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Abstract 

With the emergence of multiple-drug resistant bacteria 
pathogens, it has become increasingly important to devel-
op new strategies for exploring alternative drug targets and 
new bactericides. However, new drug targets with a differ-
ent antimycobacterial spectrum than current clinical drugs 
are lacking. In this study, based on a transcriptional regu-
lation (TR) network of Mycobacterium tuberculosis, more 
than 60 higher in-degree proteins (HidPs) from the network 
were first characterized. Targeting HidPs of the TR network 
was further shown to be an efficient strategy for potential 
anti-tuberculosis drug target discovery. Top 5 HidPs, whose 
crystal structures have been resolved, were selected as hy-
pothetical targets for docking-based virtual screen against a 
library containing 10,756 compounds. Seventy-nine docking 
compounds were used for further antibacterial screen. Six 
compounds, which target 4 HidPs, could specifically inhibit 
the growth of both M. tuberculosis H37Rv and a multi-drug 
resistant strain isolated from a clinic. Furthermore, the spe-
cific interaction of a newly characterized inhibitor with the 
Rv3290c protein could be confirmed. Thus, we have char-
acterized new anti-tuberculosis candidate targets and bac-
tericides, and the identified HidPs can serve as an impor-
tant resource for further anti-TB drug discovery efforts. Our 
strategy should be applicable for combating a wide range of 
pathogens.
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Introduction

The emergence of drug resistant strains of many bacterial 
pathogens is one of the major challenges faced by efforts aimed 
at controlling infectious diseases [1]. In some cases, this concern 
has been amplified with the emergence of multi-drug resistant 
(MDR) strains [2]. As a result, there is a dire need for develop-
ment of new strategies and identification of effective, alterna-
tive drug targets that may be used to combat these pathogens. 

Mycobacterium tuberculosis, the causative agent of tuberculo-
sis, continues to be a leading cause of mortality world wide and 
about two million people die from it annually [3]. Despite the 
availability of the Bacillus-Calmette Guerin (BCG) vaccine and 
current chemotherapeutic drugs, neither of these approaches 
has proven completely effective in the prevention or treatment 
of TB. Emergence of MDR and extensively drug-resistant (XDR) 
tuberculosis [2] raise the need for identification of new drug tar-
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gets and discovery of molecular scaffolds to fight this pathogen.

Antibacterial drugs have traditionally been designed to in-
hibit the essential components of the pathogen to disrupt its 
survival. Therefore, ongoing searches for new drug targets have 
focused mostly on discovery of essential genes. The search for 
such essential genes have been performed by varied experi-
mental procedures such as single gene knockouts [4], condi-
tional knockouts [5], RNA interference [6], antisense RNA [7] 
and transposon mutagenesis [8]. However, each of these tech-
niques requires a large investment of time and resources, and 
is not always feasible. With the development of ‘omic’ biology 
in recent years, various experimental and computational meth-
ods have been developed to detect and predict the interactions 
among molecules such as protein-protein and protein-DNA in-
teractions in a cell. These advances have allowed us to construct 
large-scale biological networks and to analyze cellular processes 
at the network level. The search for drug targets from these bio-
logical networks has garnered much attention in recent years 
[9]. For example, various approaches have been introduced to 
identify drug targets from protein-protein interaction networks 
[10,11] and metabolic networks [12]. Unlike traditional methods, 
these new methods can allow rapid high-throughput identifica-
tion of targets and avoidance of organism-specific limitations.

Transcriptional regulation (TR) is essential for the survival of 
a pathogen and its interactions with its host. Therefore, a com-
prehensive analysis of transcriptional regulation in pathogens 
can improve our understanding of pathogenesis and provide 
the opportunity to identify new and effective drug targets. Sev-
eral studies have implied the importance of TR networks for the 
pathogenesis and survival of M. tuberculosis [13-16]. In a recent 
study, using a high-throughput bacterial one-hybrid technique 
[16], a genome-wide transcriptional factor-gene interaction net-
work for M. tuberculosis has been successfully constructed [17].

