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Abstract

High-resolution three-dimensional structures of essential Mycobacterium tuberculosis (Mtb)
proteins provide templates for TB drug design, but are available for only a small fraction of the
Mtb proteome. Here we evaluate an intra-genus “homolog-rescue” strategy to increase the
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structural information available for TB drug discovery by using mycobacterial homologs with
conserved active sites. Of 179 potential TB drug targets selected for x-ray structure determination,
only 16 yielded a crystal structure. By adding 1675 homologs from nine other mycobacterial
species to the pipeline, structures representing an additional 52 otherwise intractable targets were
solved. To determine whether these homolog structures would be useful surrogates in TB drug
design, we compared the active sites of 106 pairs of Mtb and non-TB mycobacterial (NTM)
enzyme homologs with experimentally determined structures, using three metrics of active site
similarity, including superposition of continuous pharmacophoric property distributions. Pair-wise
structural comparisons revealed that 19/22 pairs with >55% overall sequence identity had active
site Ca RMSD <1A, >85% side chain identity, and =80% PSpr (similarity based on
pharmacophoric properties) indicating highly conserved active site shape and chemistry. Applying
these results to the 52 NTM structures described above, 41 shared >55% sequence identity with
the Mtb target, thus increasing the effective structural coverage of the 179 Mtb targets over three-
fold (from 9% to 32%). The utility of these structures in TB drug design can be tested by
designing inhibitors using the homolog structure and assaying the cognate Mtb enzyme; a
promising test case, Mtb cytidylate kinase, is described. The homolog-rescue strategy evaluated
here for TB is also generalizable to drug targets for other diseases.
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1. Introduction

One strategy for discovering new TB drugs is to use whole-cell screens of molecular
libraries to identify compounds that kill or slow the growth of Mycobacterium tuberculosis
(Mtb), the causative agent of TB (1). Follow-up studies on these inhibitors can rule out non-
specific toxicity, establish pharmacokinetic/dynamic properties, and identify target proteins
in the Mtb organism. Ideally, a new library consisting of variants of the lead compounds is
then designed to improve the steric and chemical match with the active site of the Mtb
targets, and these molecules are subsequently screened for enhanced activity against both the
targets and whole cells. This cycle can be repeated until molecules with sufficiently high
binding affinity and potency are identified (2). Such an approach to drug discovery is
enhanced by a high-resolution three-dimensional structure of the drug target to serve as a
template against which inhibitors and inhibitor libraries can be refined. However, only
~10% of the Mtb proteome has been structurally characterized, representing a large blind
spot for TB drug development. One reason for low proteomic coverage is that obtaining x-
ray crystal structures remains challenging despite technological improvements in gene-to-
structure pipelines (3, 4). Cloned genes often fail to express proteins that are soluble or
crystallizable, and even when crystals are obtained they sometimes do not produce high
resolution x-ray diffraction data, resulting in low gene-to-structure success rates (typically
<10%) for large-scale efforts.

When structure determination for a desired target fails, one approach is to engineer genetic
variants containing terminal additions or deletions, loop deletions, or point mutations at
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crystal contacts, which can produce proteins with improved expression, solubility, and
crystallization properties. Combinatorial libraries of such mutants can be used to screen for
variants with improved properties (5-8). However, the mutations may also disrupt an active
site of the protein, resulting in structures that are less useful in inhibitor design. An
alternative approach is to use homologs (proteins descended from a single ancestral gene)
from a related species to obtain a surrogate structure for the desired target, since sequence
variations between homologs can result in more favorable solubility and crystallization
properties (9). Ideally, a homolog with matching active site and substrate specificity would
be selected. However, identifying such homologs on a large scale is problematic because
most proteins have not been characterized experimentally, and identifying true orthologs
requires extensive phylogenetic analysis (10). Instead, targets are more often selected based
on sequence similarity, an approach that has been used by several structural genomic
projects (4, 9, 11-15).

