into the database and including inhibitor molecules
and citrate, is superposed onto the map.

indicating that a larger molecule than citrate was present in
the active site. However, chain C has citrate originating from
the enzyme crystallization buffer (as in PDB entry 2C4V;" Fig-
ure 4¢). Therefore, ligand 4a was modeled in the active sites
of chains A and B and then refined (Figure 4a and b). Tempera-
ture factors of the ligand were refined to values similar to
those of the protein. In chain C, Arg17 is located close to Tyr22
and it interacts through hydrogen bonding with one of the
carboxylate groups of the citrate moiety (Figure 5a) in an anal-
ogous way to that found in PDB entry 2C4V."¥ However, in the
inhibitor complexes that contain chains A and B, Arg17 is ex-
pelled from the active site and faces away from Tyr22 (Fig-

ChemMedChem 2010, 5, 1726 - 1733
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Figure 5. Superposition of: a) Chain C of DHQ2-Hp/4a complex (2XB9;
yellow) with DHQ2-Hp/citrate (2C4V;""¥ orange); b) Chain B of DHQ2-Hp/4a
complex (yellow with 4a in grey) with DHQ2-Hp/citrate (PDB: 2C4V;"""
orange); ¢) Chain B of DHQ2-Hp/4a complex (2XB9; yellow with 4a in grey)
with DHQ2-Hp/benzothiophene inhibitor (PDB: 2WKS;* pale green). Only
relevant residues are indicated. Note how the side chain of Arg17 is flipped
out of the active site as a result of its displacement by the aromatic ring
system of inhibitors.

ure 5b). In all chains, a water molecule close to the flexible
arm helps its organization by hydrogen bonding with the
amide carbonyl group of Gly23 and Arg17 and the amide ni-
trogen of Gly15, forming a pseudo-trigonal-planar disposition.
When chains A and B of these structures are compared with
the structure recently reported by us for DHQ2-Hp in complex
with a benzothiophene derivative (K;=130 nm; PDB: 2WKS™),
a small shift of the catalytic Tyr22 and the loop is observed.
This shift is caused by the proximity of the benzyl group of in-
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hibitor 4a to the side-chain residues of this part of the active
site (Figure 5c¢). In particular, Tyr22 of chains A and B is shifted
about 1.5 A away from its position in PDB entry 2WKS and, in
contrast, Arg17 is displaced 2.9 A towards the active site.

Molecular dynamics simulations

The solved crystal structures of the DHQ2-Mt/4a and DHQ2-
Hp/4a complexes show not only relevant lipophilic interac-
tions with several residues of the active site, but also an impor-
tant change in the conformation and flexibility of the loop that
closes over the substrate binding site. This partial ordering of
the DHQ2-Mt loop appears to be related to the competitive
binding of these substrate analogues 4. In an effort to eluci-
date whether ligands 4b-d are likely to have a similar binding
mode as the p-methoxybenzyl derivative 4a and how the loop
conformation may change as ligands 4 bind to the enzymes,
molecular dynamic (MD) simulations were performed.

Firstly, we studied the behavior and stability of the crystal-
line complexes DHQ2/4a in our simulation conditions consid-
ering the two possible protonation states of the catalytic tyro-
sines in both enzymes (Tyr24 and Tyr22 in M. tuberculosis and
H. pylori, respectively). MD studies show that when tyrosine
residues are in their acid form, the proposed complex is similar
to the crystal structure obtained (Figure 6). However, when MD
simulations were performed using the corresponding tyrosi-
nates, the essential arginine of the loop (Arg19 and Arg17 in
M. tuberculosis and H. pylori, respectively) moves into the active
site to establish a strong electrostatic interaction with the tyro-
sine. In addition, comparison of this model with PDB entry
1HOS, which has Arg19 inside the active site, shows that this
residue is not as close to Try24 because the benzyl group oc-
cupies its position. In both models, as well as in the crystal
structures reported here, the catalytic tyrosines are not in the
appropriate orientation for proton abstraction (see Supporting

Figure 6. Superposition of DHQ2-Mt/4a complex (PDB: 2XB8; violet) and the
complex obtained after MD simulations considering essential Tyr22 as its
acid form (green) and as tyrosinate (orange). Only relevant residues are indi-
cated.
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Information). This situation has already been demonstrated in
other DHQ2 inhibitor complexes, particularly from S. coelicolor.
For instance, in the 2,3-anhydroquinic acid complex (PDB:
1GU1),” in a fluoro derivative complex (PDB: 1V1F),?" in a
biaryl complex (PDB: 2CJF),*® amongst others.