In this study, we developed a new strategy that combines in-
degree analysis of the bacterial TR network and rational struc-
ture-based drug design pipelines to identify candidate drug 
targets against M. tuberculosis (Figure 1). A group of higher 
in-degree proteins (HidPs) from the network were identified. 
Then, potential compounds with bacteriostatic activity against 
M. tuberculosis were screened for and characterized. Finally, 
the specific interaction between a newly characterized inhibitor 
and its target protein was further confirmed.

Experimental Procedures

Strains, Enzymes, Plasmids and Chemicals

Escherichia coli: BL21 strains and the pET28a expression vec-
tor were purchased from Novagen. All the enzymes including 
DNA polymerase, restriction enzymes and DNA ligase were pur-
chased from TaKaRa Biotech. Deoxynucleoside triphosphates 
(dNTPs) and all antibiotics were purchased from TaKaRa biotech 
as well. PCR primers were synthesized by Invitrogen (Supple-
mentary Table S1).

Expression and purification of recombinant TF proteins of 
M. tuberculosis

The M. tuberculosis: Rv3290c and its mutant genes were 
cloned into the over expression vectors of pET28a to produce 
corresponding recombinant vectors. E. coli BL21 (DE3) cells 
transformed with the recombinant plasmid were grown at 37°C 
in 200 ml of LB medium containing 50 mg/ml kanamycin. Pro-
tein expression was induced by the addition of 1 mM isopropyl 

β-D-1- thiogalactopyranoside (IPTG) at 37oc for 2 h. Proteins 
were purified on Ni2+ affinity columns as described previously 
[16]. The purified proteins were determined by SDS-PAGE. Pro-
tein concentrations were determined by spectrophotometric 
absorbance at 260 nm.

In silico inhibitor screen

DOCK (18) (version 6.4) was used for in silico docking base 
virtual screen. The compound library was obtained from the 
ZINC database [19]. Compounds used for in vitro assays were 
purchased from Specs Company. Molecular graphics images 
were produced using the UCSF Chimera package [20] and Py-
MOL (http://www.pymol.org/).

L-Lysine ε-aminotransferase assay

Standard aminotransferase assay was performed as previ-
ously described [21]. Enzyme incubations contained Rv3290c 
(0.5 μM, 1.0 ml), 40 μmol of L-lysine, 40 μmol of a-ketoglutarate, 
and 0.15 μmol of pyridoxal phosphate in a final volume of 2.0 
ml. Serial two-fold dilutions of the compounds, ranging from 
400 µM to 25 µM with 5 different concentrations, were used for 
the inhibition assays of enzyme activity. The reaction was run at 
37oc for 60 min and stopped by the addition of a 1:10 mixture of 
50% trichloroacetic acid and absolute ethanol (1.0 ml).

Formation of piperideine carboxylate was monitored with o-
aminobenzaldehyde (o-AB), which forms an orange dihydroqui-
nazolinium complex with piperideine carboxylate. The amount 
of 1-piperideine-6-carboxylate formed was calculated by using 
the extinction coefficient of 2,800 liters mol-1 cm-1 previously 
reported by Fothergill and Guest [22]. The specific activity of the 
aminotransferase represents micrograms of a-aminoadipic-8- 
semialdehyde (AAS) formed per milligram of protein per hour.

Inhibition assay of mycobacterial growth

The susceptibility of several different mycobacterial spe-
cies to test compounds were evaluated by determining their 
growth trends in the presence of the test compounds and 
comparing them to growth with rifampicin. The mycobacterial 
species tested were M. tuberculosis H37Rv, M. bovis BCG, M. 
smegmatis mc2 155, and a MDR strain M. tuberculosis strain 
(MDR10093006, Wuhan) that is resistant to 250 μg/ml rifam-
picin, 100 μg/ml streptomycin, 1 μg/ml isoniazid and 5 μg/ml 
ethambutol. Briefly, a 500 μl 7H9 broth, yielding a final inocu-
lum of 10 4 - 10 5 colony forming units (CFU), was added to 
each vessel. Serial two-fold dilutions of each compound were 
prepared and added directly into the medium ranging from 0.03 
to 32 µg/ml. After 7 days of incubation at 37 °C in a normal at-
mosphere, the optical densities of mycobacterial growth were 
measured at OD 600 nm. The minimal inhibitory concentrations 
(MICs) of the drug or compounds were determined using a pre-
viously described procedure [23]. An average of three individual 
measurements was presented.

