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ARTICLE INFO ABSTRACT

The emergence of tuberculosis (TB) produced by multi-drug resistance (MDR) and extensively-drug resistance
(XDR) Mycobacterium tuberculosis (Mtb), encourages the development of new antituberculous compounds, as well
as the identification of novel drug targets. In this regard, plasma membrane P-type ATPases are interesting
targets because they play a crucial role in ion homeostasis and mycobacterial survival. We focused on Mtb CtpF,
a calcium P-type ATPase that responds to a broad number of intraphagosomal conditions, as a novel target. In
this study, we evaluated the capacity of cyclopiazonic acid (CPA), a well-known inhibitor of the sarco-en-
doplasmic reticulum Ca®*-ATPase (SERCA), to inhibit the ATPase activity of CtpF and the Mtb growth de-
monstrating that CtpF is a druggable target. A homology modeling of CtpF was generated for molecular docking
studies of CtpF with CPA and key pharmacophoric features were identified, which were used to perform a
pharmacophore-based virtual screening of the ZINC database, and to identify CtpF inhibitor candidates.
Molecular docking-based virtual screening and MM-BGSA calculations of candidates allowed identifying six
compounds with the best binding energies. The compounds displayed in vitro minimum inhibitory concentra-
tions (MIC) ranging from 50 to 100 ug/mL, growth inhibitions from 29.5 to 64.0% on Mtb, and inhibitions of
Ca®*-dependent ATPase activity in Mtb membrane vesicles (ICso) ranging from 4.1 to 35.8 pM. The compound
ZINC63908257 was the best candidate by displaying a MIC of 50 pg/mL and a Ca*>* P-type ATPase inhibition of
45% with ICso = 4.4 pM. Overall, the results indicate that CtpF is a druggable target for designing new anti-
tuberculous compounds.
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1. Introduction combination with the traditional anti-TB drugs.

Plasma membrane proteins are advantageous as drug targets be-

Tuberculosis (TB) remains as one of the most relevant public health
problems worldwide. In 2017, there were at least 1.3 million deaths by
TB'. This health problem has been exacerbated by latent infections and
the high prevalence of human immunodeficiency virus (HIV)-TB coin-
fection”. The long lasting anti-TB treatment is due in part to the diffi-
culty of achieving therapeutic concentrations of antituberculous drugs
inside mycobacterial cells, which is partly caused by the low perme-
ability of the mycobacterial cell wall, and the limited effects of drugs
against latent infections®. The capacity of Mycobacterium tuberculosis
(Mtb) to rapidly generate drug resistance raises the need for discovering
alternative TB targets and new compounds to be administered in

cause potential antimicrobial compounds do not need to cross the cell
envelope®. In this context, different anti-TB drugs such as bedaquiline,
have been developed. This drug interferes with proton pumping and
ATP synthesis mediated by the F;F,-ATPase in the mycobacterial
plasma membrane”. Similarly, SQ109 blocks the trehalose mono-my-
colate transporter MMPL3 that is essential for mycolic acid biosynthesis
in mycobacteria®.

On the other hand, recent studies highlight the importance of my-
cobacterial plasma membrane P-type ATPases in the ionic homeostasis
of heavy metal cations and bacterial intrafagosomal survival®. P-type
ATPases have been the target of successful antimicrobial compounds;
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Fig. 1. CtpF 3D structure and validation. A. CtpF structural model predicted by homology modeling: the cytoplasmic domains are represented: (N) the nucleotide-
binding, (P) phosphorylation, (A) actuator and transmembrane domains (TMDs). B. Ramachandran plot. C. ProSA plot: the z-score of CtpF is highlighted with a black

dot.

for instance, of antimalarial artemisinin, which inhibits PfATP6, a
sarco-endoplasmic reticulum Ca®*-ATPase (SERCA)-type of Plasmo-
dium falciparum’. From this point of view, P-type ATPases are inter-
esting targets for designing new anti-TB drugs.

P-type ATPases contain three cytoplasmic domains: nucleotide
binding (N), phosphorylating (P), and actuator (A); together with two
transmembrane domains (TMDs), namely transmembrane transport (T)
and class-specific support domains (S)°. In addition, P-type ATPases
have two conformational states: E1, in which ions are attached to the
cytoplasmic side of the cell membrane to promote autophosphorylation,
generating a new conformational state, and E2 state, in which the
substrate has a low affinity, promoting ion translocation across the cell
membrane®. Although P-type ATPases share a catalytic mechanism
based on the conformational changes of the five structural domains, the
regulatory mechanisms and ion affinity differ among them.

The Mtb genome contains 11P-type ATPases, which are classified
according to the type of transported cations as follows: (i) heavy-metal
transporters, which include CtpA, CtpB, CtpC, CtpD, CtpG, CtpJ and
CtpV, and (ii) alkali/alkaline earth transporters, including CtpE, CtpF,
CtpH, and CtpI'?. Several Mtb P-type ATPases display relevant biolo-
gical functions; e.g. CtpV is involved in Cu®** tolerance'’, CtpC is as-
sociated with Zn?" efflux'?, and CtpD shows affinity for both Co®* and
Zn?*, suggesting that P-type ATPases can be multifunctional enzymes.
In experimental conditions mimicking latent infections, mycobacteria
down-regulate ATPases except for those that are essential for ATPase
activity in ATP scarcity, such as Na*/K* and Ca®* transporters'®.

Mtb CtpF (Rv1997) is a putative Ca®* transporter, which is acti-
vated in response to stress conditions associated with infection'“. Thus,
CtpF is involved in the mycobacterial response to oxidative stress,
which is faced by intracellular pathogens during the infection process.

