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ABSTRACT

Despite extensive efforts in tuberculosis (TB) drug research, very few
novel inhibitors have been discovered. This issue emphasizes the need
for innovative methods to discover new anti-TB drugs. In this study, we
established a new high-throughput screen (HTS) platform technol-
ogy that differs from traditional TB drug screens because it utilizes
Mycobacterial-Protein Fragment Complementation (M-PFC) to identify
small molecule inhibitors of protein-protein interactions in myco-
bacteria. Several examples of protein-protein interactions were tested
with M-PFC to highlight the diversity of selectable drug targets that
could be used for screening. These included interactions of essential
regulators (IdeR dimerization), enzymatic complexes (LeuCD), secretory
antigens (Cfp10-Esat6), and signaling pathways (DevR dimerization).
The feasibility of M-PFC in a HTS platform setting was tested by per-
forming a proof-of-concept quantitative HTS of 3,600 small molecule
compounds on DevR-DeVR interaction, which was chosen because of its
strong implications in Mycobacterium tuberculosis persistence and the
need for effective drugs against latent TB. The calculated Z'-factor was
consistently >0.8, indicating a robust and reproducible assay. Com-
pletion of the proof-of-concept screen allowed for the identification of
advantages and disadvantages in the current assay design, where im-
provements made will further pioneer M-PFC-based applications in a
large-scale HTS format.

INTRODUCTION
YCOBACTERIUM TUBERCULOSIS (Mtb) is an infectious or-
ganism that causes the development and progression
of tuberculosis (TB) in humans and claims ~ 2 million
lives per year.! The impact of this disease is devastat-
ing considering that TB is also a leading cause of death among people
infected with human immunodeficiency virus.? Despite the avail-
ability 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.>™ This
problem is a direct consequence of the sharp rise of multidrug-
resistant/extensively drug-resistant strains, as well as the known
limitations of current anti-TB drugs and their inability to act on
dormant bacilli. These barriers underscore the need to discover new
drug targets and develop new drugs for combating both active and
latent TB.

Conventional methods for TB drug discovery are hampered by
bottlenecks that point toward a lack of effective, innovative, and
rational approaches in efforts to develop new anti-TB drugs. Most
rely on the old paradigm of phenotypic screening, where drug-like
molecules are often serendipitously identified based on antituber-
cular activity.® Results obtained from these empirical screens offer
little information on the drug target and lack mechanistic detail.” On
the other hand, target-based screens are often molecularly based and
performed in vitro, but face substantial drawbacks because many
compounds identified from these screens show no antibacterial ac-
tivity when tested against whole cells.®”'° Therefore, novel tech-
niques that screen for inhibitors that are specific for their target and
are tested against cells offer a great advantage for the discovery of
new TB drugs.

The search for inhibitors against protein-protein interactions has
garnered much attention in the study of new drug development
technologies and represents an emerging paradigm in TB drug dis-
covery. Since biological functions involve a tightly regulated and
balanced interplay between the association and dissociation of pro-
teins, the selective disruption of these essential processes can be
exploited for the discovery of small molecule inhibitors. However,
this approach has been met with significant conceptual and physical
challenges.

Skepticism on identifying inhibitors via this method stems from
the observation that protein contact surfaces are large (typically
~ 1,600 A?), flat, and buried. These attributes may prevent a small
molecule from binding and exerting its effect.''™!* Despite these
challenges, the discovery of hot spots and hot regions has pioneered
the search for small molecule inhibitors of protein-protein interac-
tions. These hot spots and regions account for the majority of the
binding energy between two proteins and consist of conserved, hy-
drophobic residues that define the protein contact interface.'>'*"'8
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As a result of this research, a diverse set of small molecule inhibitors
that target protein-protein interactions has been discovered for both
mammalian and bacterial protein complexes in recent years.'"'%2°
While novel inhibitors have been found against the RNA polymer-
ase assembly machinery,*"*? ZipA-FtsZ interaction of Escherichia
coli,?? and ToxT dimerization of Vibrio cholerae,”**> none have been
discovered against protein-protein interactions of Mtb in a whole-
cell-based assay.

Previous applications of protein fragment complementation as-
says (PCAs) were developed in various organisms and have been a
great advancement to the study of protein-protein interactions in
biological systems.**"2° However, until now it has been impossible to
find inhibitors against protein-protein interactions in mycobacteria
due to the lack of tools necessary to detect disruption of protein
associations in vivo. This deficiency gave us the rationale to exploit
Mycobacterial-Protein Fragment Complementation (M-PFC)*® as a
tool for the discovery of drugs against protein-protein interactions
in their native environment. It is known that certain interactions
like Pup and FabD require mycobacterial-specific host factors®' and
thus cannot be investigated fully with other systems. For all M-PFC-
related studies, Mycobacterium smegmatis (Msm) is used as a sur-
rogate host for the evaluation of Mtb protein interactions. Two
particularly attractive attributes of working with Msm are that it
has a faster replication time than Mtb and can be safely handled in
BSL2 laboratory settings. In addition, Msm shares many biosyn-
thetic and signaling pathways with Mtb,>*>>*> and has been shown
to properly express, secrete, and post-translationally modify Mtb
proteins.**?*73¢ Therefore, Msm is a suitable and popular model
system for the screening of drugs against Mtb proteins.’”-*®

Another benefit is that M-PFC technology is optimally designed
for detecting cytoplasmic and membrane-bound protein associations
within mycobacterial cells through the functional reconstitution of
the murine dihydrofolate reductase (DHFR) reporter fragments
[F(1,2)) and F(3)],*° and the subsequent survival in trimethoprim
(TRIM)-containing media (Fig. 1).>® TRIM is a specific inhibitor of
both murine and bacterial DHFR, but an important difference be-
tween the two is that murine DHFR has ~ 12,000 times lower affinity
for TRIM.*® This distinction allows for the selection of positive in-
teractions from the M-PFC expressed proteins that are fused to the
murine DHFR fragments.’® The Alamar Blue-TRIM detection assay
(AB-TRIM) is an extension of M-PFC in which strength of protein-
protein interaction is quantified based on the ability of cells to sur-
vive in the presence of TRIM. These metabolically active cells reduce
AB from a blue to a fluorescent pink color and then fluorescence is
measured.