Surface plasmon resonance (SPR) analysis

The interactions between the drugs and Rv3290c series were 
assayed using SPR. The 6×His Rv3290c protein was bound to the 
NTA chip (BIAcore) via a previously published procedure (24). 
Drugs were dissolved in 100% DMSO and diluted in 1.0×PBS to 
obtain a 100 mM stock solution in 10 mM PBS and 5% DMSO. 
The stock was then further diluted in DMSO running buffer. Con-
centration series from 0.2 mM to 1 mM, including control and 
repeated samples, were used for assays. All experiments were 
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carried out at 25 °C at a flow speed of 30 µl/min. The effect of 
DMSO was also corrected according to a previously reported 
method [25].

Scanning electron microscopy (SEM) observation

Mycobacterial cells prepared for SEM observation were 
grown in 7H9 broth for 2-7 d in the presence of either 50 μg/ml 
compound or rifampicin. The cells were harvested by centrifu-
gation. The bacterial pellets were resuspended and incubated 
at 4 °C for 24 h in 2.5% glutardialdehyde solution. The cells were 
washed twice in double-distilled water then dehydrated for 15 
min treatments in 30%, 50%, 75%, 85%, 95% and 100% etha-
nol. The incubation in 100% ethanol was repeated to ensure a 
complete dehydration. Samples were critical-point dried, sput-
ter-coated with gold, and observed using a scanning electron 
microscope (S570; Hitachi, Tokyo, Japan).

Results

Characterization of higher in-degree proteins

We calculated the number of TFs binding to the promoter 
(in-degree) of the M. tuberculosis PDI network which we had 
recently constructed [17]. As shown in Supplementary Table S2, 
the in-degree ranges from 1 to 142 and the top proteins with 
in-degree of more than 50 were listed. The highest in-degree 
promoter Rv1219c_up can be bound by 142 regulators. The 
top 10 high in-degree promoters are involved in the expression 
of membrane transport system, metabolism enzymes and two 
regulators whib2 and lsr2. By mapping each promoter in the PDI 
network to genes, a large group of higher in-degree genes or 
proteins were further characterized from the TR network.

In silico structure-based screen for inhibitors targeting 
HidPs

HidPs in the TR network may be the proteins that are indis-
pensable for bacterial survival and are thus good candidates 
for a screen for inhibitors. To test this possibility and explore 
new strategies for inhibitor design, we employed docking based 
virtual screen methods to perform an in silico inhibitor screen. 
First, potential targets were selected with consideration for 
in-degree and structure information. Five proteins for which 
three-dimensional structures have already been experimentally 
resolved in the structure database PDB (http://www.pdb.org) 
were selected as potential candidate targets (Table 1) and are 
as follows: Rv3290c (in-degree: 136), Rv2780 (in-degree:104), 
Rv0233 (in-degree:64), Rv0674 (in-degree:60) and (Rv2498c, in-
degree:51). Except for Rv0674, whose function is unknown, the 
other 4 proteins are catalytic enzymes (Table 1).

For these five potential candidate targets, the known ligand-
binding cavity for small molecule (Table 1) was selected as an 
active site. These included the pyridoxal phosphate and alpha-
ketoglutarate binding cavity in Rv3290c, the NAD binding cavity 
in Rv2780c, the myristic acid binding cavity in Rv0233 and the 
oxaloacetate ion binding cavity in Rv2498c (Supplementary Fig-
ure S1). However, only a hypothetical active site for Rv0674 was 
defined by manual analysis of protein surface structure because 
both its function and the identity of its ligand-binding pocket 
remain unclear. The docking screen for each target was per-
formed against a library including 10,756 compounds using the 
DOCK program [18]. In order to obtain compounds with high 
interaction specificity and stability, the top-scored compounds 
were further filtered by restraining the Van der Waals (VDW) 
force and internal energy. In total, 79 docking compounds for all 

five target proteins were selected for further evaluation (Sup-
plementary Table S3).