Homolog structures have proved useful as surrogates in drug discovery when the desired
structure was unavailable. The anti-cancer drug Nolatrexed, a 5-substituted quinazolinone,
was developed using the structure of thymidylate synthase from Escherichia coli (46%
overall amino acid sequence identity with the human homolog) (16, 17), and the
hypertension drug Captopril was developed by optimizing inhibitors targeting angiotensin-
converting enzyme based on a structure of bovine carboxypeptidase A (similar to the human
homolog only in its active site) (18). Kinase inhibitors that block transmission of
Plasmodium falciparum (the causative agent of malaria) to mosquitoes were identified using
structures of calcium-dependent protein kinases from Toxoplasma gondii and
Cryptosporidium parvum (74% and 61% sequence identity versus the P. falciparum
homolog, respectively), because no corresponding P. falciparum structure was available
(19). Importantly for this study, Bedaquiline (Sirturo), the first approved anti-TB drug with a
new mechanism of action in over forty years, was discovered in a whole cell screen of
compounds against Mycobacterium smegmatis, rather than against M. tuberculosis, and
targets ATP synthases in both species (proteins sharing 92% sequence identity) (20).

Here, by combining a large-scale effort to obtain x-ray structures for 179 potential TB drug
targets with a Protein Data Bank-wide comparison of mycobacterial enzyme active sites, we
demonstrate that the coverage of TB drug targets can be increased several-fold with
structures having conserved active sites by using homologs selected from within the genus.

2.1 Structure determination

One hundred and seventy-nine Mtb proteins (listed in Table S1) were selected based on their
potential value as TB drug targets (see Methods for selection criteria). However, an x-ray
structure was solved for only 16 (9%) of the 179 Mtb targets (see Fig. 1). Therefore, an
additional 1675 potential homologs were selected from nine other non-TB mycobacterial
(NTM) species using a BuastP search for proteins with >40% sequence similarity (typically
equivalent to ~20-25% identity) over >70% of their sequence versus the Mtb protein. This
threshold was chosen because proteins with greater than ~40% sequence similarity tend to
have similar overall structures (21). This resulted in another 154 structures, including
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different ligand-binding states, for one or more homologs of 52 additional Mtb targets (see
Table S2). Thus, the overall structural coverage of the Mtb targets was increased from 9%
(16/179) to 38% (68/179).

rates for different species

The overall success rate for sequence-to-structure was 9.7%, with 145 of the 1501 targets
resulting in at least one structure in PDB (Table 1). Three hundred and forty-three targets for
which work was stopped when a structure was obtained for a highly similar (>70% sequence
identity) protein were excluded from the counts and success rates shown in Table 1. Species-
specific overall success rates (“In PDB”) were similar to Mth (11%) in most other species
(7-13%), but were lower for M. ulcerans (3%), M. leprae (3%) and M. bovis (0%), although
the number of targets selected was low for the last species. The overall step-wise success
rates (far right column) varied substantially; being lowest for “HQ data” (42%) and
“Soluble” (57%), and highest for “Cloned” (90%) and “In PDB” (88%). Species-specific
step-wise success rates can be obtained by dividing the cumulative success rate at one step
by that at the previous step. M. smegmatis showed a significantly higher rate (72%) of
soluble protein expression (given successful cloning) than Mtb (60%), while the success
rates for M. bovis (33%), M. leprae (30%), and M. ulcerans (35%) were all significantly
lower. Most species showed similar success rates for protein purification and crystallization
(combined), with only M. smegmatis (60%) being significantly higher than Mtb (44%). M.
paratuberculosis (29%) and M. bovis (0%) had significantly lower success rates for
obtaining diffraction data from crystals, with all other species enjoying similar success rates
to Mtb (56%), except for M. ulcerans (32%), although the latter was not statistically
significant.

2.3 Enzyme structure and active site comparisons

Are these NTM structures likely to be useful for TB drug design? To address this question,
we examined the structures solved in this study, as well as those in the RCSB Protein Data
Bank (PDB) (22) and identified 106 pairs of Mtb and NTM enzymes with >25% sequence

identity, a known active site in the Mtb enzyme (based on a substrate-bound structure), and
x-ray structures available for the same ligand binding state (i.e. same substrate or large co-

factor bound, or no large ligand bound) (Fig. 2; Table S3). Thirty of the 106 pairs include a
structure solved in this study.