As proof of concept, we developed and optimized a whole-cell-
based assay fit for high-throughput screen (HTS) by exploiting M-
PFC technology to detect small molecule inhibitors of mycobacterial
interactions. The targeted disruption of interactions X and Y can lead
to downstream effects on viability, persistence, and virulence (Fig. 1).
Current chemotherapy targets only actively replicating Mtb,>*"*° so
the development of drugs for nonreplicating Mtb represents an area
of intense focus in TB drug discovery programs.
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Fig. 1. M-PFC in mycobacteria. Conceptual diagram of using M-PFC
to search for inhibitors that can disrupt key mycobacterial protein
interactions involved in essential, persistence, and virulence
pathways. Black rectangles represent DHFR F(1,2) and F(3) frag-
ments. X and Y are the translationally fused mycobacterial proteins
selected for protein interaction studies with M-PFC and can include
interactions involved in cell wall synthesis, two-component sig-
naling, virulence, persistence, secretion, etc. A HTS platform based
on M-PFC can detect small molecule inhibitors that disrupt the
interaction between X and Y, which leads to an abolishment of
downstream effects on viability, persistence, and virulence. HTS,
high-throughput screen. DHFR, dihydrofolate reductase; M-PFC,
Mycobacterial-Protein Fragment Complementation.

DevR is the response regulator in the Mtb DevR/S/T dormancy
pathway, which when activated by DevS or DevT, regulates ~48
genes that are thought to aid Mtb in its transition to the persistent
state.*'™*® Because DevR has been implicated in promoting myco-
bacterial persistence and reactivation,*"*”"*® we chose to demon-
strate the utility of M-PFC technology against DevR dimerization as
the initial drug screen target. Completion of this proof-of-concept
screen establishes, for the first time, the feasibility of this whole-
cell-based approach as a novel technique for antitubercular drug
discovery.

MATERIALS AND METHODS
Strains and Culture Conditions

E. coli strains were grown in LB and supplemented with either
kanamycin (Kan; 50 ug/mL; Fisher Scientific, Fairlawn, NJ) or hy-
gromycin (Hyg; 150 pg/mL; Invitrogen™, Carlsbad, CA). Msm strains
were grown in 7H9 complete media, which is 7H9 (Difco™ BD™,
Sparks, MD) supplemented with 0.5% glycerol, 0.5% glucose, and
0.2% Tween80. When necessary, Kan (25 pug/mL), Hyg (50 ug/mL),
and TRIM (6.25-100 pg/mL; Sigma-Aldrich®, St. Louis, MO) were
added.
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Plasmid Constructs for M-PFC

Plasmid constructs for M-PFC were made by replacing the GCN4
domains from pUAB100-400 with target DNA sequences. Both devR
(Rv3133c) and ideR (Rv2711) were PCR amplified with complimen-
tary oligonucleotides (Supplementary Table S1; Supplementary Data
are available online at www.liebertonline.com/adt) and cloned into
pUAB100 at BamHI/Clal and pUAB200 at Munl/Clal restriction sites.
pUAB300 and pUAB400 were used as backbone vectors for leuC
(Rv2988c) and leuD (Rv2987c¢), and were digested with BamHI/Pstl
and MunlI/Pvull enzymes, respectively, then ligated, and transformed
into E. coli. After verifying sequences of all constructs, plasmids were
transformed into Msm and plated on 7H11 (BBL™ BD™, Sparks, MD)
KanHyg agar to generate the DevR-DevR, IdeR-IdeR, and LeuD-LeuC
interacting strains. Protein interaction was detected by streaking
each strain and its respective negative control onto 7H11 KanHyg
agar plates containing varying concentrations of TRIM. Msm cells
expressing the negative control M-PFC constructs contained an un-
related protein fused to one of the DHFR fragments and the target
protein fused to the other corresponding DHFR fragment. The Cfp10-
Esat6 control strain was made previously.*°

AB-TRIM Assay to Determine Strength of Interaction
AB-TRIM assays were performed as described.*® Briefly, Msm cells
containing interacting plasmids were first cultured in 7H9 complete
KanHyg media to an ODggy ~ 1.0 and immediately frozen in 20%
glycerol to generate individual glycerol stocks. All experiments were
subsequently performed in puClear® 96-well flat-bottom, polystyrene
plates (Greiner®, Frickenhausen, Germany). Each well was prefilled
with 100 pL of 7H9 complete KanHyg media before adding increasing
concentrations of TRIM. Cells were thawed, washed with 1 x PBS, and
recovered for 1h in 7H9 complete broth without any antibiotics.
They were then diluted in 7H9 complete KanHyg media and loaded
at a final concentration of 10° cells/well. The total volume per well
was 200 pL. Plates were incubated for 8-12h at 37°C before adding
20 uL. of Alamar Blue® (AB; AbD Serotec Ltd., Kidlington, Oxford,
United Kingdom) and incubated further for 24 h. Fluorescence in-
tensity was measured at 530 nm (ex)/590 nm (em) using a Biotek®
Synergy™ HT microplate reader (Biotek®, Winooski, VT) in bottom-
read mode, with a sensitivity value of 41. For all AB-TRIM experi-
ments, fluorescence intensity is represented in arbitrary units. Samples
were loaded in triplicate wells and experiments were performed at least
twice. Data points are represented as mean * standard deviation (SD).