CtpF is the mycobacterial P-type ATPase closest to eukaryotic SERCAla
isoform (35.3% sequence identity), the most extensively studied P-type
ATPase'®. A specific and potent inhibitor of SERCA is cyclopiazonic
acid (CPA), a toxic tetramic indole acid naturally produced by the fungi
Penicillium and Aspergillus. CPA acts on the transmembrane segments
(TMDs) involved in calcium transport by P-type ATPases, making them
rigid and blocking Ca®* transport'®.

In this study, a model of CtpF was constructed by homology mod-
eling using SERCA1la co-crystallized with CPA as a template. The most
important interactions between CtpF and CPA were predicted using
molecular docking calculations, and a CtpF-ligand pharmacophoric
pattern was proposed. This information was used for a screening of the
ZINC database. Thereafter, docking studies of the pharmacophore-
based top candidates and MM-GBSA re-scoring allowed identifying six
compounds with high binding energies. For these compounds, we es-
timated inhibition of the Ca®*-dependent P-type ATPase activity and
antimycobacterial activity in vitro. We found that ZINC63908257 was
the most active compound without causing high toxicity in eukaryotic
cells.

2. Results and discussion
2.1. Homology modeling of CtpF

To date, there are no crystallographic structures of Mth P-type
ATPases. Analysis of amino acid sequence, reflects that CtpF-Mtb is an
alkaline/alkaline earth cation transporter with homology to eukaryotic
SERCA1la isoform'”; therefore, the three-dimensional (3D) structure of
CtpF-Mtb was predicted by homology modeling by using the crystal
structure of SERCAla in an E2.P-like form and stabilized with
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cyclopiazonic acid (CPA), as template. Both amino acid sequences show
35.3% of identity according to Clustal Omega tool'® (Supplementary
Material, Fig. S1).

The model CtpF-Mtb was stabilized in a realistic biological media
and its conformational sampling was obtained by performing a 20-ns
molecular dynamics simulation; the most stable conformation of this
simulation was selected to have a more reliable model of CtpF. Similar
to SERCA and other P-type ATPases®, the CtpF model consists of three
cytoplasmic domains; a nucleotide binding domain (N) connected to a
phosphorylation domain (P), an actuator domain (A), and ten trans-
membrane helices (TMDs), M1 to M10 (Fig. 1A). The stereochemical
quality of CtpF was assessed with PROCHECK and the results revealed
that 91% of the residues are in the most favorable regions of the Ra-
machandran plot and the root mean square deviation (RMSD) to the
SERCAla template is 0.890 A, proving that the our CtpF model is ac-
curate and reliable (Fig. 1B). Additionally, the model was validated
using ProSA-web, which measured the deviation of the total energy of
the structure compared to an energy distribution derived from random
conformations. The analysis yielded a z-score of —5.98, indicating a
good overall quality (Fig. 1C). Both SERCAla and CtpF 3D structures
showed very similar global structure, including the majority of residues
around the CPA binding site with nearly identical positions. Taking the
quality information above, we considered that our CtpF model has
enough quality for structure-based drug design purposes.

2.2. Molecular docking of CPA with the CtpF model and SERCAla

Docking of CPA inside the CtpF model was compared with the same
ligand inside SERCA1a. As a result, the obtained pose was in agreement
with the binding mode of SERCAla-CPA crystal structure PDB code:
3FGO™. Fig. 2 shows the alignment of SERCAla and the CtpF model
after CPA docking calculations. The similarity between the binding
mode of CPA inside both proteins indicate that this ligand should have
the same orientation in both highly conserved binding sites.

According to previous crystallographic structure reports, the CPA
binding site is formed by two pockets; a polar one oriented towards M1
and M2 (with residues GIn56 and Asn101 of SERCAla) where short
contacts with the tetramic acid moiety of CPA are established. In this
polar region, there are reports of additional interactions with GIn56
mediated by a water molecule®’, and other authors have described that
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Table 1

Comparison of the CPA binding site residues for SERCAla and CtpF (residues
within 4.0 A from CPA). The residues that are different in the two proteins are
shown in bold letters.

Binding site residues of SERCAla Binding site residues of CtpF

GIn56 GIn63
Asp59 His66
Leu61 Leu68
Val62 1le69
Leu98 Val95
Asn101 Asn98
Alal02 Ala99
Leu253 Leu245
Phe256 Phe248
11e307 11e289
Glu309 Glu291
Leu311 Leu308
Pro312 Pro294

a divalent metal ion is required for CPA binding through the co-
ordination of the tetramic acid moiety'®. The other CPA union pocket is
hydrophobic and adjacent to M3 and M4, making short contacts with
the indole ring.

The self-docking of CPA inside SERCA1a led to the same orientation,
with an RMSD values of 0.325 A. Docking of CPA inside CtpF led also to
the same orientation with an RMSD value of 0.665 A (Fig. 2).

Table 1 represents the residues in the surrounding (4 f\) of CPA in
both SERCAla and CtpF binding sites. Among the 13 identified re-
sidues, the main differences between the two sequences lies in Asp59,
Val62, and Leu98 in SERCA1la that correspond in sequence to His66,
Ile69 and Val95 respectively in CtpF. All these residues are close to the
tetramic acid moiety of CPA.

