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a b s t r a c t

The complex and highly impermeable cell wall of Mycobacterium tuberculosis (Mtb) is largely responsible
for the ability of the mycobacterium to resist the action of chemical therapeutics. An L-rhamnosyl residue,
which occupies an important anchoring position in the Mtb cell wall, is an attractive target for novel
anti-tuberculosis drugs. In this work, we report a virtual screening (VS) study targeting Mtb dTDP-
deoxy-L-lyxo-4-hexulose reductase (RmlD), the last enzyme in the L-rhamnosyl synthesis pathway.
Through two rounds of VS, we have identified four RmlD inhibitors with half inhibitory concentrations
of 0.9–25 lM, and whole-cell minimum inhibitory concentrations of 20–200 lg/ml. Compared with
our previous high throughput screening targeting another enzyme involved in L-rhamnosyl synthesis,
virtual screening produced higher hit rates, supporting the use of computational methods in future
anti-tuberculosis drug discovery efforts.

� 2011 Elsevier Ltd. All rights reserved.
Tuberculosis (TB) is an infectious disease caused by the patho-
gen Mycobacterium tuberculosis (Mtb), which claims nearly two
million lives each year.1 Since no new anti-TB drug has been intro-
duced in the past 40 years, novel therapeutics are in urgent need to
treat both drug-susceptible TB and the increasingly common drug-
resistant strains.2–4 The cell wall of Mtb is largely responsible for
the ability of the mycobacterium to survive in a hostile environ-
ment.5 This cellular envelope consists of three layers: an innermost
peptidoglycan layer, an outermost mycolic acid layer, and the con-
necting arabinogalactan polysaccharide layer.6,7 An L-rhamnosyl
residue occupies an important anchoring position in this complex
structure, connecting the arabinogalactan layer and the peptido-
glycan layer.8 Its synthesis has been shown to be an attractive tar-
get for novel anti-TB drugs.7,9–12 In this work, we report a virtual
screening (VS) study targeting dTDP-deoxy-L-lyxo-4-hexulose
reductase (RmlD), the last enzyme involved in the conversion of
glucose-1-phosphate to dTDP-L-rhamnose (Fig. 1).13 To the best
of our knowledge, these results represent the first virtual screening
effort targeting RmlD.

As a member of the reductases/epimerases/dehydrogenases
(RED) enzyme super family, RmlD is located in the short chain
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dehydrogenase/reductase (SDR) branch.14 The N-terminal domain
of the enzyme is dominated by a Rossmann-type fold (Fig. 2),
which forms the cofactor binding site and contains a six-stranded
b sheet sandwiched between six a helices. The C-terminal domain
of RmlD forms the substrate binding site, containing three a heli-
ces and a double-stranded b sheet. Using either NADH or NADPH
as a cofactor, RmlD catalyzes the sugar converting reaction at the
interface of its two domains, where a hydride is transferred from
the nicotinamide ring of NAD(P)H to the C40-carbonyl of the
substrate.

Since no crystal structure of Mtb RmlD is available, we first con-
structed a homology model using the program MODELLER,15–17 with
the RmlD structure from Salmonella enterica serovar Typhimurium
(S. typhimurium)14 as a template. While sequence alignment using
ClustalX18,19 and Bio3D20 reveals a high similarity in the active
sites of the two proteins (62% sequence identity, see Fig. S1), the
Mtb RmlD homology model performed poorly in the redocking test
of dTDP-L-rhamnose. As shown in Fig. S2, steric clash of dTDP-L-
rhamnose with residue Arg224 from Mtb RmlD prevents the ligand
from positioning its hexose ring inside the binding pocket. Addi-
tionally, the orientation of Thr104 in the conserved catalytic triad
is altered in the homology model, precluding this key residue from
forming a hydrogen bond with the ligand. Although the Mtb RmlD
homology model might be improved through various modeling
techniques, we decided to use the S. typhimurium RmlD structure
in the remainder of the study. The similar active sites from the

http://dx.doi.org/10.1016/j.bmcl.2011.09.094
mailto:M.Mcneil@colostate.edu
mailto:<xml_chg_old>jmccammon@ucsd.edu</xml_chg_old><xml_chg_new>jmccammon@mail.ucsd.edu</xml_chg_new>
mailto:<xml_chg_old>jmccammon@ucsd.edu</xml_chg_old><xml_chg_new>jmccammon@mail.ucsd.edu</xml_chg_new>
http://dx.doi.org/10.1016/j.bmcl.2011.09.094
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl


Table 1
Activity of RmlD inhibitors in the enzymatic and whole-cell assays

Compound IC50 (lM) MIC (lg/ml) Mw LogP

1 2.1 133 336.29 1.16
2 0.9 200 320.30 1.79
3 15 62 258.23 0.63
4 25 20 252.31 3.16

Compounds are numbered as shown in Figure 3. The molecular weight (Mw) of each
compound and its octane/water partition coefficient (logP) calculated using the
program QikProp38 are also listed. The IC50 and MIC values were obtained from at
least two replicate experiments.
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Figure 2. The crystal structure of RmlD from S. typhimurium. (a) RmlD in complex with the ligand dTDP-L-rhamnose and the cofactor NADPH. The N-terminal and C-terminal
domains of the protein are colored in brown and purple, respectively. (b) The active site of RmlD. Key residues involved in the binding of dTDP-L-rhamnose are shown in stick
representations.
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Figure 1. The biosynthesis pathway of L-rhamnose in Mtb. Four enzymes, RmlA to RmlD, catalyze the transition from glucose-1-phosphate to dTDP-L-rhamnose.
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two enzymes and their highly conserved reaction mechanism pro-
vide the basis of using the S. typhimurium structure in the virtual
screening.