Rapamycin-Induced Interaction and FK506 Inhibition

The open reading frames of FKBP12 and FRB were amplified with
complimentary oligonucleotides and cloned into pUAB100 and
pUAB200, respectively, with the same restriction sites as cited above
for pUAB100 and pUAB200. Basic protocols for the AB-TRIM assay
were then followed, with the addition of increasing concentrations
(0-501M) of Rapamycin (RAP; LC Laboratories®, Woburn, MC) to
induce FRB-FKBP12 interaction under a set TRIM concentration,
usually 20 pg/mL. For FK506 (Cell Signaling Technology®, Danvers,
MA) inhibition studies, 100 pL of 7H9 complete KanHyg media was

supplemented with 20 pg/mL TRIM and 12.5nM RAP before pre-
loading into wells of a 96-well plate. Increasing concentrations of
FK506 were then added to wells before cell loading. Cells were re-
covered in 7H9 complete media with the addition of 12.5 nM RAP for
1-1.5 h before diluting to 10° cells/well and loading into respective
wells. IdeR-IdeR (see Materials and Methods section) was used as
control to evaluate the effects of RAP or FK506 on: (1) viability of
Msm cells and (2) interaction of an un-related M-PFC interacting
strain. Percent interaction was calculated as the [(fluorescent value at
a given FK506 concentration)/(untreated FK506 cells)] x 100, where
untreated FK506 cells in the presence of RAP and TRIM were repre-
sentative of 100% interaction of FRB-FKBP12 or IdeR-IdeR. Samples
were loaded in triplicate wells and experiments were performed at
least twice. Data points are represented as mean + SD.

Optimization of Drug Screen Conditions

Optimization experiments were performed in 384-well black,
clear-bottom plates (Nunc™, Copenhagen, Denmark). For deter-
mining optimal cell number, Msm cells were grown to an ODggo of
~ 1.0 and then diluted to where wells contained 10% to 10° cells/well
in an 80 pL total volume. Cells were allowed to incubate for 8 h at
37°C before addition of 10% AB, or 8 uL. Time points were taken
every hour for 30 h with the BioTek® Synergy™ HT, where the plate
was internally incubated in the machine. For dimethylsulfoxide
(DMSO; Fisher Scientific) and rifampicin (RIF; Sigma-Aldrich)
studies, cells at 10° cells/well were incubated in the presence
of increasing DMSO or RIF concentrations. In the case of the DMSO
experiment, 0-8 uL of solvent was added to respective wells to
achieve increasing percent concentrations of DMSO. Samples
were loaded in triplicate wells and experiments were performed at
least twice. The Z'-factor®® was calculated based on the formula:
1 — [(3 X SDhign) + (3 X SD1ow)/(AVEhigh — AVEiow)], where high and
low values are generated from the DMSO only and RIF-containing
wells, respectively.

HTS Protocol

The 3,600 compounds tested in the primary screen were randomly
selected from a nonbiased, 50,000 compound library purchased from
ChemBridge Corp. (ChemBridge™, San Diego, CA). This library
contained synthetic drug-like compounds with an average molecular
weight of 400 Da, but ranged from 250 to 500 Da and had high
chemical structural diversity. Individual compounds were arranged
in 96-well compound source plates as 10 mM solutions in DMSO,
which were further diluted 1:5 with DMSO to 2 mM working stocks.
Before screening, each source plate was thawed to room temperature
and spun down at 900 rpm for 5 min to collect condensation droplets
that formed on the lids. Fifteen source plates, or 1,200 compounds,
were screened at a time in two separate conditions: No TRIM (to
control for viability) and +TRIM at 6.25 pg/mL (to assess compound
effects on protein-protein interaction). All procedures involving
transfer of compounds to test plates used the iLinkPro® integration
software, version 1.1.45.1 (Caliper Life Sciences, Hopkinton, MA), to
control the core instruments. These included the Caliper Sciclone
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ALH 3000 workstation (Caliper Life Sciences) version 4.1.7, as well as
the Twister® II Plate Handler (Caliper Life Sciences).

Before primary screening, glycerol stocks of Msm expressing
DevR-DevR were thawed, washed twice with 1 X PBS, resuspended in
7H9 complete media, and then recovered for 1h at 37°C. Forty mi-
croliters of 7H9 complete media (+antibiotics) were predispensed
into all wells in the 384-well plates, except for the media-only
control wells, which contained 80 puL of media. Compounds were
delivered to two sets of plates: control plates and test plates. Speci-
fically, 1.5 pL of each compound was added to position one of the
384-well plates, and then serially diluted sixfold to positions 2-4,
sequentially. RIF (10 ug/mL) controls were independently added to
each plate. After compound loading, cells were diluted and 40 pL of
prepared cells was added to each plate so that the final concentration
reached 10° cell/well, with a total volume of ~ 80 pL per well. Plates
were sealed with TempPlate® film (USA Scientific®, Ocala, FL) to
prevent evaporation. All prepared plates were then incubated at 37°C
for the duration of the entire screen. Plates were first incubated for 8 h
before adding 10% AB to each well and then re-sealed. Automatic
readings were then taken with the BioTek Synergy HT every 3 h for up
to 36 h at 530 nm (ex)/590 nm (em). Data were analyzed at the 24 h
time point. Data from each set were analyzed based upon the per-
centage of inhibition compared to control for each concentration,
which was calculated as: 100 X (compound/avg. DMSO control)control —
(compound/avg. DMSO control).s.. Compounds that were active in
two or more concentrations and inhibited interaction by at least
4x SD were selected for secondary screening.

Dose-Response Curves of Potential Hits

Msm expressing Cfp10-Esat6 and DevR-DevR were used in the
AB-TRIM assay to test for the effect of the compounds on viability
and interaction. Briefly, methods for the AB-TRIM assay were fol-
lowed for each strain at a set TRIM concentration of 6.25 pg/mL, with
the addition of increasing concentrations of compound. For ob-
serving effects of the compounds on viability, no TRIM was added to
the media. Samples were loaded in triplicate wells; experiments were
performed at least twice. Data points are represented as mean * SD.