Inhibition activity screen of docking compounds on myco-
bacterial growth

Bacteriostasis activity is one of the most important criteria 
for the success of a lead compound screen. We examined the 
inhibitory activity of all of the above 79 docking hit compounds 
on mycobacterial growth (Figure 2). As shown in Fig. 2a, com-
pound #14 was designed to target Rv3290c and it substantially 
inhibited the growth of both M. tuberculosis H37Rv (OD 600= 
0.1) and M. bovis BCG (OD 600= 0.1), but not M. smegmatis 
mc2 155 (OD 600= 0.3), when compared with the untreated 
control group (OD 600= 0.3) (CK-1). This result is very similar to 
that of rifampicin (CK-2) (OD 600= 0.1), a first-line anti-TB drug. 
In contrast, compound #80 (CK-3) (OD 600= 0.28), an unrelated 
compound used as a negative control, did not have any obvious 
effect on the growth of three mycobacterial species. Similarly, 
compounds #23 and #24, both of which were designed to tar-
get Rv2780, were found to inhibit the growth of M. tuberculosis 
H37Rv and M. bovis BCG (Figure 2b). Notably, these two com-
pounds showed better inhibition of M. tuberculosis H37Rv than 
of M. bovis BCG, and had no obvious effect against M. smegma-
tis. Compound #51 targeting Rv0233 (Figure 2c), and compounds 
#66 and #70 targeting Rv2498c (Figure 2d) were also shown to 
specifically inhibit the growth of M. tuberculosis H37Rv and M. 
bovis BCG. However, based on the hypothetical active site of 
Rv0674, no compound was successfully identified (Figure 2e).

Thus, six compounds (Figure 3a) from 79 in silico structure-
based candidate inhibitors were characterized to have obvious 
inhibitory activity on the growth of M. tuberculosis H37Rv and 
M. bovis BCG, but not on that of M. smegmatis. Those com-
pounds were designed for 4 targets: Rv3290c, Rv2780, Rv0233 
and Rv2498c (Figure 3b). Minimal inhibitory concentrations 
(MICs) of compounds were further measured against several 
mycobacterial species, including a MDR M. tuberculosis strain 
isolated from a clinic. Importantly, these compounds had MICs 
ranging from 0.5 μg/ml - 8 μg/ml against M. tuberculosis H37Rv 
(Figure 3b). However, a much higher concentration was needed 
to sterilize M. smegmatis. Interestingly, six compounds displayed 
similar activity against clinical MDR isolates of M. tuberculosis, 
implying that those targets are excellent candidates. Potential 
binding modes of the compounds with their targets were gener-
ated for six compounds (Figure 4).

Specific interaction between compound #14 and the target 
protein Rv3290c

The interaction between compound #14 and the Rv3290c 
protein was further studied to validate the specificity of the char-
acterized potential inhibitors. In a surface plasmon resonance 
(SPR) assay, 6×His-tagged Rv3290c was first associated with the 
NTA chip (GE Healthcare). As shown in (Figure 5a), when an in-
creasing concentration of compound #14 (0.1-1 mM) was passed 
over the chip surface, a corresponding increase in response val-
ue was observed, indicating a concentration-dependent change 
in the interaction of the compound with Rv3290c. The trend 
line was generated by using the equation (y = 144.5x0.721, R² 
= 0.999) (Figure 5b). In contrast, an unrelated compound (#80) 
showed no obvious binding activity (Figure 5c). Using computer 
simulations, the interaction residues were chosen to perform 
site-directed mutagenesis. Three mutants, R170A, K300A, and 
R170A/K300A, were designed and their proteins were purified 
(Figure 5d). The interactions of compound #14 with these mu-
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tant proteins were examined by SPR. Notably, compound #14 
had reduced binding with all three mutant proteins compared 
with that of the wild-type protein, suggesting that it interacted 
specifically with the substrate binding pocket of Rv3290c (Figure 
5e).We further performed the L-Lysine ε-aminotransferase as-
say of Rv3290c to test the specific inhibitory role of compound 
#14 on its enzyme activity. As shown in (Figure 5f), the degree 
of inhibition increased rapidly with the compound concentra-
tion, even though the compound had only been through pri-
mary screening and could be further optimized. In contrast, an 
unrelated compound (#80) did not show any inhibitory activity 
under the same conditions. The IC50 value [26] for compound 
#14 or the concentration at which 50% of the enzyme activity of 
Rv3290c could be inhibited was 200 μM. 