However, when these calculations were performed using the
natural substrate to simulate the enzyme-substrate complex,
the essential arginine of the loop is located very close to the
catalytic tyrosine (below 3 A), which is now appropriately ori-
entated for proton abstraction (Figure 7). These results sug-

Arg109

Figure 7. A detailed view of the proposed enzyme-substrate complex as ob-
tained from MD studies with key residues labeled and hydrogen bonds
below 3 A in length shown as dashed lines. The appropriate orientation of
Tyr22 for proton abstraction is highlighted.

gests that, on the one hand, Arg109 (Arg108 in DHQ2-Mt)
should also be responsible for the stabilization of the catalytic
tyrosine in the loop-closed conformation required for the catal-
ysis. On the other hand, the reaction is presumably initiated by
the proximity of the essential arginine of the loop, which ap-
propriately orients the tyrosine to initiate the enzymatic reac-
tion, either by a concerted or stepwise process. It has previous-
ly been suggested that the proximity of Arg109 (Arg108 in
DHQ2-Mt) should lower the pK, of the catalytic tyrosine and,
to a lesser extent, also Arg17 (Arg19 in DHQ2-Mt)."”’ Consider-
ing the proximity of both residues in the proposed enzyme-
substrate complex, the effect of the essential arginine (Arg17
and Arg19) on the pK, of the tyrosine might be quite signifi-
cant. In addition, tyrosine pK, values calculated using the
PROPKA™? program, and the enzyme geometries found in the
DHQ2-Hp/4a complex and the proposed enzyme-inhibitor
complex suggest that this is the case. Namely, the estimated
pK, value of Tyr22 in chains A and B, in which Arg17 is outside
the active site, is 8.99. However, for chain C (in complex with
citrate) and for the proposed enzyme-substrate complex, in

ChemMedChem 2010, 5, 1726 - 1733
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which Arg17 is inside the active site in close contact to Tyr22,
the values are 5.91 and 6.93, respectively.

The binding mode of ligands 4b-d was then investigated.
MD studies show that, as in the crystal structures, the essential
arginine of the loop (Arg19 and Arg17 in M. tuberculosis and
H. pylori, respectively) is located outside of the active site.
Moreover, the aromatic ring of the inhibitors is located close to
the essential tyrosine. For the benzothiophenyl derivative 4d,
one of the most potent inhibitors, the sulfur atom of this ben-
zothiophenyl group is oriented towards the side chain of the
essential arginine of the loop (Figure 8).

Figure 8. Proposed binding mode of ligand 4d in DHQ2-Mt. Only relevant
residues are indicated.

These structural and computational studies highlight the
role of the essential arginine of the loop on the appropriate
orientation for proton abstraction and on the reduced pK,
value of the catalytic tyrosine. The proximity to this arginine to
the catalytic tyrosine triggers the catalytic process. This fact
could explain why (2R)-2-benzyl-3-dehydroquinic acids 4, in
which the axial proton on C-2 is free, are not substrates for the
enzyme. The benzyl groups of ligands 4 inactivate the enzyme
by causing a significant conformational change in the flexible
loop—a change that prevents appropriate orientation of the
tyrosine for proton abstraction.

Conclusions and Final Remarks

The binding mode of (2R)-2-benzyl-3-dehydroquinic acids 4,
which are potent competitive reversible inhibitors of type Il de-
hydroquinase from M. tuberculosis and H. pylori—the third
enzyme of the shikimic acid pathway, has been investigated by
structural and computational studies. The crystal structures of
M. tuberculosis and H. pylori type Il dehydroquinase in complex
with one of the most potent inhibitors, p-methoxybenzyl deriv-
ative 4a, have been solved at 2.40 A and 2.75 A, respectively,
allowing the resolution for the first time of the loop containing

ChemMedChem 2010, 5, 1726 - 1733
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residues 20-25. This loop closes over the active site on sub-
strate binding. Both complexes reveal the key interactions that
occur between the aromatic ring of the ligand and the catalyt-
ic tyrosine present in the active site of both enzymes.