RESULTS

The ability of the F(1,2) and F(3) DHFR fragments to associate and
dissociate depends on the interaction status of the fused interacting
proteins. For some PCA reporter enzymes like green fluorescent
protein or yellow fluorescent protein, they remain locked in a stable,
folded state once they are assembled.”®>" Therefore, a prerequisite in
determining if M-PFC can be used to identify small molecule in-
hibitors of protein-protein interactions is to test whether the DHFR
reporter fragments are reversible through the sequential and forced
separation of previously reconstituted DHFR enzyme fragments.

Small Molecule-Based Induction or Inhibition
of Protein-Protein Interactions Using M-PFC

A M-PEC rapamycin (RAP) inducible system was developed to
monitor induction and disruption of the entire M-PFC DHFR com-

302 ASSAY and Drug Development Technologies JUNE 2011

plex. FRB and FKBP12 were independently fused to F(3) and F(1,2)
fragments of DHFR, respectively. Since FRB and FKBP12 interact in
the presence of RAP,**** Msm cells overexpressing FRB-(F3) and
FKBP12-(F1,2) fusions were grown in the presence of RAP and pro-
tein association was analyzed in 20 pg/mL TRIM media. Complete
association of the FRB-FKBP12 complex was detected in cells at
50 nM RAP (Fig. 24, inset) and minimally at 3.2 nM RAP, whereas the
control expressing an unrelated protein with FKBP12 did not interact
at any concentration of RAP. This result suggests that inducible as-
sociation of FRB-FKBP 12 was specific (Fig. 2A). To demonstrate that
addition of FK506 (a competitive inhibitor of RAP binding to
FKBP12)>*>° disrupts and inhibits the formation of the FRB-FKBP12
complex, Msm cells were cultured in RAP-containing media and
exposed to increasing concentrations of FK506. Loss of protein in-
teraction was examined with the AB-TRIM assay. As shown in Figure
2B, 15uM FK506 was sufficient to achieve a 70% inhibition of
complex formation, whereas interaction and viability of the negative
control remained unaffected (Fig. 2B). With this result, we demon-
strate that FK506 is an effective and specific inhibitor of FRB-
FKBP12 interaction, and that disruption of the entire M-PFC DHFR
complex could be detected with the AB-TRIM assay. Similarly, a
recent study demonstrated that the humanized form of Gaussia
princeps luciferase (hGluc), a well-known PCA reporter enzyme, was
induced and inhibited through the use of an eukaryotic RAP-
inducible system.56 In sum, these results demonstrate that M-PFC can
be adapted as a whole-cell-based screening system to identify small
molecules that bridge or disrupt protein-protein interactions.

Identifying Protein Complexes for HTS

To demonstrate the versatility of M-PFC in detecting a diverse set
of protein associations in mycobacteria, several protein-protein in-
teractions were selected as key examples for the study and included
those involved in essential complexes (IdeR-IdeR, Rv2711),>” enzy-
matic complexes (LeuC-LeuD, Rv2988c-Rv2987¢),°®*° virulence
pathways/secretion (Cfp10-Esat6, Rv374-Rv3875),°° and persistence
(DevR-DevR, Rv3133c).*! Consistent with current literature, the re-
sults show a strong association between IdeR-IdeR, Cfp10-Esat6, and
DevR-DevR, and are evident by the growth of Msm on plates con-
taining 30 pg/mL TRIM (Fig. 3A). Alternatively, LeuD-LeuC expres-
sing cells grew at 15 pug/ml of TRIM, suggesting a weak interaction
(Fig. 3B). This result also represents the first report of this interacting
complex in vivo. Controls expressing unrelated proteins with the test
proteins showed no growth on either 30 or 15 ug/mL TRIM plates,
confirming that the observed interactions were specific (Fig. 3A, B).
These results, as well as those from previously published studies,**®"
highlight the versatility of M-PFC to test different interactions as
potential drug targets in an M-PFC-based HTS.

Optimizing Parameters to Screen for Small Molecule
Inhibitors Against DevR-DevR Interaction Using M-PFC
For every protein interaction target, it is critical to determine the
strength of interaction with the AB-TRIM assay. As a prerequisite for
this proof-of-concept screen, the strength of DevR-DeVvR interaction
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Fig. 2. Chemically induced association and disruption of protein interactions with the M-PFC AB-TRIM assay. (A) Use of AB-TRIM assay to
demonstrate (®) FRB-FKBP12 and (O) neg-FKBP12 (negative control) interaction in the presence RAP (0.78, 1.56, 3.13, 6.25, 12.5, 25.0, and
50.0 nM). Positive interaction of FRB-FKBP12 is shown by survival in TRIM 20 pg/mL media, as indicated by increasing fluorescence
intensity of AB. Inset shows bar graph of FRB-FKBP12 interaction at o and 50 nM RAP, where relative fluorescence intensities are indicated.
(B) Cells were pre-exposed to 12.5 nM RAP to facilitate FRB-FKBP12 interaction before treating them with FK506 (0.23, 0.47, 0.94, 1.88,
3.75, 7.50, and 15.0 uM). Step-wise inhibition of (®) FRB-FKBP12 interaction was observed with increasing FK506 concentration, where
100% interaction was defined as the fluorescence intensity at o uM FK506. Msm expressing the M-PFC construct (O) IdeR-IdeR was used as
a viability and specificity control against FK506. Each data point represents the mean of triplicate wells = SD. AB-TRIM, Alamar Blue-
trimethoprim; Msm, Mycobacterium smegmatis; RAP, rapamycin; SD, standard deviation.