Time-lapse imaging of the M. bovis BCG culture done by 
scanning electron microscopy (SEM) revealed that upon ex-
posure to compound #14, the growth rate rapidly decreased, 
which was followed by cell lysis after 192h. This effect was simi-
lar to that of the first-line anti-TB drug, rifampicin. In contrast, 
compound #80, used as negative controls, showed no effect on 
bacterial growth (Figure 5g). Next, all four cultures were trans-
ferred to a drug-free 7H10 slant medium and maintained for 
an additional month. Unlike the cultures that had been treated 
with compound #80, not a single colony grew for the cultures 
that had been previously exposed to RFP and compound #14 
(Supplementary Figure S2).

These results show that the HidP Rv3290c is a potential tar-
get protein for designing inhibitors against M. tuberculosis. Ad-
ditionally, we found that compound #14 can specifically target 
Rv3290c and inhibit the growth of both M. tuberculosis H37Rv 
and a MDR M. tuberculosis strain isolated from a clinic even at 
a low concentration.

Discussion

The identification of new drug targets and discovery of mo-
lecular scaffolds have become a priority with the emergence of 
MDR and XDR strains of M. tuberculosis [27]. Search for new 
efficient molecular targets to eradicate M. tuberculosis remains 
an important and challenging task. 

Search of new drug targets usually focus on identification of 
essential genes required for the pathogen’s survival. Some re-
cent strategies [7,28] have identified several potential drug tar-
gets. However, these current strategies have their own limita-
tions. For example, expensive facilities and expertise for further 
data analysis are required. In the current study, by integrating 
TR network analysis pipeline and rational drug design pipeline, 
we developed a new strategy for efficient discovery of candidate 
drug targets for combating M. tuberculosis. We confirmed the 
feasibility and efficiency of this new pipeline and characterized 
candidate anti-tuberculosis targets and potential bactericides.

HidPs in the TR network are regulated by a large group of TFs. 
At least two scenarios can be imagined why such high in-degree 
proteins may be needed by pathogens. Firstly, the protein needs 
to be expressed in response to various environmental signals 
and thus needs to be regulated by multiple different response 
regulators. Secondly, the protein needs to play roles in different 
periods such as during cell growth and division, and thus needs 
to be regulated by different regulators at different times. Under 
this view, higher in-degree translates to more frequent demand 
for bacterial survival. Therefore, in-degree analysis based on a 
network may provide an alternative approach for identifying po-

tential essential genes and drug targets. In the present study, we 
provide evidence to show that targeting HidPs in a TR network 
is an efficient strategy for exploring potential targets and inhibi-
tors. We showed that four higher in-degree proteins (Rv3290c, 
Rv2780, Rv2498c and Rv0233), were candidate targets for de-
veloping new bactericides. The necessity of some characterized 
high in-degree proteins for pathogen survival has been implied 
in previous studies. For example, Rv3290c was found to be sub-
stantially up-regulated in nutrient-starved or non-replicating 
persistence models (29,30), and down-regulated during long-
term latency (31). The expression profile of Rv3290c is consis-
tent with that of high in-degree proteins in a TR network. The 
crystal structures of other higher in-degree proteins character-
ized from the current TR network, which include Rv1219c (ABC 
transporter), Rv2011c (hypothetical protein), Rv3682c (bifunc-
tional membrane associated penicillin-binding protein 1a/1b 
Pona2), and Rv3177 (possible peroxidase), remain unsolved. 
These proteins may be potential targets for drugs against M. 
tuberculosis and the resolution of their structures should pro-
mote the development of new lead compounds.