We initially compared the overall and active site backbone structures of enzyme pairs by
calculating their Ca root-mean-square deviation (RMSD), a measure of the average distance
between backbone atoms in two aligned structures. As shown in Fig. 3A, the 106 enzyme
pairs fell into two distinct groups: 22 pairs with >55% sequence identity and 84 with <42%
sequence identity. All of the former showed Ca RMSDs <1A, indicating similar overall
structures, while the majority (60/84) of the latter have Ca RMSDs >1A, indicating more
dissimilar overall structures. This relationship between overall structural similarity and
protein global sequence identity has been described previously (23, 24). Importantly, almost
all (21/22) pairs with >55% sequence identity represent members of the same OrthoMCL
protein family (25), while most (72/84) pairs with <42% sequence identity belong to
different families. When the structure comparison was restricted to active site residues
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(defined as those within 4A of the substrate in a substrate-bound structure), 20/22 enzyme
pairs with >55% overall sequence identity have an active site Ca, RMSD <1A, while most
(43/84) pairs with <42% sequence identity have an active site Ca RMSD >1A (Fig. 3B).

To further compare active sites, we used two additional metrics. The first was active site
amino acid composition, measured as the fraction of active site side chains that are identical
following sequence and structure alignment (Fig. 4A). All 22 pairs with >55% global
sequence identity have >80% (often 100%) identity in active site side chains; while 80/84 of
pairs with <42% global sequence identity have <80% identical active site side chains. The
second was optimized superposition of continuous pharmacophoric property distributions, a
measure of similarity of active site shape and chemistry (Fig. 4B). Active site x-ray
structures were converted into atomic property fields representing seven pharmacophoric or
chemical properties, optimally superimposed by a Monte Carlo procedure, and scored (26).
The PSpapr (Pocket Similarity based on Atomic Property Field) scores represent fractional
similarity: i.e. if one site has half of the atoms missing, but is otherwise identical to the
other, the score would be 50%. Based on this metric, 19/22 pairs with >55% global sequence
identity have PSapf scores =80%, indicating a highly similar active site shape and
chemistry, while 77/84 pairs with <42% sequence identity have PSapr <80%, suggesting a
less similar active site architecture.

Active site similarity can also be measured using the RMSD over all shared atoms in the
active sites. Since unpaired atoms are excluded from all-atom RMSD measurements when
side chains differ, these measurements are most useful for comparing active sites with
identical or nearly identical side chains. We performed all-atom RMSD measurements for
all structure pairs with at least 90% active site side chain identity (Table S3), and plotted the
results versus PSapr scores (Fig. S1). The results show a strong linear correlation (R value
-0.90) between all-atom RMSD and PSapg values. Furthermore, at PSapr >80%, in 14/16
cases the RMSD value is <1A, indicating nearly identical side chain orientations. For
comparing active sites with lower side chain identity, PSapr measurements have the
advantage of including all functional groups in the comparison.

Active site superpositions for four enzyme pairs are shown in Fig. 5 and active site
superpositions for all 33 enzyme pairs in the same OrthoMCL family can be found in
Dataset S1. In Fig. 5A-C, the active sites of both enzymes in each pair are extremely similar
(PSapr >93%), even though global sequence identity ranges from 63% to 95%. In Fig. 5D,
the active sites are less similar (PSapr = 71%) despite high enzyme sequence identity
(82%). In most cases for which PSapr >80%, the active sites have nearly identical side
chain orientations.