was determined (Fig. 3C). Using a 96-well format, the DevR-DevR that DevR-DevR interaction was indeed present. A high level of
expressing strain was exposed to increasing concentrations of TRIM interaction was observed during growth in 6.25pug/mL of TRIM,
for 12 h before addition of AB. Cells with AB were incubated for an followed by a progressive decline in the strength of interaction at
additional 24h to allow AB conversion from blue to pink, and higher concentrations of TRIM, as indicated by the blue wells (Fig. 3C,
fluorescence was measured at 530 nm (ex)/590 nm (em). We found inset). Thus, TRIM at 6.25 pug/mL was used for detecting DevR-DevR
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Fig. 3. Mycobacterial protein—protein interactions with M-PFC. (A) Cells expressing strong interacting pairs and their corresponding
negative controls were streaked onto TRIM 30 pug/mL plates and incubated at 37°C for 4 days. (1) neg-DevR; (2) DevR-DevR; (3) Cfp1o-neg;
(4) Cfp1o-Esaté; (5) neg-ldeR; (6) IdeR-IdeR. (B) A weak interacting pair and its negative control were streaked onto TRIM 15 pg/mL plates
and incubated at 37°C for 4 days. (1) neg-LeuC; (2) LeuD-LeuC. (C) The AB-TRIM assay (see Materials and Methods section) was performed
to assess the strength of DevR-DevR interaction. Strong and weak interactions are determined by the ability to survive in high and low
concentrations of TRIM, respectively. Msm cells expressing (®) DevR-DevR were exposed to increasing concentrations of TRIM and
maximum interaction was detected between 1.6 and 6.3 pg/mL TRIM. Red arrows point to the concentration of TRIM selected for DevR-
DevR in HTS. Inset shows a colorimetric representation of AB being reduced at specified TRIM concentrations. Each data point represents
the mean of triplicate wells + SD.
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interaction in the proof-of-concept HTS. It was determined that lower
TRIM concentrations resulted in nonspecific interactions (data not
shown) and higher concentrations of TRIM led to sub-optimal fluo-
rescence intensity and strength in interaction (Fig. 30).

To prepare for HTS, a series of optimization experiments in 384-
well plates were performed to evaluate the optimal cell number and
effect of DMSO on the HTS assay. First, Msm cells (10° to 10> cells per
well) were incubated for 8 h at 37°C. AB was then added and a change
in fluorescence was measured for a total of 30 h in 1 h intervals. The
data were analyzed by plotting the averages of triplicate wells (Fig.
4A). It was determined that 10° cells changed AB fluorescence in a
time-dependent manner and exhibited a growth curve that was
neither too fast (10° cells) nor too slow (10* cells). On the other hand,
the AB fluorescence from other cell numbers, such as those from 10°
or 10 cells, was variable and inconsistent. In addition, we observed
that cells at 24 h post-AB (Fig. 4A) reached maximum fluorescence
before they entered complete stationary phase, which resulted in no
significant change in AB fluorescence. Thus, a concentration of 10°
cells/well was used in the proof-of-concept screen, and initial anal-
ysis of the data was performed at 24 h post-AB.

Since the ChemBridge source plates used DMSO to dissolve indi-
vidual chemical compounds, the effects of this organic solvent were
monitored on Msm cells to determine the smallest percentage (or
maximum tolerable dose) of DMSO allowed for screening. Three-
hundred-eighty-four-well plates were filled with 10°> Msm cells in
7H9 complete media and treated with 0-8 puL of DMSO, representing
increasing concentrations of this solvent to 10% DMSO. The results
indicate that addition of >2.5% DMSO, or 2 pL, lead to a decrease in
Msm viability by >10% in the total assay mixture. We chose to
include no >2% DMSO as a solvent for the HTS (Fig. 4B).

Since there are no known examples of TB drugs that dissociate
mycobacterial protein-protein interactions, RIF was used as an ad-
ditional control in the study. RIF affects overall viability of Msm and
functions to provide baseline fluorescence values for the screen. We
expected a compound that affected 100% inhibition on DevR-DevR
interaction to have the same fluorescence intensity value as the RIF
control wells. A susceptibility test was performed in 384-well plates
to select the appropriate RIF concentration for HTS. The results in-
dicate that Msm viability is immediately affected by 75% at 2 pg/mL
RIF. This effect is otherwise represented as a drop in fluorescence
intensity to ~20,000 units from untreated cells (~ 80,000 units)
(Fig. 4C). In the proof-of-concept screen, an RIF concentration of
10 ug/mL was used because it produced baseline fluorescence values
of ~8,000 arbitrary units and allowed for a 10-fold dynamic range
between DMSO control wells (high) and RIF control values (low).

Finally, inter- and intra-plate variations were tested by analyzing
high (DMSO only wells) and low (RIF wells) values to calculate the Z'-
factor and dynamic range as an assessment of the quality of the
screen.*® Values were obtained from different quadrants within
plates, as well as from corresponding wells among various plates. The
calculated Z'-factor for these assay plates was consistently >0.8, and
the dynamic range between high and low wells was at least 10-fold.
Taken together, optimal conditions for the HTS were determined
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Fig. 4. Optimizing conditions for HTS. (A) Optimal cell concen-
tration was determined by observing growth curves of Msm cells
from wells containing (4) 10°, (M) 10°, (@) 10%, (@) 103, and
(X) 10 cells over the course of 30h. (B) The tolerance of up to
10% DMSO (8 uL) was determined in Msm cells as described
in the Materials and Methods section. Viability of Msm cells
was not dramatically affected at a concentration below 2.5%
DMSO, and thus a threshold of 2% DMSO was selected for
HTS. (C) RIF susceptibility was assessed for Msm cells to de-
termine optimal RIF concentrations for HTS. Cells were suscep-
tible to >2pug/mL RIF by at least 75%, and 10 ug/mL RIF was
chosen for HTS to produce low values of ~ 8,000 arbitrary units.
The data are means = SD from triplicate wells. Each experiment
was performed at least twice. DMSO, dimethylsulfoxide; RIF,
rifampicin.
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and implemented, which led to the establishment of a robust and
precise screen.