2.3. Virtual screening and identification of theoretical candidates

CtpF-CPA molecular docking was used to construct a hypothetical
pharmacophore model derived from the main interactions identified
between CPA and its receptor. The next step was to identify the features
to be considered as part of this pharmacophore. The selected pharma-
cophoric model was formed by two hydrogen bond (H-bond) donors
(D1 and D2), two H-bond acceptors (Al and A2), and a hydrophobic

Fig. 2. Molecular docking results of CPA inside SERCAla and CtpF. Structural alignment of 3FGO (gray) and the CtpF model (blue), with CPA inside SERCA1la (self-
docking: green) and inside CtpF (red). The residues that represent the most important interactions within 4 A are shown. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Pharmacophore model. A. Structural features of CPA B. CPA pharmacophoric features D1, D2, A1, A2, and H1.

group (H1) (Fig. 3). Using this model, a pharmacophore-based virtual
screening (PBVS) was performed with the ZINCPharmer online inter-
face (http://zincpharmer.csb.pitt.edu) and the purchasable ZINC data-
base with 22,723.923 compounds. The PBVS brought 362 candidates,
which were later subjected to a docking-based virtual screening (DBVS)
with Glide SP and XP methods.

It is well known that docking scoring is not reliable because it does
not consider main factors such as solvent terms of the binding energy.
Therefore, Molecular Mechanics/Generalized Born Surface Area (MM/
GBSA) re-scoring was applied to the top one hundred compounds ob-
tained after Glide XP docking in order to rescore the DBVS results. MM/
GBSA was used to model solvent effects by continuum solvation and a
surface area dependent terms; it is well known that such approximation
is more reliable to predict free energy differences between compounds
identified with docking®'. This type of approach has been applied
successfully to the study of interactions between series of compounds
with multiple molecular targets®*.

Six compounds were identified among the ones with the best MM-
GBSA re-scoring energies and they were selected from the full list, and
afterwards purchased for experimental evaluations. Several considera-
tions were taken into account for selection of the best compounds, i.e.
high binding free energies, scaffold diversity, drug-like properties, and
cost. The selected compounds, shown in Table 2, displayed better MM-
GBSA binding energies than CPA (—47.09 kcal/mol) and ranged from

—49.62 to —70.13 kcal/mol.

2.4. Biological activity of the candidate compounds

CPA and the six select compounds from the MDVS + MM-GBSA
protocol were tested for their antimycobacterial activity against the
standard Mtb H37Rv strain (Table 3). The MIC test using resazurin as
viability indicator showed that almost all tested compounds, except
ZINC12584082, inhibit mycobacterial growth. The MIC displayed by
ZINC63908257 and ZINC14541509 was 50 pg/mL, which was 0.5-fold
lower than the value showed by CPA and the other compounds as-
sessed.

The compounds ZINC63908257 and ZINC14541509 showed my-
cobacterial growth inhibitions of 64.0% and 60.7%, respectively. Since
an antimycobacterial compounds must cross the wide and complex cell
wall, percentages of Mtb growth inhibition higher than 60% suggest can
be considered as significant antimycobacterial activity. Regarding the
hydrophobicity of the compounds, current anti-TB drugs have a low
LogP, meaning that they are hydrophilic®*. The most active compound,
ZINC63908257, showed a low LogP = 1.68 compared with less active
ZINC12584082, which had the highest LogP = 4.08 (Table 2). This
suggests that active compounds might follow a pathway different from
passive diffusion to cross the mycobacterial cell envelope to reach the
CtpF target.

Table 2
CPA and candidate compounds selected by applying virtual screening to ZINC database. Drug-like properties and binding free energies from molecular docking and
AG MM-GBSA.
Compound Structure MW LogP H-bond donors H-bond acceptors tPSA RB Glide Score* AG MM - GBSA*
Cyclopiazonic acid (CPA) Hi Q o 336.4 2.21 3 73 1 —47.09 -7.57
SANAKT
Sesth
A
ZINC63908257 0 377.5 1.68 6 103 7 —59.28 —-8.26
Q \ y !u) IﬁNH
e
ZINC55090623 " 0 NS 354.4 291 6 83 10 —59.04 —8.04
PPN NP SN
TYYCTNTHN
ZINC45605493 475.6 3.34 7 88 9 —70.13 —7.68
ZINC14541509 434.5 3.32 9 115 11 —57.59 -7.07
ZINC09787234 . 439.4 1.82 8 117 9 —66.42 —-6.92
../ [}
o N A
' O ( % A‘{‘NH
'~/
ZINC12584082 \ | 463.5 4.08 8 111 10 —49.62 -5.92

Drug-like properties: molecular weight (MW), octanol-water partition coefficient log (LogP), number of hydrogen bond donors (H-bond donors); number of
hydrogen bond acceptors (H-bond acceptors); topological polar surface area (tPSA); number of rotatable bonds (RB). Glide score and AG MM-GBSA calculations

*energy in: kcal/mol.
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Bioactivity results of CPA and six compounds selected by virtual screening from the ZINC database. The % of growth inhibition, cytotoxicity and hemolysis were
estimated by supplementing the assays with 100 ug/mL of the selected compounds and CPA. The enzymatic activity represents the effect of the compounds on the
Ca®*-ATPase activity. All evaluations were obtained from three independent experiments.