In addition, molecular dynamics studies with ligands 4b-d
predict a similar binding mode as observed for the p-methoxy-
benzyl derivative 4a in the crystal structures reported here.
The results suggest that the benzyl moiety of ligands 4 re-
duces the loop movement, thus preventing entry of the natu-
ral substrate to the active site by changing the appropriate
conformation of the catalytic tyrosine for proton abstraction
and by altering its basicity. Therefore, compounds capable of
altering the conformation and flexibility of the loop that closes
over substrate binding should constitute promising candidates
for inhibitors of these essential enzymes in M. tuberculosis and
H. pylori, two important bacterial pathogens.

Experimental Section

Type Il Dehydroquinase. H. pylori and M. tuberculosis type Il dehy-

droquinase was expressed and purified as described previous-
|y[24,25]

Crystallization and structure determination. DHQ2-Mt and DHQ2-
Hp were concentrated to 20 mgmL™" in 50 mm Tris-HCI (pH 7.5),
1 mMm 2-mercaptoethanol, 1 mm EDTA and 200 mm NaCl. (2R)-2-p-
Methoxybenzyl-3-dehydroquinic acid (4a) was dissolved at 0.25m
in methanol and added at a ratio of 1:20 (v/v) to each protein solu-
tion to give solutions of approximately 10 equivalents of 4a per
protein monomer.

For DHQ2-Mt, diamond shaped crystals of up to 0.05mm X
0.05 mm were obtained after two months of vapor diffusion in sit-
ting drops comprised of 2.0 uL of protein/inhibitor solution mixed
with 2.0 pL of reservoir solution equilibrated against 0.15 mL of a
reservoir solution containing 32% (v/v) 2-methyl-2,4-pentanediol,
0.3M ammonium sulfate and 0.1 m 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid sodium salt (HEPES sodium salt), pH 7.5. After
harvesting, crystals were frozen by direct immersion in liquid nitro-
gen. Data were collected on beamline 1D23-2 (ESRF; Grenoble,
France) from a crystal maintained at 100 K. The data were pro-
cessed, scaled and analyzed using MOSFLM,?® SCALA,"? and other
programs within the CCP4 software suite.””” The structure was
solved by molecular replacement, using the program MOLREP?®
with a search model generated from PDB entry 1H0S."" Reflections
for the Rfree" set were selected randomly. Model building was
done with COOT® and refinement with REFMAC."¥ Structure vali-
dation was performed with MOLPROBITY.""®

For DHQ2-Hp diamond shaped crystals of up to 0.3 mm X 0.3 mm
were obtained after one month of vapor diffusion in sitting drops
comprised of 2.0 uL of protein/inhibitor solution mixed with 2.0 puL
of reservoir solution equilibrated against 0.15 mL reservoirs con-
taining 31% (w/v) poly(ethylene glycol) 4000 and 0.1 M sodium cit-
rate (pH 5.0). One crystal was mounted at room temperature in a
saturated atmosphere of crystallization solution with a MicroRT
Tubing Kit (MiTeGen) and data were collected in a Bruker Nonius
FR591 Kappa CCD2000 diffractometer with confocal multilayer
monochromatized Cuy, radiation. The COLLECT®%/HKL2000B" soft-
ware was used for data collection and integration. Scaling, merging
and absorption correction was performed with the SCALEPACKE"
program. The XPREP"® program was used for analysis of the three-
dimensional diffraction data and processing showing a P4,2,2
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space group. Finally molecular replacement using the protein
chain of PDB entry 2C4V" was developed using the program
PHASER,*? which found a correct solution for the crystallographic
structure in the P4,22 space group with three independent chain
proteins per asymmetric crystal unit. Reflections for the Rfree!™ set
were selected in thin resolution shells. Model building, refinement
and structure validation were performed as described for DHQ2-
Mt.