Plate Schematic

The design of the preliminary drug screen included two sets of
384-well plates for every compound source plate. One plate con-
tained 7H9 complete media, which allowed us to examine the effects
of inhibitors on cell viability. The second plate contained 6.25 pg/mL
TRIM to score for inhibitors that affected protein-protein interaction.
These conditions provided an important distinction between a hit
that killed the cell nonspecifically versus a hit that modulated in-
teraction of the target proteins. Eighty small chemical compounds
randomly derived from a 50,000 ChemBridge library were tested for
every set, followed by successive dilutions of these compounds. Our
approach was based on quantitative HTS (qHTS).®* This application
allowed us to determine the bioactivity of each compound by cov-
ering a range of concentrations from 34.9 to 0.17 uM (Fig. 5). Each
plate had three internal control areas, as indicated by the colored
boxes (Fig. 5). The wells in the red box were for the DMSO control.
The volume of DMSO in each position was identical to the amount of
DMSO + inhibitor distributed in the compound wells, and did not
affect viability, as suggested by Figure 4B. RIF was manually added
to the wells in the blue box at a final concentration of 10 ug/mL.
Wells in the green box represented the media plus AB only control,
where no cells were added to exclude any possibility of media con-
tamination.

Adoption of the Assay Protocol on a HTS Platform
We adopted the AB-TRIM assay for rapid assessment with HTS.
The final assay protocol depended on media loading (40 pL per well)
with a multichannel dispenser and then drug loading using a robotic
platform. The 96-well source plates contained 80 small molecules
each. About 1.5 pL of compound solution was aseptically transferred
to designated assay plates and then subsequently diluted approxi-
mately sixfold in a clockwise manner for a total of four dilutions. RIF
was then manually added to negative control wells using a multi-
channel pipettor at 10 ug/mL. After compound loading, 40 pL of cells
was dispensed at regular 5.5 min intervals to synchronize the time it
took for one plate to be read with the microplate reader. The total
volume per well was ~ 80 pL except for those in position 1 of the
dilution series. All wells in this position contained ~ 74.8 pL of total
media due to the initial media uptake for subsequent dilutions.
Therefore, the concentration of compounds in position 1 was ap-
propriately adjusted to 34.9 uM. The remaining steps were performed
at 37°C. First, plates were manually sealed and incubated for 8 h. AB
was then dispensed in 5.5 min intervals to a final concentration of
10% (or 8 pL). Plates were resealed and then placed on a stacker that
was connected to a microplate reader for data acquisition.
Automatic readings were taken every 3 h for a total of 36 h. One
run of a stack of 30 plates, 15 control plates (7H9 only) and 15 test
plates (7H9 + TRIM), took ~2h 55min to complete (Table 1). As a
whole, the outlined protocol emphasizes the simplicity of the HTS
platform, with results easily obtained after 2 days, and can be sum-
marized in four major steps: compound and

gHTS Plate Schematic

cell loading, AB addition and plate reading.
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Chemical Library

Once parameters were firmly established,
a limited, semi-automated proof-of-concept
screen involving 3,600 small chemical mole-
cules was performed. These compounds aver-
aged a molecular weight of 400 Da and were
part of a nonbiased, chemically diverse li-
brary from ChemBridge. After the primary
screen, the compounds selected for secondary

oo

900099t

screening were limited to a cutoff of greater
than £ 4xSD and demonstrated inhibitory
activity in at least two or more concentrations.
A subset of results at 34.9 uM obtained from
the proof-of-concept screen was presented as
an example of potential hits that disrupted

DevR-DevR interaction, whereby the two

Fig. 5. Design of qHTS: 384-well-plate schematic. Each test plate contains 8o different test
compounds (within dotted black line). Each compound is serially diluted sixfold, in a
clockwise pattern, as indicated by positions 1—4 within the black circle. (1) 34.9 uM; (2)
6.25 uM; (3) 1.04 uM; (4) 0.17 uM. DMSO vehicle control wells (red box), RIF at 10 ug/mL
control wells (blue box) and negative control wells, without cells (green box), are as

indicated. gHTS, quantitative HTS.

compounds of interest were highlighted by the
black and gray arrows (Fig. 6A). The first had a
24.5% and 36.3% inhibition in two concen-
tration ranges, 34.9 and 6.25 pM, respectively.
The second was active in three concentrations
ranges at 34.9, 6.25, and 1.04 pM and inhibited
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Table 1. Example of HTS Assay Protocol Table

N Parameter ‘ Value ‘ Description

1 Media 40 L 7H9 complete media; Hyg, Km, —/+
TRIM: (control vs. test)

2 Library compounds | 1.5ul® | 4 concentrations: 34.9 to 0.17 uM

3 Cells 40l Mycobacterium smegmatis expressing
DevR-DevR

4 Incubation time 8h 37°C

5 Alamar Blue 8l Redox indicator dye; 10% final solution

6 Incubation time 36h 37°C

7 Assay readout 530nm/ | Biotek microplate reader; fluorescent

590nm | mode

Step Notes

1. Black 384-well plate, clear bottom; 1,200 compounds per round; pFill
dispenser used to load media into all wells

2. Chembridge source plates in 100% DMSO, 2 mM; 1.5 ulL transfer from
source plates,? 6.7 ulL for dilutions

3. Prepared cells; pFill dispenser used to load cells into designated wells at
10° cells/well

4. Plates sealed to prevent evaporation

5. pFill dispenser used to load Alamar Blue

6. Plates sealed to prevent evaporation; total 30 plates (2 sets of 15); Placed
on stacker, fluorescence read every 3 h

7. Biotek microplate reader; data analyzed at 24 h postaddition of Alamar Blue;
compared control vs. test plates
For future screens, it is recommended that compound dilutions are performed

in DMSO first, before transferring to test plates.
DMSO, dimethylsulfoxide.

the interaction by 38.4%, 35.9%, and 13.7% (data not shown). All
other hits that exhibited high inhibitory activity were representative
of those compounds active in single concentration ranges, and were
excluded from future validation screens.