Antimycobacterial activity

Safety evaluation (at 100 pg/ml)

Enzymatic activity ICso (uM) = SEM

Compound MIC (ug/mL) Inhibition (%) Cytotoxicity (%) Hemolytic activity (%) Mtb WT Mtb ActpF
Cyclopiazonic acid (CPA) 100 29.9 50.8 6.6 7.2 £ 0.3 945 + 1.2
ZINC63908257 50 64.0 12.9 2.0 4.4 += 0.3 100.5 = 1.9
ZINC55090623 100 52.9 21.4 1.2 42 = 0.2 969 + 2.4
ZINC45605493 100 29.5 30.0 2.4 41 = 0.2 76.1 £ 1.9
ZINC14541509 50 60.7 19.8 0.6 8.0 = 0.6 384 = 1.1
ZINC09787234 100 37.3 31.6 2.1 11.8 = 0.6 101.9 = 1.6
ZINC12584082 > 200 N/A 39.5 1.0 359 + 0.5 109.4 + 2.3

The hemolytic and cytotoxic activities were quantified to estimate
the potentially harmful action of the compounds on eukaryotic cells
(Table 3). All the selected compounds showed cytotoxic activity with
values lower than 40%. Interestingly, the most active compounds
against mycobacterial cells, namely ZINC63908257 and
ZINC14541509, showed the lowest cytotoxic activities on the MH-S cell
line of murine macrophages (12.9% and 19.8%, respectively). Mean-
while, CPA displayed cytotoxicity with a value of 50.8%, as observed in
previous reports for this reference substance®*. Regarding the hemolytic
activity, none of the compounds tested at 100 pg/mL showed activity
greater than 2.5% compared to the positive controls. In contrast, CPA
showed hemolysis of 6.6% at 100 pg/mL. In conclusion, we highlight
the safety of ZINC63908257, which displayed the highest anti-
mycobacterial activity and lowest toxicity in eukaryotic cells; thus, this
compound shows a good pharmacokinetic profile (drug-like).

2.5. Effect of CPA and the selected compounds on Ca®*-ATPase activity

The selected compounds were subsequently assessed for their ca-
pacity to inhibit the Ca®*-ATPase activity of the Mth H37Ra plasma
membrane compared to CPA, a well-known inhibitor of the Ca®*-
ATPase activity in SERCA*. As a starting point, we determined the
basal ATPase activity (in the absence of CaZ"), the Ca“-dependent
ATPase activity (in the presence of calcium), and the specific P-type
ATPase activity in the presence of vanadate, an inhibitor of P-type
ATPases®®, in membrane vesicles obtained from Mtb H37Ra wild type
(Mtb WT) and Mtb H37Ra cells defective in ctpF (MtbActpF) as control.
Thus, the specific Ca®>* P-type ATPase activity was estimated as the
difference between the Ca®*-dependent ATPase activity and the Ca®*
ATPase activity in the presence of vanadate (50 uM). We found that
Ca%™ (30 uM) activated the basal ATPase activity of Mth WT by 30%,
whereas the enzyme activity of the membrane vesicles obtained from
MtbActpF cells was activated by approximately 7% (Fig. 4A). These
differences indicate that there is Ca®* -P-type ATPase activity in the Mtb
plasma membrane mediated by CtpF.

We also assessed the effect of CPA on the Ca®*-ATPase activity in
the Mtb plasma membrane (Fig. 4B). CPA considerably inhibited the
enzymatic activity in Mtb WT cells in a concentration-dependent
manner (from 1.0 uM, with ICs5q = 7.2 *= 0.3 uM) compared with the
enzymatic activity displayed by the MtbActpF cells. In this way, our
results reveal that CPA inhibits mycobacterial Ca**-ATPase activity
mediated by CtpF at concentrations comparable to those reported for
SERCAla and PfATP6”.

Little is known about the intracellular regulation systems of Ca®>* in
bacteria. Previous reports indicate that Listeria monocytogenes Ca>™-
ATPase (LMCA1) and SERCA1a share a high sequence similarity (38%),
and that the CPA binding pocket in both proteins differs by only four
amino acids*®. These amino acid residues are important for the co-
ordination of CPA and partly explain why LMCAL is inhibited at very
high CPA concentrations (918 + 38 uM). In addition, putative Ca®*-

ATPases homologous to SERCAla have been identified in other bac-
terial genomes, such as Lactobacillus lactis (LLCA1), Bacillus cereus
(BACCA1) and Streptococcus pneumoniae (CaxP). The Ca2*-ATPase ac-
tivity mediated by CaxP is key for bacterial survival at high con-
centrations of extracellular Ca®* inside macrophages®’. Despite the
high identity of these proteins with SERCAla, only BACCA1 retains the
same coordination residues with CPA displayed by SERCAla, thus,
BACCAL1 is sensitive to CPA showing an ICso of 4 uM>®. On the other
hand, CPA also induces an increase of the intracellular concentration of
Ca®* of the respiratory syncytial virus (RSV), altering the viral re-
plication and transcription and therefore showing antiviral activity>°.

In our case, CPA inhibits CtpF with an ICsq value in the same range
as SERCAla (CPA-sensitive P-type ATPase). Therefore, CtpF behaves
similarly to SERCAla as compared with other Ca?*-ATPases that are
inhibited at high CPA concentrations.

On the other hand, all the six selected compounds inhibited the
Ca®*-ATPase activity in the cell membrane of Mtb WT, as shown by the
ICsq values in Table 3. Since there is not Ca®*-ATPase activity mediated
by CtpF in MtbActpF, as expected, the selected compounds did not alter
the enzymatic activity in the cell membrane of mutant cells.

As shown in Fig. 5, the three compounds with the highest activity:
ZINC63908257, ZINC55090623, and ZINC45605493 (at 100 puM) in-
hibited the Ca®*-ATPase activity in Mtb WT cell membranes by 44.9%,
46.9% and 48.2%, respectively, compared with the inhibition of the
Ca®"-ATPase activity observed in membranes obtained from mutant
cells (MtbActpF). Finally, among the six selected compounds,
ZINC63908257 was the highest inhibitor of the Ca®*-ATPase activity
(ICso = 4.4 = 0.3 uM) and the bacterial cell viability (64%) of Mtb
H37Rv cells. These results strongly suggest a correlation between the
inhibition of Ca®*-ATPase activity of the plasma membrane, and my-
cobacterial viability. Therefore, ZINC63908257 could be further de-
veloped into a drug candidate by a medicinal chemistry approach.