M. tuberculosis continues to be a leading cause of mortality 
worldwide and MDR tuberculosis has become a major public 
health concern. However, new drug targets with a different an-
timycobacterial spectrum than current clinical drugs are lack-
ing. In the present study, we selected a relatively small library 
containing 10,756 compounds for in silico screen and only 15-
20 compounds were further selected for each target for further 
growth inhibition assays. Despite the small number of candi-
date compounds we worked with, we were able to identify 
new compounds that inhibited the growth of M. tuberculosis at 
low MICs ranging from 0.5 to 8 μg/ml. Interestingly, each new 
target protein corresponded to at least one inhibitor and their 
inhibitory effects were specific for M. tuberculosis (Figure 2). 
In particular, these compounds also displayed similar activity 
against clinical isolates of the MDR M. tuberculosis strain. The 
inhibitor-target interaction was direct and specific, as exempli-
fied by the assay of the interaction between compound #14 and 
the Rv3290c protein. 

In summary, a large group of HidPs were characterized from 
the newly constructed TR network of M. tuberculosis. We 
showed the feasibility and efficacy of using HidPs in the TR net-
work as anti-bacterial targets. Although we screened a relative-
ly small compound library and focused on just a handful (five) 
of potential targets, six new compounds, which together target 
4 HidPs, were successfully identified to have inhibitory activity 
on the growth of both M. tuberculosis H37Rv and a MDR M. 
tuberculosis strain isolated from a clinic. The HidPs we identi-
fied from the TR network of M. tuberculosis can serve as an 
important resource for further anti-TB drug discovery efforts. 
Additionally, our work shows that targeting HidPs of a TR net-
work can be an efficient strategy for drug discovery and should 
be applicable for combating a wide range of pathogens.
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Figure 1: An outline of the strategy used for transcriptional 
network analysis. A scheme of the strategy developed for poten-
tial drug target discovery.

Figures

Figure 2: Growth inhibition assays of docking compounds on several 
mycobacterial species. CK1 represents the control experiment without 
any compound added. CK2 represents the experiment with rifampicin 
and CK3 represents the negative control experiment with an unrelated 
compound (#80). The docking compounds, which were designed to target 
several higher in-degree target proteins including (a) Rv3290c, (b) Rv2780, 
(c) Rv0233, (d) Rv2498c and (e) Rv0674, were used for inhibitory assays 
on the growth of M. tuberculosis H37Rv (left panel), M. bovis BCG (middle 
panel), and M. smegmatis mc2155 (right panel). After 3~7 days of incuba-
tion at 37 °C in a normal atmosphere, the optical densities of mycobac-
terial growth were measured at OD 600 nm. Each growth analysis was 
performed in triplicate. The x-axis corresponds to compounds or drugs 
and the y-axis refers to OD 600. Significant inhibition of mycobacterial 
growth is highlighted by a black column. Compound #14 is ZINC690246 
(C18H17Br2NO4S); #22 is ZINC00335084 (C7H5NO4); #23 is ZINC8383145 
(C5H3N3O2S); #66 is ZINC34633360 (C14H19N7); #70 is ZINC13281923 
(C14H16N4); #51 is ZINC02025622 (C13H17N3O). For information on 
other.

Figure 3: Structures of the characterized inhibitors and their mini-
mal inhibitory concentrations (MICs) against several mycobacterial 
species. (a) Structure of the inhibitors. (b) The MICs of the inhibitors. 
By definition, MICs are concentrations of inhibitors that inhibit 99% 
of the growth of different mycobacterial species.