Results from the proof-of-concept screen indicated that the assay
could identify potential hits against viability vs. interaction. The two
compounds that were identified were subsequently purchased from
ChemBridge for secondary screening with a different M-PFC ex-
pressing strain as control. The validation assay included side-by-side
AB-TRIM assays between the DevR-DevR expressing test and the
Cfp10-Esat6 expressing control strains to identify and eliminate
nonspecific hits. Those that affected the DHFR reporter enzyme and/
or viability in the presence of TRIM were grouped into the nonspecific
category and were excluded from future use. Dose-response curves
were generated for compounds 7215469 (black arrow) and 6851696
(gray arrow) in no TRIM and 6.25 pug/mL TRIM media. The com-
pounds were subjected to two-fold dilutions from 50 uM to include
the concentrations used in the proof-of-concept screen. In the ab-
sence of TRIM, compounds 7215469 and 6851696 had no effect on
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Fig. 6. Example of HTS hits. (A) Representative scatter plot of 1,200
compounds at 34.9 pM analyzed at 24 h. Data points are represented
as percent inhibition of DevR-DeVR interaction in 6.25 ug/mL TRIM as
compared to control, without TRIM. The dotted line represents the
4% SD threshold (+17.4%). The black and gray arrows represent the
two potential hits, 7215469 and 6851696, respectively, identified
from the proof-of-concept screen. All other compounds above 4 x SD
were representative of those that exhibited inhibitory activity at only
34.9 1M, and were excluded from secondary screens. (B and C) Ti-
tration curves of compounds (B) 7215469 and (C) 6851696 on Cfp1o-
Esaté (counter screen control) and DevR-DevR (target interaction).
Concentrations used are 0.78, 1.56, 3.13, 6.25, 12.5, 25.0, and
50.0 uM. (O) Cfp1o-Esaté and ([J) DevR-DevR are assayed without
TRIM to look for effects of compound on viability. (®) Cfp1o-Esaté and
(m) DevR-DevR are assayed in media containing 6.25 ug/mL TRIM to
assess effects of compound on interaction. Chemical structures of
7215469 and 6851696 are as shown. Each data point for B and C
represent the mean of triplicate wells = SD.
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the viability of Cfp10-Esat6 and DevR-DevR expressing cells for up
to 50uM (Fig. 6B, C). However, in its presence, the compounds
seemed to affect Cfp10-Esat6 and DevR-DevR interaction in a similar
manner, as indicated by the drop in AB fluorescence (Fig. 6B, C).
These results suggest that both compounds were not specific in dis-
rupting DevR-DevR interaction because Cfp10-Esat6 interaction was
similarly affected. Due to the limited number of compounds tested in
the proof-of-concept screen, we did not expect to identify com-
pounds for lead development. Instead, the goal was to demonstrate
that this screen could identify potential hits from a primary qHTS and
that the validation assay could discriminate against nonspecific hits.
All together, these results demonstrate that the HTS platform is fit for
future large-scale studies.

DISCUSSION

In this study, we assessed the potential of utilizing M-PFC to screen
for inhibitors against protein-protein interactions in mycobacteria.
Our goal was two-fold: to establish whether M-PFC technology could
be used to facilitate and dissociate protein interactions, and to de-
velop and optimize M-PFC in a HTS platform setting for inhibitors
against mycobacterial protein-protein interactions.

The M-PFC RAP-inducible dimerization system was a novel tool
initially developed for detecting inducers of protein interactions in
mycobacteria, but could also be exploited for future use in ligand-
dependent technologies in the mycobacterial field. It was subse-
quently shown that dissociation of the DHFR reporter fragments
through the forced disruption of FRB-FKBP12 could be detected with
the AB-TRIM assay (Fig. 2B), although at higher FK506 concentra-
tions than in previously published studies.”® The difference in sen-
sitivity between the M-PFC system and hGluc®® can be explained by
several factors. First, the eukaryotic hGluc system uses luciferase as a
reporter enzyme with a luminescence signal as its readout.”® It is
inherently more sensitive than M-PFC because our DHFR-based PCA
depends on fluorescence emissions from AB.?° Second, mycobacteria
are already intrinsically resistant to many drugs due to the low
permeability barrier of the extraordinarily thick cell wall, as well as
porins, multidrug efflux pumps and drug-inactivating enzymes.*>~%°
Collectively, these characteristics can also lead to decreased sensi-
tivity of FK506 and emphasize the importance of screening for small
molecule inhibitors of protein-protein interactions in mycobacterial
cells. Finally, Mtb proteins are over-expressed under the control of a
constitutive promoter (hsp60) with M-PFC. Over-expression of target
genes allows for the study of protein interactions without the de-
pendence of signal-induced expression. However, it can also lead to a
saturated system®® that results in decreased sensitivity of FK506 to
FKBP12, thereby requiring higher concentrations of drug to disrupt
the FRB-FKBP12 complex. As expected, overexpression of certain
mycobacterial genes is also toxic (data not shown). In light of these
discoveries, efforts are currently underway to develop an inducible
promoter system for controlling target protein expression and rep-
resent the focus of another study.

