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synthesis but have either lost or are losing their efficacy
(8,4). Likewise, in tuberculosis caused by the bacterium
Mycobacterium tuberculosis, resistance is on the rise, and

With the rise in antibiotic resistance, there is interest in new drugs active ideally against new targets are needed.

discovering new drugs active against new targets. One attractive approach to M. tuberculosis drug discovery
Here, we investigate the dynamic structures of three is to inhibit isoprenoid biosynthesis enzymes involved in cell
isoprenoid synthases from Mycobacterium tuberculo- wall biosynthesis, in particular, cis-decaprenyl diphosphate
sis using molecular dynamics (MD) methods with a synthase (DPPS; Rv2361c), an essential gene for the
view to discovering new drug leads. Two of the organism. DPPS converts cis-faresyl diphosphate (cis-
enzymes, cis-farnesyl diphosphate synthase (cis-FPPS) FPP) to cis-decaprenyl diphosphate (cis-DPP, Figure 1) in
and cis-decaprenyl diphosphate synthase (cis-DPPS), a reaction that is very similar to that catalyzed by undeca-
are involved in bacterial cell wall biosynthesis, while prenyl diphosphate synthase (UPPS) in non-mycobacterial

the third, tuberculosinyl adenosine synthase (Rv3378c),
is involved in virulence factor formation. The MD
results for these three enzymes were then compared
with previous results on undecaprenyl diphosphate
synthase (UPPS) by means of active site volume fluc-
tuation and principal component analyses. In addition,
an analysis of the binding of prenyl diphosphates to

systems (such as E. coli and Staphylococcus aureus),
where numerous structures and inhibitors are known (5-8).
Cis-FPP in M. tuberculosis is produced by cis-FPPS
(Rv1086¢) which is, however, not essential for bacterial cell
growth (9). An implication of this observation is that it would
be desirable to inhibit DPPS activity with both GPP as well

cis-FPPS, cis-DPPS, and UPPS utilizing the new MD as cis-FPP as substrates, as we describe here.

results is reported. We also screened libraries of inhibi-

tors against cis-DPPS, finding ~1 pm inhibitors, and Cis-FPPS, cis-DPPS as well as UPPS are proteins that
used the receiver operating characteristic-area under have a (-fold (10), as does the M. tuberculosis enzyme
the curve (ROC-AUC) method to test the predictive tuberculosinol/tuberculosinyl adenosine synthase (Rv3378¢)
power of X-ray and MD-derived cis-DPPS receptors. (11,12). Rv3378c is an essential enzyme in persistent,
We found that one compound with potent M. tubercu- non-replicative M. tuberculosis that resides within macro-
losis cell growth inhibition activity was an 1C5o ~0.5- to phages. It was originally thought to be involved in forma-

20-um inhibitor (depending on substrate) of cis-DPPS,

tion of the putative tuberculosinol and iso-tuberculosinol
a ~660-nm inhibitor of Rv3378c as well as a 4.8-um P
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Figure 1: Reactions catalyzed by cis-FPPS, cis-DPPS, UPPS, and Rv3378c and structures of several inhibitors. (A) Reactions catalyzed.

(B) The inhibitors discussed in the text.

virulence factors (13), then in formation of edaxadiene (14)
and edaxadiene B (15), and most recently, tuberculosinyl
adenosine (12), and inhibition of Rv3378c is likely to repre-
sent a novel anti-virulence approach to therapy (14,16). The
X-ray crystallographic structures of cis-FPPS (17), cis-DPPS
(17), UPPS (6) as well as Rv3378c¢ with bound ligands are all
shown in Figure 2. In UPPS, we previously found (6) that
there were up to four inhibitor binding sites (sites 1-4, Fig-
ure 2C), but in cis-FPPS and cis-DPPS, there are far fewer
structures and, to date, inhibitors bind only in (or close to)
the active site, site 1 (Figure 2A and B). Likewise, the
tuberculosinyl diphosphate substrate for Rv3378c as well as
an Rv3378c bisphosphonate inhibitor binds in or near the
active site, that is, site 1 in UPPS (Figure 2D) (11).

In this work, we have used molecular dynamics (MD)
methods to investigate the structural plasticity of cis-FPPS,
cis-DPPS, and Rv3378c and compare the results obtained
with those obtained previously for UPPS (18). Specifically,
we investigated the use of X-ray and MD structures to
probe prenyl diphosphate chain elongation mechanisms;
we screened libraries of small molecules for cis-DPPS inhi-
bition activity; we used both X-ray and MD structures to
see to what extent active compounds could be detected
in active/decoy libraries; and finally, we investigated the
idea that it might be possible to find inhibitors active
against all three proteins, cis-FPPS, cis-DPPS, and
Rv3378c, of interest as a route to new drug leads target-
ing both cell wall biosynthesis and virulence.