Altogether two rounds of VS were performed on RmlD, first
using the relatively small NCI diversity set II and then using a sub-
set of the larger NCI open database. The NCI diversity set II is a sub-
set of �140,000 compounds in the Developmental Therapeutics
Program repository at the National Cancer Institute. The small size
of this set (1364 compounds) allows fast initial screening for a tar-
get protein. Using the program GLIDE,21–24 we performed altogether
four VS runs: The apo-RmlD was used in the first three VS, where
the grid box for docking was placed at the center of the cofactor
binding site, the center of the ligand binding site, and the interface
between the two binding sites, respectively; the fourth VS run was
performed on RmlD in complex with NADPH, with the grid box
placed at the ligand binding site. While in theory, the first three
VS can be replaced by a single run with a large grid box covering
the entire RmlD active site, in practice, a large grid box often in-
creases the difficulty for docking programs to identify the correct
binding poses. With four independent VS, we were able to focus
the screening effort at the most relevant location in each run,
and search for potential inhibitors with different modes of action,
that is, binding with or without the cofactor NADPH.

Following the four VS runs, the top 80 poses from each VS were
combined and examined visually. These poses correspond to 59
unique compounds, from which 31 were selected and tested using
an enzymatic assay (see Supplementary data). Compounds inter-
acting with key residues in the sugar converting reaction, for
example, Asp105, Thr104 and Tyr128, were favored in the
selection, since they may provide the highest specificity for RmlD
and may be the most robust against development of resistance.
Additionally, preference was given to compounds ranked high in
two or more VS runs, based on the assumption that these com-
pounds may have a higher probability to inhibit RmlD. Finally,
the ‘rule-of-five’25 was used as a general guideline to exclude com-
pounds with undesirable physico-chemical properties, although a
less stringent criterion was used here (Mw >540 or logP >6), to
avoid discarding hits that may be optimized in later stages of drug
discovery. None of the final four experimentally confirmed hits
(Table 1) has any violation of the ‘rule-of-five’.

As described in Ma et al.,26 the sugar reduction catalyzed by
RmlD results in the oxidation of NADPH, and is accompanied by
a decrease in absorption at OD340. This decrease is used to monitor
the progress of the reaction in our enzymatic assay.27–29 All 31
compounds from the 1st-round VS (see Table S1) were tested using
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Figure 3. Structures of RmlD inhibitors identified through two rounds of virtual
screening.
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this assay at an initial concentration of 10 lg/ml. IC50 values were
then determined for compounds that showed initial inhibitory
activity. Following this protocol, one out of the 31 compounds,
compound 1 (Fig. 3), was confirmed to be a RmlD inhibitor with
an IC50 of 2.1 lM.

Given the binding mode of compound 1 (Fig. 4), three substruc-
tures of this molecule were used as seeds for a similarity search
performed over 250,000 compounds in the NCI open database
(Fig. S3). The 2nd-round virtual screening was then performed on
the search results using the grid box centered at the dTDP-L-rham-
nose binding site in the presence of NADPH. Following the similar
selection criteria used in the 1st-round VS, eight high-ranking
compounds were selected for experimental verification. Seven of
these compounds were obtained from NCI, and compound 2
(Fig. 3) was obtained from Chembridge. Assay results indicate that
three out of the eight compounds are active, with IC50 values rang-
ing from 0.9 to 25 lM (Table 1). Two of the active compounds,
compound 3 and 4, were then used as seeds in another round of
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Figure 4. The binding poses of RmlD inhibitors identified through virtual screening. The c
bonds are highlighted by black dotted lines. The protein backbone is shown in transpar
similarity search over the NCI open database. However, none of
the 11 compounds selected from this additional VS calculation
were active in the enzymatic assay. Taken together, the 2nd-round
VS revealed three additional hit compounds (Fig. 3).