Nevertheless, the current M-PFC system is designed to detect a wide
array of physiologically relevant protein interaction complexes in

mycobacteria. Along with the capability to detect protein sub-domain
interfaces (data not shown), these examples provide limitless possi-
bilities for a selectable target in a HTS platform setting. It is important
to note that while ideR®” and leuD>®®” are essential in Mtb, M-PEC has
the flexibility to accommodate these proteins as potential targets for
HTS. This opportunity is possible because ideR is not essential in
Msm,®® and exogenous leucine can be supplemented in media when
searching for inhibitors against LeuC-LeuD interaction.®”

We chose to address the problem of mycobacterial persistence and
the lack of drugs against dormant bacilli by performing a proof-of-
concept screen for inhibitors against DevR dimerization, which oc-
curs mostly in the N’ terminal domains at the o5 and 6 helices.®® For
most response regulators, oligomerization occurs and is necessary for
DNA binding.”®~’? Therefore, disruption of any part of this process
may influence downstream expression of regulated genes. In support
of this theory, recent structure-based development strategies led to
the discovery of a potential compound that was capable of binding
and locking DevR in a conformation that inhibited DNA binding.”?

We implemented qHTS®* to assay a chemical library for the gen-
eration of a comprehensive data set. As determined from Figure 4A,
data are evaluated as an end-point analysis at 24 h post-AB addition.
However, it is well known that current TB drugs target bacilli during
active growth®® and that some require activation by components
expressed only during bacterial replication.’>’* Because the physi-
ology and metabolic state of Msm cells vary at different growth
phases, there is a possibility that some compounds may show better
activity at certain growth states. This example is readily observed
with other compounds that are growth-phase dependent.”” Un-
fortunately, the two potential hits identified from this proof-of-
concept screen were deemed not specific to DevR-DevR, and thus
time-course data for these compounds were not assessed for growth-
phase dependency. Nevertheless, the option to analyze time-course
data generated from a single screen increases the versatility of the
M-PFC HTS platform and allows for the collection of additional in-
formation on individual compounds (Supplementary Fig. S1).

Of the 3,600 compounds tested, two potential hits were identified
from the proof-of-concept screen, resulting in a 0.06% hit rate. By
comparison, HTS of small molecule inhibitors against the whole
bacterium consistently produce hit rates of 19%-3%.”%"” Therefore,
for a single target among all 3,959 genes in the Mtb genome, the hit
rate is expected to be significantly lower. This expectation encour-
ages future efforts in performing an extensively larger HTS to ac-
commodate for the specificity of the M-PFC-based screen.
Compounds 7215469 and 6851696 inhibited Cfp10-Esat6 interaction
with doses similar to DevR-DevR interaction, suggesting a mode of
action that was not specific to DevR-DevR (Fig. 6B, C). This behavior
was observed only in the presence of TRIM, and suggests one of three
possible outcomes: targeted disruption of the DHFR enzyme, adverse
effects on components of endogenous essential pathways, or artifacts
as a result of the screen.

Some compounds, like 7215469, slightly precipitated out of so-
lution, but still exhibited similar activities for Cfp10-Esat6 and
DevR-DevR in TRIM-containing media. The current protocols for
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the qHTS and the validation assay involve the initial transfer of
compound(s) to the wells in the first position, before subsequent
dilutions of compound in 7H9. We reasoned that serial dilution in
media could have facilitated compound aggregation to influence
compound behavior. However, re-evaluation of both compounds
under conditions where primary dilutions were first performed in
DMSO showed similar nonspecific activity in TRIM containing media
(Supplementary Fig. S2).

While examination of these potential outcomes is complex, the
validation assay was sufficient in identifying nonspecific hits and
allowed us to exclude these compounds from future experiments.
Upon further investigation, we observed the presence of several
sulfonamide compounds from within a group of hits that was sub-
jected to a more lenient cut-off (data not shown). We hypothesized
that this specific group of sulfa drugs, like 6851696 (Fig. 6C, inset),
acted synergistically with TRIM to affect the endogenous Msm tet-
rahydrofolic acid biosynthesis pathway. The clinical significance of
sulfa drugs (e.g., sulfamethoxazole’®) is well documented in that they
are often used in conjunction with TRIM as a potent combination to
treat TB, as well as a significant number of other microbial infec-
tions.”®"®® These two components work together to inhibit specific
steps in the synthesis of tetrahydrofolic acid. Blocking this pathway
ultimately results in inhibition of DNA, RNA, and protein synthesis.
Therefore, we believe that the combination of 6851696 and TRIM
blocked essential cellular processes of Msm, which led to a decrease
in AB fluorescence.

To overcome this problem, we plan to generate a customized li-
brary that will exclude chemical structures showing similarity to
sulfa drugs as well as derivatives against mycobacterial DHER.?%7 A
potential caveat to the current assay design is that the screened
compounds undergo several dilutions in media, which may increase
the number of false-positive hits due to compound precipitation
events. With access to a fully automated HTS facility, we plan to
minimize these common solubility issues®® by prediluting all initial
compounds in DMSO first, before placing them into test plates. The
qHTS platform will also be expanded to screen two interacting targets
in parallel. One target will act as a direct counter screen for the other,
thereby making use of the validation assay in the actual screen and
eliminating the need to include a no-TRIM control. We expect that
this will be a novel and time-saving approach in the search for new
anti-TB drugs against two protein interaction targets.

By optimizing assay conditions for HTS, we were able to complete
a proof-of-concept screen against DevR-DevR interaction, where
advantages and disadvantages of the M-PFC HTS platform were
identified. This identification allowed us to address potential pitfalls
and propose solutions for the establishment of more efficient screens.
We believe that the data presented in this study demonstrate the
novelty and versatility of M-PFC in searching for inhibitors against
mycobacterial protein-protein interactions. We conclude that the
M-PFC-based HTS is suitable, robust and compatible with the auto-
mation necessary for an upscale HTS platform format, where current
efforts are underway to screen for 100,000 compounds against
multiple protein-protein interactions in mycobacteria.
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