Methods and Materials

Molecular dynamics simulations

The following cis-FPPS crystal structures were used:
apo cis-FPPS (PDB 2VFW), cis-FPPS in complex with
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trans-FPP (PDB 2VG1), and cis-FPPS in complex with
citronellyl diphosphate (CITPP) (PDB 2VGO0) (17). Trans-
FPP is a structural analog of the product cis-FPP but has
two trans double bonds. For Rv3378c, two dimeric sys-
tems based on two different crystal structures were pre-
pared for the MD simulations: apo state (PDB 3WQL) and
the inhibitor BPH-629 bound system (PDB 3WQM) (11).
For each system, tleap program in Amber 11 was used to
neutralize the systems by adding Na* counterions and sol-
vating using a TIP3P water box (19,20). Minimization using
the Sander module of Amber 11 was carried out in two
stages: 1000 steps of minimization of the solvent and ions
with the protein and ligand restrained with a force constant
of 500 kcal/mol/A?, followed by a 2500-step minimization
of the entire system (21,22). An initial 20-ps MD simulation
with a restraint of 10 kcal/mol/A® on the protein and ligand
was then performed to heat the system to 300 K. Subse-
quently, 500-ns MD simulations were carried out on each
system under the NPT ensemble at 300 K using Amber
11 with the ffo9SBildn force field (21-23). Periodic bound-
ary conditions were used, along with a non-bonded inter-
action cutoff of 10 A for particle mesh Ewald (PME) long-
range electrostatic interaction calculations. Bonds involving
hydrogen atoms were constrained using the SHAKE algo-
rithm, allowing for a time step of 2 fs (24).

For DPPS, we used the following structures: apo DPPS
(PDB 2VG4), DPPS in complex with IPP bound to mono-
mer B (PDB 2VG2), and DPPS in complex with CITPP
bound to both monomers (PDB 2VG3) (17). Glycerol,
phosphate, chloride, and sulfate ions used in crystallization
were removed from the crystal structures while keeping
the magnesium ions, which are essential for catalysis (25).
The protonation states of ionizable amino acid residues
were determined using PROPKA and H++ (26-33).
Ligands were optimized using the B3LYP functional and a
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6-31G(d) basis set in Gaussian 03 and parameterized
using Antechamber and RESP in Amber Tools 11 with the
General AMBER force field (GAFF) (21,34-36). Proteins
were solvated with TIP3P water molecules with a buffer
region of 10 A in all directions and neutralized with coun-
terions using the tleap program (19,20). Each DPPS sys-
tem was equilibrated using sander with the MPI module of
Amber 11 and the ffO9SBildn force field (21-23). Water
molecules were minimized with periodic boundary condi-
tions in a constant volume with the protein and ligands
fixed with a force constant of 2.0 kcal/mol/A?, followed by
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Figure 2: X-ray crystallographic structures
of interest, shown as stereo views.

(A) M. tuberculosis cis-FPPS (Rv1086¢c; PDB
ID 2VGO) + CITPP. (B) Cis-DPPS (Rv2361c;
PDB ID 2VG3) + CITPP. (C) E. coli UPPS
(PDB ID 2E98) + BPH-629. The numbers 1,
2, 3, and 4 denote the four ligand binding
sties found in UPPS. (D) Rv3378c (PDB ID
3WQM) + BPH-629. The Mg®* ion co-
ordinating the ligand and protein is shown
as a green sphere. The red lines indicate
where the o3 helix can bend in cis-DPPS
and UPPS: this helix is ‘broken’ in Rv3378c.

a 150 ps MD simulation in the NPT ensemble. The entire
system was minimized and heated from 0 to 300 K over
500 ps, followed by two 20-ps MD simulations in the NVT
and NPT ensembles, respectively. Five 500-ns MD simula-
tions were performed on each DPPS system in the NVT
ensemble with a Langevin thermostat using the PMEMD
module of Amber 11 with the ffo9SBildn force field using a
graphics card (21-23). The PME summation method was
used to describe the long-range electrostatic interactions,
and short-range non-bonded interactions were truncated
at 8 A in the periodic boundary conditions.