2.6. Protein binding site and bioactivity analysis

Taking together docking and the bioactivity profiles (MIC, % growth
inhibition, and inhibition of Ca?*-ATPase activity) of the six selected
compounds, we highlight three compounds with superior bioactivity
profiles: ZINC63908257, ZINC55090623, and ZINC45605493, as dis-
played in Table 3. The tested compounds showed not only better ICs,
values than CPA, ranging from 4.1 to 4.4 uM, but also higher myco-
bacterial growth inhibitions.

Fig. 6 shows the binding modes for CPA and the three most active
compounds into the pocket formed by the TMDs segments M1 - M4 of
CtpF by using docking. Since the surface areas of these three com-
pounds are bigger than that of CPA (Fig. 6A), we expected these to
occupy the calcium access channel and, an extended binding site (to-
ward a more polar region of the TMDs segments M1, M2 and M4). It is
noteworthy to mention that this groove is an unexplored binding pocket
that does not make short contacts with CPA. All short contacts between
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Fig. 4. Inhibitory effect of CPA on Ca®*-ATPase activity. A. Determination of basal and Ca®*-dependent ATPase activity in membranes from Mth WT and MtbActpF
cells. The Ca®*-ATPase activity was measured by the addition of Ca®*-free (30 uM). Values are compared with the activity obtained in the presence of vanadate
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SEM (n = 3). Significant differences observed between strains are marked by asterisks as ***, P < 0.001. B. The effect of

CPA (0.1, 1, 10, 40, 80, 100 and 200 uM) on the normalized Ca®*-ATPase activities of Mtb WT and MtbActpF is indicated; the results were expressed as
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Fig. 5. Effect of CPA and the selected compounds on the normalized Ca®*-
ATPase activity of Mtb WT and MtbActpF cell membranes. The activity is shown
at a concentration of 100 uM. Mean values = SEM (n = 3) are shown.

CtpF and the most relevant compounds (CPA and the three most active
compounds) are summarized in Table 4. For instance, ZINC63908257
makes short contacts with M1 residues (GIn63, His66, and Ile69); M2
(Gly102, GIn105, and Glul06), and M3 (Thr242, Leu245, and Ala246),
occupying the calcium access channel. This compound, with an LogP
value of 1.68, is slightly more hydrophilic than CPA, more active (ICsq
of 4.4 uM), and has growth inhibition of 64.0% (Fig. 6B). The imida-
zolone ring of ZINC45605493 orients mainly towards the cytoplasmic
region of the calcium access channel, making short contacts with more
hydrophilic residues of the TMDs segments M1 (Arg62), M2 (Glu106)
and forms a H-bond with Arg317 from a random coil next to segment
M3. This compound also makes short contacts with more hydrophilic
residues of TMDs segments M1 (Arg62), M2 (Glul06), and form an H-
bond with Arg317 from a random coil next to the segment M3. This
compound also makes short contacts with residues of the segments M1 -
M4 that form the CPA binding pocket (Fig. 6D). Finally, compound
ZINC45605493 displays the best ICso (4.1 uM) and, shows the lowest
percentage of growth inhibition (29.5%). The LogP value (3.34) sug-
gests that a lower LogP value should be needed to improve the per-
centage of growth inhibition (as in the case of ZINC63908257).
Although ZINC55090623 (Fig. 6C) is a longer than CPA, it folds to
bind in a similar way as CPA and interacts mainly with the residues of

SEM (n = 3) of the Ca®*-ATPase activity. The ICs, was calculated by non-linear regression using GraphPad Prism software package 5.04.

segments M1 (GIn63, His66, Leu68, Ile69), M2 (Val95, Asn98, Ala99,
and Gly102), M3 (Leu245, Ala246, Phe248, and Ser249), and M4
(Ile289, Glu291, Pro290, Leu293, and Pro294). It exhibits an H-bond
with Pro290 as ZINC63908257, but does not make short contacts to-
wards the cytoplasmic polar region as ZINC63908257, and
ZINC45605493. ZINC55090623 displays an important ICsq of 4.2 pM, a
percentage of growth inhibition of 52.9%, and a LogP value of 2.91.

In order to quantitatively calculate the binding mode similarity
between the three most active compounds (ZINC63908257,
ZINC55090623, and ZINC45605493) and CPA as reference, protein-li-
gand interaction fingerprint (PLIF) values were determined (Table 4).
ZINC63908257 shows the most similar binding mode to CPA, with
88.2% of similarity (Tanimoto coefficient 0.88). This compound
shares similar residues that compose the CPA binding site. On the
contrary, ZINC45605493, with the highest ICso value, has the lowest
Tanimoto similarity, with, 0.33 or 33.3%. This can be explained by the
interactions with residues located towards the cytoplasmic region of the
calcium access channel. These results suggest that it is important to
explore pockets at the cytoplasm border, in order to identify more po-
tent anti-ATPase inhibitors.