Molecular dynamics simulations. Ligand minimization: Ligand ge-
ometries were first refined by means of the semi-empirical quan-
tum mechanical program MOPAC® using the AM1 Hamiltonian
and PRECISE stopping criteria, and further optimized using a re-
stricted Hartree-Fock (RHF) method and a 6-31G(d) basis set, as
implemented in the ab initio program Gaussian 09.*% The resulting
wave functions were used to calculate electrostatic potential-de-
rived (ESP) charges employing the restrained electrostatic potential
(RESP)® methodology, as implemented in the assisted model
building with energy refinement (AMBER)®? suite of programs. The
missing bonded and nonbonded parameters were assigned by
analogy or through interpolation from those already present in the
AMBER database (GAFF).?”

Generation and minimization of the DHQ2-ligand complexes. Simula-
tions were carried out using the enzyme geometries found in the
crystal structures of DHQ2-Mt and DHQ2-Hp in complex with p-me-
thoxybenzyl derivative 4a (PDB: 2XB8 and 2XB9, respectively).
Taking into account that unfolding and refolding studies of DHQ2
have shown that the trimer® is the minimal biologically active
unit of the enzyme, and on the basis of preliminary simulations
that showed the monomer to be unstable under our simulation
conditions, the trimer was used for these studies. Hydrogen atoms
were added to the protein using web-based H++ server,“” which
assigned protonation states to all titratable residues at the chosen
pH of 7.0. However, 6 and/or € protonation was manually corrected
for His81 (8) and His101 (dual) of the active site due to the mecha-
nistic considerations and on the basis of results from preliminary
MD simulations. Molecular mechanics parameters from the ff03
and GAFF force fields, respectively, were assigned to the protein
and the ligands using the LEaP module of AMBER 10.0."

Energy minimization using the implicit solvent GB model was car-
ried out in stages, starting with protein and ligand hydrogen
atoms (1000 cycles: half of them steepest descent, the other half
conjugate gradient), followed by the 10-34 loop (20000 cycles,
idem), protein and ligand hydrogen atoms (5000 cycles, idem),
amino acid side chains (5000 cycles, idem) and finally the entire
complex (5000 cycles, idem). A positional restraint force constant
of 50 kcalmol™' A2 was applied to those unminimized atoms in
each step was applied during all calculations. Thereafter, each re-
fined DHQ2-ligand complex was neutralized by addition of sodium
ions®" and immersed in a truncated octahedron of TIP3P water

molecules.*?

Simulations: MD simulations were performed using the AMBER
10.0 suite of programs and Amber ff03 force field.*" Periodic
boundary conditions were applied and electrostatic interactions
were treated using the smooth particle mesh Ewald method
(PME)*¥ with a grid spacing of 1 A. The cutoff distance for the non-
bonded interactions was 9 A. The SHAKE algorithm™ was applied
to all bonds containing hydrogen, using a tolerance of 10~° A and
an integration step of 2.0 fs. Minimization was carried out in three
steps, starting with the octahedron water hydrogen atoms, fol-
lowed by solvent molecules and sodium counter ions and finally
the entire system. The minimized system was heated at 300K
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(1 atm, 25ps, a positional restraint force constant of 50 kcal
mol'A~?). These initial harmonic restraints were gradually re-
moved (11 cycles) and the resulting systems were allowed to equi-
librate further. MD with constraints of 5 kcalmol~'A~2 were carried
out in two stages. Firstly, they were applied to all protein a-car-
bons for 2 ns and secondly to all protein a-carbons of the two ex-
ternal subunits of the trimer and the (-sheets and a-helix of the
central subunit of the trimer for 10 ns. System coordinates were
collected every 2 ps for further analysis. A slow-cooling MD simula-
tion was subsequently performed (six steps until 273 K). Minimiza-
tion of the entire complexes with constraints of 5 kcalmol 'A~2
were applied to protein a-carbons of the two external subunits of
the trimer and the f-sheets and o-helix of the central subunit of
the trimer.

The data collection, refinement, and model statistics are summar-
ized in Table 1. Coordinates and structure factors are available from
the Protein Data Bank (PDB) with accession codes 2XB8 and 2XB9
for M. tuberculosis and H. pylori and type Il dehydroquinases, re-
spectively. All figures were prepared using PyMOL.*!
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