Based on these three metrics of active site similarity, mycobacterial enzymes with >55%
sequence identity are extremely likely to share similar active sites, since 19/22 such pairs in
the data set showed <1A active site Ca RMSD, >85% active site side chain identity, and
>80% PSapg. Thus, our x-ray structure determination effort increased the active site
structural coverage of 179 potential TB drug targets (Mtb proteins) from 16 (9%) to 57
(32%) by using NTM homologs with >55% global sequence identity.
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3. Discussion

When a structure for a desired drug target is unavailable, the ideal surrogate would possess a
(nearly) identical active site or binding pocket; such that a compound designed using the
surrogate will also inhibit the desired target. However, the best candidates to obtain such a
structure - an ortholog or homolog with shared substrate specificity - are often unknown,
since for most proteins functional annotation is based solely on sequence similarity. An
alternate basis for selection is amino acid sequence identity, since proteins with high
sequence identity tend to share similar structures (23). Prior to this study, the relationship
between protein active site similarity and global sequence identity was unclear. The
coincidence of similar pockets in proteins with comparable overall structures and sequences
has been noted (27). Sequence comparison and enzyme functional annotation have been
used to show that above 60% sequence identity, enzyme function conservation can be
inferred to all four Enzyme Commission (EC) digits with 90% accuracy (28). Since the last
EC digit specifies substrate specificity, proteins with >60% sequence identity may be
expected to have similar substrate-binding pockets.

Here, using 106 pairs of Mtb and NTM enzyme structures, and three metrics of active site
similarity, we find that enzyme active site shape and chemistry is highly conserved in pairs
with >55% global sequence identity. Active site side chains often change conformation upon
ligand binding (29), but such differences were avoided by comparing structures in the same
ligand binding state (unbound, or same ligand or large cofactor bound). There may also be
exceptions where only a few amino acid differences between enzymes results in
dramatically different active sites (despite high global sequence identity), but such
exceptions were not observed in the current dataset. Conversely, most enzyme pairs with
lower global sequence identity (<42%), show considerable variation in active site structure,
although some may possess very similar active sites (6/84 such pairs in the data set showed
highly similar active site shape and chemistry, Fig 4B).

Based on high degree of active site similarity between mycobacterial enzymes with >55%
global sequence identity, we suggest that such homolog structures will be useful as
surrogates in TB drug discovery when the Mtb target structure is unavailable. Obviously,
this needs to be tested by designing inhibitors using such homolog structures and assaying
them against the cognate Mth enzymes. One promising test case using materials available
from this study is Mtb cytidylate kinase, which plays an important role in the synthesis and
salvage pathways of DNA and RNA precursors (30, 31). The Mtb enzyme is essential in
vitro (32, 33), and differs in its substrate specificity from the human ortholog, UMP/CMP
kinase (34-36). While we were able to purify Mtb cytidylate kinase, the protein did not
crystallize, and no structure is available in the PDB. However, structures were solved for
homologs from M. smegmatis (PDB ID: 3R20) and M. abscessus (4DIE). These proteins
have 68% and 74% sequence identity to the Mtb cytidylate kinase, respectively, and 73%
sequence identity to each other. Their active sites show nearly identical side chain
orientations surrounding the substrate (Fig. 6). Based on their high sequence identities
versus Mtb cytidylate kinase, it is likely that the active site will also be conserved in the Mtb
structure. It will be interesting to see whether an inhibitor designed against these M.
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smegmatis and M. abscessus homolog structures has activity against M. tuberculosis
cytidylate kinase.

4. Materials and Methods

4.1 Target selection

M. tuberculosis H37Rv targets were selected using several selection methods followed by a
set of negative filters. Most of the Mtb targets (139/179) were selected internally using a
BuastP search of the Mtb H37Rv genome against the DrusBank database (www.drugbank.ca),
retaining hits with >50% sequence identity over >75% of the sequence. Other targets were
selected using a literature survey to identify orthologs of known drug targets (8/179) or other
promising drug candidates (12/179). The remaining 20 targets were Community Requests.
Negative filters included the elimination of proteins having >500 amino acids, >8 cysteine
residues, and/or containing transmembrane spanning domains. A BuastP search of the
remaining candidate sequences against TarcerDB (http://targetdb-dev.rutgers.edu/targetdb-
dev) was performed and those with >95% sequence identity over >80% of the sequence
were eliminated. The remaining sequences were Buasred against each other with a cut-off of
>75% similarity over >75% of the sequence to eliminate redundant in-paralogs.