As shown in Figure 4, all four hit compounds bind to RmlD at the
dTDP-L-rhamnose binding site in the presence of NADPH. A common
structural feature shared by these compounds is a hydroxyl group
that forms hydrogen bonds with Asp105 and/or Thr104. As part of
a conserved catalytic triad, Thr104 has been found essential to the
enzymatic activity of RmlD.14 Therefore, the above hydrogen bonds
are likely crucial to the inhibitory activity of the hit compounds. An-
other common feature shared by all the inhibitors is a rigid tricyclic
ring that serves as the backbone of the structures. Part of the tricyclic
ring replaces the hexose ring in dTDP-L-rhamnose, and is sand-
wiched between the nicotinamide group of the cofactor and the aro-
matic ring of Tyr106. Hydrophobic contacts are formed between the
tricyclic ring and the nonpolar regions of Tyr106, Tyr128, Val67,
Trp153, as well as the cofactor. These hydrophobic interactions oc-
cupy the perimeter of the active site and bury the hydrogen bond
with Asp105 and/or Thr104 deep inside the binding pocket. Such
‘hydrophobic enclosure’ interactions have been found particularly
favorable in receptor-ligand binding.24

It is worth noting that while the hit compounds identified in this
study bind at the substrate binding site, potential RmlD inhibitors
may also target the cofactor binding site of the enzyme: RmlD does
not rely on a second substrate to reduce the oxidized cofactor, and
to regain the enzymatic activity, NAD(P) has to be replaced by a
new NAD(P)H molecule.14 Compared with other cofactor-binding en-
zymes, binding of NAD(P)H is found to be relatively weak in RmlD.14

Therefore, the enzyme may be a good target for Rossmann-fold inhib-
itors that bind at the cofactor binding site. Such inhibitors have been
reported recently for the 17-b-hydroxysteroid dehydrogenase, an-
other member of the SDR family.30,31 Although they themselves
may have selectivity issues, the Rossmann-fold inhibitors could pro-
vide the structural basis for designing potent inhibitors occupying
both the substrate and the cofactor binding site.

The activity of the the four identified hits against whole
M. tuberculosis growing in liquid culture was determined as the
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ofactor NADPH and key residues involved in inhibitor binding are shown. Hydrogen
ent representations and colored as in Figure 2.
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minimum inhibitory concentration (MIC) value using the micro-
broth dilution method described in Sun et al32 and Brown et al.33

The most potent RmlD inhibitors, compound 1 and compound 2
(IC50 = 2.1 and 0.9 lM), have modest activity in the whole-cell as-
say (MIC = 133 and 200 lg/ml, see Table 1). Compound 4, which
has an IC50 of 25 lM, shows the best whole-cell activity
(MIC = 20 lg/ml). The former two compounds have a logP value
of 1.16 and 1.79, respectively, whereas compound 4 has the high-
est logP (3.16) among the identified inhibitors. This result suggests
that the low whole-cell activity of compounds 1 and 2 may be ex-
plained by their poor permeability through the Mtb cell wall. Com-
pound 3, which has a low logP (0.63) and a moderate IC50 (15 lM),
is the second most potent compound in the whole-cell assay. This
somewhat unexpected behavior might be related to the small size
(Mw = 258.2) of compound 3, which may provide it with a higher
diffusion coefficient in the Mtb cell wall than compounds 1 and
2. Analysis of more analogs of compounds 1–3 is required to fully
elucidate the role of lipid permeability in the whole-cell activity of
these RmlD inhibitors.

In summary, we performed two rounds of VS on RmlD and iden-
tified four novel inhibitors with a minimum IC50 of 0.9 lM and a
minimum MIC of 20 lg/ml. Docking poses suggest that the identi-
fied inhibitors bind at the C-terminal domain of RmlD in the pres-
ence of the cofactor, and engage key residues required in enzyme
catalysis, such as Tyr128 and Thr104, which have been found essen-
tial for the sugar converting reaction catalyzed by RmlD.14 Common
structural features of the inhibitors include a rigid tricyclic ring that
serves as the backbone of the compounds, as well as a buried hydro-
xyl group forming H-bonds with key residues in the enzyme. Out of
the four inhibitors, the smallest compounds (3 and 4) may serve as
basic chemical scaffolds for further optimization.

Compared with antibiotics targeting other bacteria, lipophilicity
may play a greater role in a compound’s activity against Mtb. The
outermost layer of Mtb cell wall contains a unique 70–90 carbon
mycolic acid layer, which constitutes �30% of the dry weight of
the cell.34 As a result of this layer, the mycobacterial cell wall is
highly impermeable to small molecules, and can resist the action
of a large number of chemical therapeutics.6,35 For instance, the
broad-spectrum antibiotic b-lactam has been found to be at least
100-fold less permeable in the cell wall of Mtb than the Gram-
negative bacterium E. coli.35,36 Therefore, future studies may be
explore the optimization of the identified RmlD inhibitors through
improving their permeability in the waxy cell wall of Mtb.

In our previous HTS work targeting the enzyme RmlC in
the L-rhamnose synthesis pathway,29 201,368 compounds were
screened and a 1.2% initial hit rate was obtained. Upon further test,
14 true hits were identified, corresponding to a 0.007% true hit
rate. In this work, 31 compounds from the 1st-round VS were
tested, and one compound was found to be active (3.2% initial hit
rate). Through an additional round of VS based on similarity search,
19 more compounds were tested and three were found active, cor-
responding to a final 8.0% true hit rate. In comparison to the HTS
work, VS produced a better hit rate by effectively enriching the
database, and similarity search based on the identified inhibitor
further improved its performance. These results support the use
of computational methods in future anti-TB drug discovery efforts.
Additionally, as demonstrated by a recent work examining the
complementarity of HTS and VS,37 the chance of identifying novel
inhibitors may be further improved by combining these two
approaches.
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