A similar study using the SERCA ortholog PfATP6 of Plasmodium
falciparum, showed that PfATP6 is highly inhibited by CPA, suggesting
that the molecular mechanism of CPA and the binding site is conserved
for both proteins®’. Additionally, studies with PfATP6 expressed in
Xenopus oocytes, as well as mutagenesis, biochemical assays, and mo-
lecular modelling techniques, have suggested PfATP6 as the target of
antimalarial artemisinin®'. Other studies have indicated that the arte-
misinin binding pocket in PfATP6 is close to the thapsigargin and CPA
pocket in SERCA1a, thus, affecting calcium transport in a similar way>2.
Consistent with these findings, CPA sensitive Ca®>*-ATPases such as
CtpF, could likewise be a target for the development of antituberculous
drugs.

3. Conclusions

Our results indicate that CtpF is a CPA-sensitive P-type ATPase as-
sociated with Ca®* transport in Mtb cells. For the first time, a molecular
modeling-based approach was used to successfully identify novel CtpF
inhibitors. We highlight ZINC63908257, as lead compound, which
disrupts the CtpF enzymatic activity and displays inhibition of Mtb
H37Rv growth. These results suggest a connection between the Ca®™-
ATPase activity and mycobacterial survival, showing CtpF as a drug-
gable target.



Fig. 6. 3D and 2D binding modes of CPA and the most active inhibitors with CtpF model. A. CPA; B. ZINC63908257; C. ZINC55090623 and D. ZINC45605493

residues shown are at 4 A from ligand.

In addition, future research to optimize the potency of compounds
against Mtb will be a priority. A new strategy to design anti-TB com-
pounds by, targeting CtpF, will require molecules with an intermediate
polarity (LogP around 2.0) that make more short contacts to the polar
region formed by TM1, TM2 and TM4, which is an unexplored groove.
Overall, our results suggest that structure-based pharmacophore mod-
eling provides useful information for a proper understanding of the
structural and binding features relevant for designing novel P-type
ATPase inhibitors as antituberculous compounds.
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4. Experimental section
4.1. Computational studies

4.1.1. Modeling of CtpF
The CtpF-Mtb 3D structure was obtained by homology modeling by

using the energy-based method on the web server Swiss-Model>. The
query sequence of CtpF-Mtb (UniProt ID: POWPS9) was retrieved from
the UniProtKB protein database. An available crystallographic structure
of SERCAla in an E2.P state with bound CPA (PDB code 3FGO)'° was
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Table 4
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Binding site residues (TMDS segments M1 - M4) for CPA and the most active compounds. All residues are at a maximum of 4 A from the ligands. Tanimoto similarity

binding mode.

Compound Residues at 4 A from ligands Tanimoto similarity
CPA M1 (GIn63, Leu 68, 1le69, Leu72); M2 (Val95, Asn98, Ala99, Gly102); M3 (Leu245, Phe248, Ser 249); M4 (1le289, Pro290, Leu293, 1.00
Pro294)
ZINC63908257 M1 (GIn63, Hys66, Leu68, 1le69); M2 (Asn98, Ala99, Gly102, GIn105, Glu106); M3 (Thr242, Leu245, Ala246, Phe248, Ser 249); M4 0.88
(11289, Pro290, Glu291, Leu293, Pro294)
ZINC55090623 M1 (GIn63, Hys66, Leu68, Ile69, Leu72); M2 (Val95, Asn98, Ala99, Gly102); M3 (Leu245, Ala246, Phe248, Ser 249); M4 (1le289, 0.38
Pro290, Glu291, Leu293, Pro294)
ZINC45605493 M1 (GIn63, Hys66, Leu68, Ile69); M2 (Ala99, Vall01, Gly102, GIn105, Glu106); M3 (Thr242, Leu245, Ala246, Phe248, Ser 249, 0.33

Leu252); M4 (Ile289, Pro290, Pro294, Val297)

used as template. This template was selected after studying eight
structures of SERCAla-CPA complexes available in the PDB, with ac-
ceptable resolution (2.4 10\) (Supplementary Material, Fig. S2). The se-
lected template displays a divalent metal (Mn?*) and three water
molecules in the CPA binding site. Nevertheless, the CtpF homology
model was built keeping one water molecule present in the CPA active
site instead of Mn>* since the reported crystallographic structures show
a conserved water molecule that is important for CPA binding*’.

In order to relax the CtpF model, a 20-ns restrained molecular dy-
namics (MD) simulation, using Desmond v.2.3 software and the
OPLS_2005 force field®>*, was carried out. For this, the CtpF model was
inserted in a 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) mem-
brane, solvated into an orthorhombic box with a buffer distance of
10 A. The model was neutralized by adding 12Na™ ions to balance the
net charge of the systems and MgCl, was introduced at a concentration
of 2.5 mM. The entire system was first minimized and, then equilibrated
with the default relaxation process of six stages for the NPT ensemble.
Desmond simulation parameters were kept to their default values for
the 20-ns MD production run: ensemble NPT, constant temperature at
300° K using the Nosé-Hoover chain thermostat, and constant pressure
at 1 atm using the Martyna-Tobias-Klein barostat, with relaxation times
of 1 and 2 ps, respectively. Finally, ProSa. Finally, ProSA-web® and
PROCHECK®® programs were used to assess the quality of the resulting
molecular structure.

4.1.2. Dataset preparation

The 3D structures of CPA and the candidates resulting from the
virtual screening (downloaded from the ZINC database)>” were curated
and prepared with LigPrep module (LigPrep, Schrodinger, LLC, New
York, NY, 2016), where ionization states were generated at pH
7.0 %= 2.0 using Epik. Energy minimization was performed during each
ligand preparation using Macromodel®® with the OPLS_2005 force field.
The drug-like properties for each ligand such as molecular weight
(MW), octanol-water partition coefficient log (LogP), number of H-bond
donors, number of H-bond acceptors, topological polar surface area
(tPSA), and number of rotatable bonds (RB), were also calculated with
Maestro.