To select the 1675 non-TB mycobacterial (NTM) homologs, the following nine genomes
were searched: M. abscessus ATCC 19977/DSM 44196, M. avium 104, M. bovis
AF2122/97/ATCC BAA-935, M. leprae Br4923, M. marinum ATCC BAA-535/M, M.
paratuberculosis ATCC BAA-968/K-10, M. smegmatis ATCC 700084/mc(2) 155, M.
ulcerans Agy99, and M. thermoresistibile ATCC 19527/Tsukamura. Complete sets of
protein-coding gene sequences for all except M. thermoresistibile were obtained from the
EMBL database, Integr8. The M. thermoresistibile genome sequence was a series of contigs
from an incomplete assembly provided by Christoph Grundner of Seattle BioMed. For all
species except M. thermoresistibile (which had no annotated genome available), NTM
proteins with >40% sequence similarity and >70% coverage versus the 179 Mtb targets were
identified using a BuastP search and screened using the negative filters above. To identify M.
thermoresistibile targets, a BuastN search was performed using the targets selected from the
closely related species, M. smegmatis, against the 255 assembled contigs of M.
thermoresistibile. Corresponding ORF boundaries were obtained by generating all possible
forward- and reverse-complement ORFs using GETORF from EMBOSS from the M.
thermoresistibile contigs and performing a BrastP search of the Mtb targets against the
calculated ORFs, retaining proteins with >40% sequence similarity and >70% coverage.

4.2 Gene-to-structure pipeline

PCR, cloning, sequencing, expression screening, scale-up, and purification of proteins were
performed as described previously (37-39). Work was stopped on any target for which a
structure of another protein with >70% sequence identity over >90% of the sequence was
solved in this study, or a protein with >95% identity over >90% of the sequence was solved
in a different study, except when the target had already yielded high-quality diffraction data.
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4.3 Enzyme structure and active site comparisons

Structures were selected for active site comparisons by performing a cross-BuastP search of
all 614 mycobacterial protein sequences in the RCSB PDB (www.rcsh.org/pdb), and
keeping all pairs with >25% sequence identity and >70% coverage (see Fig. 2). This search
yielded 252 protein pairs, 214 of which were enzymes. From these mycobacterial enzyme
pairs, 106 pairs were identified having known active site residues for the Mtb enzyme -
either from a substrate-bound Mtb structure, or from a previously published sequence and
structure alignment study (PDB and reference PubMed IDs are listed in Table S3) - and
having a pair of PDB structures available in the same ligand binding state (i.e. same
substrate or large co-factor bound, or no large ligand bound). There were no pairs in the
PDB with between 42% and 55% overall sequence identity fulfilling these selection criteria,
explaining the lack of data points in this range in Figures 3 and 4.

Overall structure comparisons were performed using Molsoft ICM (40). Two different Ca
RMSD values were calculated: one by including >70% of the Mtb sequence in the alignment
(shown in Fig. 3Aand in Table S3), and a second by including as much of the Mth sequence
as possible (minimum 85%) in the alignment (Table S3). The first method excludes some
disordered regions such as loops and termini, while the second method includes such regions
to a greater extent, causing higher RMSD values.

The Mtb enzyme active site residues were defined as those within 4A of substrate in a
substrate-bound PDB structure. NTM homolog active site residues were defined as residues
that align with Mth enzyme active site residues using sequence and structure alignment in
Crimvera MatchMaker (41). In some cases, no Mtb substrate-bound structure was available, but
active site residues had been previously identified using sequence and structure alignment
with a structure of an ortholog. In all cases, the reference PDB structure used and associated
PubMed reference number are listed in Table S3, along with active site residues selected for
the enzymes. Only active sites involving a single protein chain were used.