Figure 4: Predicted binding modes of inhibitors to their target pro-
teins. Stereo view of a compound docked on the target protein (left 
panel, target protein was represented as surface model). Detailed view 
of a compound docked in the active site of the target is shown as a yel-
low ribbon model (right panel, target protein was represented as ribbon 
model). Compounds were represented as stick models. Atoms of C, N, O, 
Br and S were colored green, blue, red, purple and yellow, respectively. 
(a) Compound #14 docked in Rv3290c. (b) Compound #22 docked in 
Rv2780. (c) Compound #23 docked in Rv2780. (d) Compound #66 docked 
in Rv0233. (e) Compound #70 docked in Rv2498c. (f) Compound #51 
docked in Rv2498c.
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Figure 5: PSpecific interaction between compound #14 and 
Rv3290c. (a) SPR assay for the interaction of compound #14 with the 
Rv3290c protein. Different concentration of the compound (0.2 - 1 
mM) was passed over the surface of the Rv3290c-associated chip. An 
overlay plot was produced to show the interactions. (b) Binding iso-
therm obtained from SPR measurements. The symbols correspond to 
each of the duplicate measurements. The fitted line was obtained us-
ing the equation (y = 144.5x0.721, R² = 0.999). (c) Comparative analysis 
of the interaction of 1mM compound #14 and unspecific compound 
#80 (ZINC04099972) with the Rv3290c protein. An overlay plot was 
produced to show the interactions. (d) Potential Rv3290c residues 
involved in interaction with compound #14. (e) Comparative analysis 
of the interaction between wild-type Rv3290c and its mutant variants 
with compound #14. R170A, K300A, and R170A+K300A double mutant 
proteins were associated with the NTA chip, and 1 mM of compound 
#14 was passed over the surface of the chip. The interaction was then 
examined. (f) An assay for the inhibitory effect of compound #14 on 
the L-Lysine ε-aminotransferase activity of Rv3290c. The experiment 
was carried out as described in the “Methods Section”. The x-axis cor-
responds to increasing inhibitor concentration and the y-axis refers 
to the inhibition percentage, compared to control experiments with 
no inhibitor. Compound #80 (ZINC04099972) was used as a negative 
control. (g) Scanning electron microscopy was used to visualize the ef-
fect of compound #14 on cell morphology. The images were taken at 
8000×magnification. Scale bars, 2 μm.

References

1. D’Costa vm, McGrann km, Hughes dw. Sampling the antibiotic 
resistome. Science. 2006; 311: 374-377.

2. Gandhi NR, Nunn P, Dheda K, et al. Multidrug-resistant and ex-
tensively drug-resistant tuberculosis: a threat to global control 
of tuberculosis. Lancet . 2010; 375: 1830-1843.

3. World Health Organization. Global Tuberculosis Control 2009: 
Epidemiology, Strategy, Financing. WHO. 2009.

4. Giaever G, Chu AM, Ni L, et al. Functional profiling of the Sac-
charomyces cerevisiae genome. Nature. 2002; 418: 387-391.

5. Roemer T. et al. Large-scale essential gene identification in Can-
dida albicans and applications to antifungal drug discovery. Mol 
Microbiol. 2003; 5o: 167-181.

6. Cullen LM, Arndt GM. Genome-wide screening for gene func-
tion using RNAi in mammalian cells. Immunol Cell Biol. 2005; 83: 
217-223.

7. De Backer MD, Nelissen B, Logghe M, et al. An antisense-based 
functional genomics approach for identification of genes critical 
for growth of Candida albicans. Nat Biotechnol. 2001; 19: 235-
241.

8. Glass JI, Assad-Garcia N, Alperovich N, et al. Essential genes of a 
minimal bacterium. Proc Natl Acad Sci. 2006; 103: 425-430.

9. Farkas IJ, Korcsmáros T, Kovács IA, et al. Network-based tools for 
the identification of novel drug targets. Sci Signal. 2011; 4.

10. Strong M, Eisenberg D. The protein network as a tool for finding 
novel drug targets. Prog Drug Res. 2007; 64: 193-215.

11. Ruffner H, Bauer A, Bouwmeester T. Human protein-protein in-
teraction networks and the value for drug discovery. Drug Dis-
cov Today. 2007; 12: 709-716.

12. Folger O, Jerby L, Frezza C. et al. Predicting selective drug targets 
in cancer through metabolic networks. Mol Syst Biol. 2011; 7: 
501.

13. Zahrt TC, Deretic V. An essential two-component signal trans-
duction system in Mycobacterium tuberculosis. J Bacteriol. 
2000; 182: 3832-3738.