4.1.3. Molecular docking

To ensure that the docking methodology could reproduce the crystal
conformation, a reconstruction of the ligand-receptor complex by per-
forming docking of CPA in its own SERCAla crystallographic structure,
defined as self-docking®’, was performed by using Glide Standard-Pre-
cision (SP) and it was refined with Glide Extra-Precision (XP)***!. Glide
has proved to be a very reliable tool for docking experiments with many
successful applications in the study of protein-ligand interactions. In-
cluding in silico screening of novel drugs, and description of the causes
of differential affinities of compounds from congeneric series*?. The
docking grid was generated with the default settings using the co-
crystallized ligand in the binding site as centroid while ensuring that
the grid box size was big enough to cover the entire binding site. De-
fault docking parameters were used and the options for enhancing

planarity of conjugated & groups and including aromatic carbons as H-
bond donors were enabled. The same protocol was used to dock CPA
into the CtpF binding site. Docking poses were visually inspected, and
the pose with the best docking scores were considered. The quality of
the poses were analyzed by considering RMSD values with respect to
the reference coordinates (CPA in the crystallographic structure).

4.1.4. Virtual screening

The pharmacophore model was generated from the CPA-CtpF
complex pose obtained in the previous molecular docking studies. The
key interactions between CPA and its target were identified and defined
as a pattern for automatic searching of novel compounds fitted to this
pattern. The pharmacophore-based virtual screening (PBVS) was per-
formed using the online interface of ZINCPharmer (http://zincpharmer.
csb.pitt.edu) by selecting the purchasable compounds of the ZINC da-
tabase*®. This approach included protein-ligand interactions in contact
with the pharmacophore and drug-like filters**. The hits were also re-
stricted to those with the best overall geometric match to the query by
setting 1.0 A as the maximum RMSD (between atomic positions of the
atom of the ligand and positions of the atoms of the pattern.

The resulting candidate compounds were downloaded as a single
file in sdf format, and a docking-based virtual screening (DBVS) was
done on the CPA binding site of the CtpF homology model. The DBVS
settings were set to the same as those used to dock CPA using Glide SP
and XP. The resulting DBVS compounds were re-scored by using MM-
GBSA (Molecular Mechanics combined with the Generalized-Born
Surface Area) to predict more accurate binding free energies for them.
MM-GBSA re-scoring allows to get a more reliable ranking. MM-GBSA
implementation available in the module Prime from Schrodinger was
used with the VSGB-2.0 solvation model.

4.2. Biological assays

4.2.1. Bacterial strains and growth conditions.

Mtb H37Rv, Mtb H37Ra, and the latter strain defective in the ctpF
gene (Mtb ActpF) were used in this study. The mycobacterial strains
were cultured in Middlebrook 7H9-OADC medium at 37 °C with agi-
tation (180 rpm), until an ODsgo = 0.4 for the viability assays and 0.5
for the cell membrane isolation. The MtbActpF strain was previously
obtained by Milena Maya (Ph.D candidate) in our research group (un-
published results).

4.2.2. Antimicrobial susceptibility testing

The antimycobacterial activity of CPA and the compounds selected
by pharmacophore-based virtual screening (PBVS) and MM-GBSA
ranking were tested on Mtb H37Rv to determine the MIC. The purity of
the selected compounds was determined by HPLC-MS as reported by
the suppliers: CPA (99.60%; Sigma Aldrich, USA), ZINC63908257
(90.06%; Enamine, Ukraine), ZINC55090623 (100.00%; ChemBridge,
USA), ZINC45605493 (92.70%; Enamine, Ukraine), ZINC14541509
(99.49%; ChemBridge, USA), ZINC09787234 (100.00%, Enamine,
Ukraine) and ZINC12584082 (98.34%, Enamine, Ukraine). All the
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tested compounds were dissolved in sterile dimethyl sulfoxide (DMSO)
and stored at —20 °C until use. Working compound solutions were
prepared at 400 pg/mL (final concentration) in 7H9-S broth
(Middlebrook 7H9 supplemented with 0.1% casitone, 0.5% glycerol,
and 10% OADC [oleic acid, albumin, dextrose, and catalase]; Becton-
Dickinson. The antimicrobial susceptibility assays were performed ac-
cording to the recommendations of the Clinical and Laboratory
Standards Institute [CLSI, formerly National Committee for Clinical
Laboratory Standards (NCCLS)] with modifications*’. Briefly, 100 pL of
cultures corresponding to approximately 3.5 x 10° Colony Forming
Units (CFU) in of Middlebrook 7H9 + OADC and tween 80 at 0.05%,
pH 7.2, were separately mixed with 100 pL of serial dilutions of the
compounds (from 200 to 0.78 pg/mL final concentration) in 96-well
microtiter plates. The plates were incubated at 37 °C under agitation
(90 rpm) for 6 days. Subsequently, 30 uL of 0.1% resazurin were added
to each well, cultures were incubated for an additional 48 h at 37 °C,
and viable cells were detected colorimetrically. A color change from
blue to pink indicated cell growth.

The MIC corresponded to the previous concentration at which the
color change was observed, corresponding to the concentration of the
compound that inhibits = 99% of cell growth. Cultures without bac-
teria (medium control), not supplemented with the compound (positive
control), supplemented with rifampin 0.125 pg/mL (negative control),
and with 1% DMSO (solvent control) were also assessed in triplicate as
experiment controls. The cultures were performed in triplicate from
three independent experiments.