Active sites were compared using three methods: (1) Ca RMSD, a measure of the average
distance between common Ca backbone atoms, using Molsoft ICM, (2) side chain identity
of aligned active site residues, and (3) optimized superpositions of pharmacophoric property
distributions using Molsoft ICM siteSuperAPF, as previously described in detail (26). For
the last method, the selected active site residues within each PDB structure were converted
into continuous 3D atomic property fields representing seven pharmacophoric properties -
hydrogen bond donor, hydrogen bond acceptor, lipophilicity, size, electronegativity, charge,
aromaticity/hybridization - and the optimal superposition of these fields was found using a
Monte Carlo minimization procedure, yielding a pseudo-energy (Eapg) for a given pair.
Pseudo-energies are additive: larger pairs of identical active sites will have larger |Eapf|
values than smaller pairs. To convert Eapr values to 0-100% similarity (PSapg), Eapr
scores were normalized using the formula:

EAPF (A’ B)

PS =
VEapr (4,4) x B, (B, B)

APF
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where Eapr(A,A) and Eapp(B,B) are self-comparisons of the active sites for Mtb (A) and
non-Mtb homolog (B) enzymes. This is a different normalization method than previously
described (26) and was used to better distinguish between closely related pairs rather than to
detect weakly related pairs. The resulting PSapg score represents the fractional similarity of
the active sites: if one site has half of the atoms missing but is otherwise identical to the
other, PSapg would be 0.5, or 50%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increasing the structural coverage of TB drug targets
One hundred and seventy-nine Mtb proteins were selected based on their potential value as

TB drug targets (represented by the entire circle). Structures were obtained for 16 of the Mtb
proteins (100% amino acid sequence identity, dark blue). By adding 1675 mycobacterial
homologs to the pipeline, structures of homologs of an additional 52 of the 179 Mtb targets
were obtained (lighter shades of blue, corresponding to different levels of global sequence
identity versus the Mtb target). In 42 cases where no structure was obtained for an Mtb
protein, a structure of an NTM homolog with >55% sequence identity was solved.
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614 Mycobacterium proteins in Protein Data Bank

Cross-BLASTP, keep Mtb-NTM
pairs with >25% sequence identity
over >70% of the Mtb sequence

252 pairs of proteins

|

214 pairs of enzymes

|

106 enzyme pairs with known Mtb active site and
structures available in the same ligand binding state

Figure 2. Selection of mycobacterial enzyme homologs for active site comparisons
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Figure 3. Comparison of enzyme overall and active site structure by Ca RMSD
A, Overall RMSD between all Ca (backbone) atoms is plotted against global sequence

identity for 106 Mtb and NTM enzyme structure pairs. The y-axis is inverted so that lowest
RMSD values, which indicate greatest structural similarity, are at the top. B, Active site Ca
RMSD is plotted against global sequence identity. Enzyme pairs in the same OrthoMCL
family are indicated by filled data point markers, while pairs in different families are
indicated by open markers.
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Figure 4. Comparison of enzyme active site side chain identity and pharmacophoric properties
A, Active site side chain identity is plotted versus global sequence identity for 106 Mtb and

NTM enzyme pairs. B, Active site similarity based on optimized superpositions of
pharmacophoric property distributions (PSapg) is plotted against global sequence identity.
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Figure 5. Conserved active site structure for four mycobacterial enzymes
A, metK from Mtb (3TDE) and M. marinum (3RV2). B, cdd from Mtb (31JF) and M.

smegmatis (3MPZ). C, ispD from Mtb (2XWN) and M. smegmatis (2XWL). D, gpgsS from
Mtb (3E25) and MAP_2569c from M. paratuberculosis (3CKQ). The Mtb structures are
shown in white and gray, the NTM homolog structures in red. Global sequence identity (AA
ID) and active site similarity score (PSapg) are listed for each pair.
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Figure 6. Structural comparison between two homologs of cytidylate kinase, a potential TB drug
target
A, Homologs from M. smegmatis (3R20, orange) and M. abscessus (4DIE, blue),

superimposed using active site chemical property distributions. The bound substrate,
cytidine-5’-monophosphate (from 4DIE), is colored green. B, Enlarged view of the active
sites with surrounding backbone structures in gray.
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