14. Manganelli R, Voskuil MI, Schoolnik GK, et al. The Mycobacte-
rium tuberculosis ECF sigma factor sigmaE: role in global gene 
expression and survival in macrophages. Mol Microbiol. 2001; 
41: 423-437.

15. Wilkinson RJ, DesJardin LE, Islam N, et al. An increase in expres-
sion of a Mycobacterium tuberculosis mycolyl transferase gene 
(fbpB) occurs early after infection of human monocytes. Mol Mi-
crobiol. 2001; 39:813-821.

16. Guo M, Feng H, Zhang J, et al. Dissecting transcription regulatory 
pathways through a new bacterial one-hybrid reporter system. 
Genome Res. 2009; 19: 1301-1308 .

17. Zeng j, Cui T, He ZG. A genome-wide regulator-DNA interaction 
network in the human pathogen Mycobacterium tuberculosis 
H37Rv. J Proteome Res. 2012; 11: 4682-4692 .

18. Ewing TJ, Makino S, Skillman AG, et al. DOCK 4.0: search strate-
gies for automated molecular docking of flexible molecule data-
bases. J Comput Aided Mol Des. 2001; 15: 411-428.

19. Irwin JJ, Shoichet BK. ZINC--a free database of commercially 
available compounds for virtual screening. J Chem Inf Model. 
2005; 45: 177-182.

20. Pettersen EF, Goddard TD, Huang CC, et al. UCSF Chimera--a vi-
sualization system for exploratory research and analysis. J Com-



27. Koul A, Arnoult E, Lounis N, et al. The challenge of new drug 
discovery for tuberculosis. Nature. 2011; 469: 483-490.

28. Sassetti CM, Boyd DH, Rubin EJ. Genes required for mycobacte-
rial growth defined by high density mutagenesis. Mol Microbiol. 
2003; 48: 77-84.

29. Betts JC, Lukey PT, Robb LC, et al. Evaluation of a nutrient starva-
tion model of Mycobacterium tuberculosis persistence by gene 
and protein expression profiling. Mol Microbiol. 2002; 43: 717-
731.

30. Voskuil MI, Visconti KC, Schoolnik GK. Mycobacterium tubercu-
losis gene expression during adaptation to stationary phase and 
low-oxygen dormancy. Tuberculosis (Edinb). 2004; 84: 218-227.

31. Voskuil MI. Mycobacterium tuberculosis gene expression during 
environmental conditions associated with latency. Tuberculosis 
(Edinb). 2004; 84: 138-143.

7Journal of Tuberculosis

MedDocs Publishers

put Chem. 2004; 25: 1605-1612.

21. Kern B.A., Hendlin D, Inamine E. L-lysine epsilon-aminotrans-
ferase involved in cephamycin C synthesis in Streptomyces lac-
tamdurans. Antimicrob Agents Chemother. 1980; 17: 679-685.

22. Fothergill JC, Guest JR. Catabolism of L-lysine by Pseudomonas 
aeruginosa. J Gen Microbiol. 1977; 99: 139-155.

23. Jadaun GP, Agarwal C, Sharma H, et al. Determination of etham-
butol MICs for Mycobacterium tuberculosis and Mycobacte-
rium avium isolates by resazurin microtitre assay. J Antimicrob 
Chemother. 2007; 60: 152-155.

24. Wang Y, Cui T, Zhang C, et al. Global Protein-Protein Interaction 
Network in the Human Pathogen Mycobacterium tuberculosis 
H37Rv. J Proteome Res. 2010; 9: 6665-6677.

25. Sandblad P, Arnell R, Samuelsson J, et al. Approach for reliable 
evaluation of drug proteins interactions using surface plasmon 
resonance technology. Anal Chem. 2009; 81: 3551-3559.

26. Biswal BK, Morisseau C, Garen G, et al. The molecular structure 
of epoxide hydrolase B from Mycobacterium tuberculosis and 
its complex with a urea-based inhibitor. J Mol Biol. 2008; 381: 
897-912.