The percentage of growth inhibition was determined by sub-cul-
turing the well corresponding to the MIC for each compound in solid
medium Middlebrook 7H10 supplemented with 0.1% casitone and 10%
OADC; Becton-Dickinson. We determined the Colony Forming Units
(CFU) after 21 days of incubation at 37 °C. The % inhibition was cal-
culated by comparing the CFU to the 100% growth control well
(without the compound).

4.2.3. Effect of CPA and selected compounds on Ca®*-ATPase activity in
Mtb plasma membrane vesicles

We assessed the effect of CPA and the selected compounds on the
ATPase activity stimulated by Ca®>* on plasma membrane vesicles of
Mtb H37Ra WT (Mtb WT) and MtbActpF cells. Mycobacterial plasma
membranes were isolated using the protocol reported by Basu, with
modifications*®. The membrane protein concentration was estimated
following the Bradford-Zor-Selinger method*’, using fraction V of bo-
vine serum albumin as standard. The ATPase activity of the plasma
membrane vesicles was determined by quantifying the inorganic
phosphate (Pi) that was released during the P-type ATPase catalytic
cycle using the Fiske-Subbarow method and bismuth citrate according
to the recommendations of Cariani*®. Briefly, the enzymatic reactions
(50 pL) were carried out at pH 7.4 in incubation media (10 mM MOPS
pH 7.4, 3 mM MgCl2, and 0.02% Brij-58) using 10 pg plasma mem-
brane vesicles. The reaction buffer was supplemented with Ca®>* 30 uM
to determine the Ca®*-dependent ATPase activity. Maxchelator soft-
ware (http://maxchelator.stanford.edu/) was used to calculate the
Ca®” -free from the total Ca®>* and the EGTA concentrations.

To evaluate the effect of CPA and select compounds, the reactions
were individually supplemented with the compounds at 0.1 uM,
1.0 uM, 10 puM, 40 uM, 80 uM, 100 pM and 200 pM (final concentra-
tion). The maximum concentration of DMSO in the reactions was 0.5%.
The reactions were pre-incubated at room temperature during 30 min;
then, the enzymatic reactions were initiated by adding 3 mM Na,ATP,
incubated further for 30 min at 37 °C, and stopped by adding 100 pL of
stop solution containing: 3% ascorbic acid, 0.5% ammonium mo-
lybdate, and 3% SDS in 1.0 M HCL. Finally, 150 uL of 3.5% bismuth
citrate and 3.5% sodium citrate in 2.0 M HCI were added, the samples
were incubated at 37 °C for 10 min, and the released inorganic phos-
phate (P;) was quantified colorimetrically at 690 nm. The reactions
without protein (negative control), without Ca®* (basal activity), and
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supplemented with the tested compounds without protein were used as
controls. The Ca®>*-ATPase activity was calculated by the difference in
ATPase activity measured in the presence and absence of calcium.
Sodium orthovanadate 50 pM was used as control inhibitor of the P-
type ATPase activity. In addition, the difference in Ca®*-ATPase ac-
tivity between the presence and absence of the compounds was con-
sidered the effect of the selected compound on the Ca®*-ATPase ac-
tivity. The enzymatic activity was reported as nmol of P; released/mg
protein X min, from three independent experiments. Data were ana-
lyzed using GraphPad Prism software package 5.04 (GraphPad
Software, Inc). This program was also used to calculate the ICso. The
ICso represents the drug concentration producing half-maximal inhibi-
tion of the ATPase activity. Significant differences between the ATPase
activity stimulated by calcium in the presence and absence of the
compounds were analyzed using the unpaired Student’s t-test.

4.2.4. Cytotoxicity and hemolytic activity assays

The cytotoxic activity of CPA and the selected compounds was
evaluated on murine macrophage cells of the MH-S cell line in 96-well
flat-bottom plates in RPMI 1640 medium supplemented with 10% FCS.
Briefly, 100 puL of the MH-S cell line (15,000 cells) were separately
treated with serial dilutions of the compounds (from 200 to 0.78 pg/
mL) to a final volume of 200 pL, and incubated at 37 °C and 5% CO,, for
48 h. Subsequently, the supernatants were removed and, the cells were
fixed with 100 pL of RPMI supplemented with 1% glutaraldehyde. The
samples were revealed by adding 80 uL of crystal violet (CV) solution
for 10 min. After, the wells were washed and dried for 20 min, and
200 pL of 10% acetic acid were added to each well to release the CV
accumulated within the fixed cells*’. The ODs;o nm was measured
using an Epoch™ 2 microplate spectrophotometer reader. MH-S cells
cultures in RPMI 1640 medium supplemented with 0.25% DMSO was
used as positive control. The assay was performed in triplicate from two
independent experiments. Cell death > 5% was considered as a cy-
totoxic effect. The results were expressed as the percentage of cell
death, where % viability = (OD of treated cells)/(OD of untreated
cells) x 100.

The hemolytic activity assay was carried out in 96-well V-bottom
plates. Briefly, 100 pL of human erythrocyte O Rh (+) suspension from
healthy donors were seeded per well at 2% (final concentration) in
0.9% saline solution. The samples were then supplemented with 100 pL
of serial dilutions of the compounds (from 200 to 0.78 pg/mL) and
incubated at 37 °C with 5% CO, for 2 h. Subsequently, the plates were
centrifuged at 3500 rpm and the hemoglobin concentration was mea-
sured in the supernatants at 550 nm using an Epoch™ 2 microplate
spectrophotometer reader. Cells suspended in saline solution (0% he-
molysis) and distilled water (100% hemolysis) were used as negative
and positive controls, respectively °°. The experiments were performed
in triplicate from two independent experiments and expressed as a
percentage.
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