Chem Biol Drug Des 2015; 85: 756-769
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Volume calculations

Active site volumes were calculated using the POVME pro-
gram with frames extracted every 25 ps from the simula-
tions (37). Points describing the binding pocket were
manually defined along the hydrophobic cavity of mono-
mer B of the apo DPPS structure by locating a sphere
with a 1 A diameter at each point, removing any points
where van der Waals clashes occurred with the protein. All
points defined for monomer B of apo DPPS were used for
cis-FPPS as well by aligning the trajectories to monomer B
of apo DPPS. Monomer A was also aligned to monomer B
so that the results were comparable with the same points
defining the active pocket. All ligands simulated in the MD
were removed prior to volume calculation. The same pro-
cedure was repeated for Rv3378c and the UPPS X-ray
crystallographic structures.

Principal component analysis

To compare the results obtained here with previous PCA
results on UPPS obtained from 21 X-ray crystallographic
structures (7), the X-ray crystal structures of cis-FPPS and
DPPS that were used in the MD simulations were pro-
jected onto the UPPS PC space. Subsequently, the trajec-
tories of the apo states of cis-FPPS and DPPS were
projected onto the UPPS PC space, using the Bio3D
package (38).

Ligand docking

We docked a series of prenyl diphosphates with various
chain lengths to cis-FPPS, cis-DPPS, and UPPS using the
X-ray crystallographic structures 2VFW, 2VG4, and 2E98,
respectively, in addition to the most open conformations
taken from the MD simulations. The receptors were pre-
pared by setting the receptor docking grid center to C1 of
the cocrystallized ligand (CITPP) in the 2VG3 structure.
Self-docking of the ligand CITPP was carried out as a pre-
liminary test of the ability of the receptor grid center to
recover the crystallographic pose of the ligand. The size of
the inner and outer grid boxes was set to 14 A and 20 A
in each direction, respectively. The prenyl diphosphates
were then generated with various lengths (from Cyo to Cgo)
with Maestro in Schrodinger Suite 20122, The molecules
were further prepared using LigPrep with the OPLS2005
force field using all possible tautomers and sterecisomers
generated in the pH range 5.2 + 9.2, using Epik®®
(89,40). Docking was carried out using Glide XP precision
with Glide 5.8° (41-43).

In vitro screening for cis-DPPS, cis-FPPS, and
Rv3378c inhibitors

We screened an in-house library of 19 compounds against
DPPS using cis-FPP as substrate, 43 compounds using
GPP as substrate and 53 compounds using trans-FPP as
substrate. The structures and ICsq values for the active
compounds (ICsq values in the range 31 nm to 880 uv) are
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shown in Figures S1-S3. DPPS was expressed and puri-
fied as described previously (11), as were the DPPS inhibi-
tion assays (18). Briefly, the condensation of IPP and GPP,
FPP, or cis-FPP catalyzed by DPPS was monitored using
a continuous spectrophotometric assay for diphosphate
release (44) in 96-well plates with 200 ulL reaction mixtures
containing 400 um  2-amino-6-mercapto-7-methylpurine
(MESG), 25 um GPP, cis-FPP or trans-FPP, 200 um IPP,
25 mm Tris-HCI (pH 7.5), 0.01% Triton-X-100, and 1 mm
MgCl,. The ICso values were obtained by fitting the inhibi-
tion data to a rectangular hyperbolic dose-response func-
tion in OriginPro 8.5 (OriginLab, Northampton, MA, USA).
The IC5o values for the most active hits were verified by
radiometric assay as follows. A mixture of 15 um cis-FPP,
100 nm DPPS, and inhibitors in the assay buffer (25 mm
Tris—HCI, 1 mm MgCl,, 0.01% Triton-X-100) was incubated
for 10 min at 25 °C. 1.8 uL of 25 um IPP (1% 1-°H IPP,
15 uCi/mL, American Radiolabeled Chemicals, Inc.) was
then added. The reaction was incubated at 37 °C for
10 min before quenching with 500 ul saturated NaCl
solution. The saline solution was extracted with 500 uL
butanol by vortexing, and 300 uL of the organic layer was
transferred into scintillation vial for radiation readout. ICso
values were fitted in Origin 9.0 by analyzing the dose—
response curves. For cis-FPPS, protein expression, purifi-
cation, and inhibition were all carried out as reported previ-
ously (17).

For Rv3378c, protein expression and purification were all
carried out as reported previously (11). For inhibition assay
of Rv3378c, a mixture of 100 um TPP, 100 um adenosine,
75 ug/mL Rv3378c, and inhibitors in the assay buffer
(25 mm Tris—HCI, 1 mm MgCl,, 0.01% Triton-X-100) was
incubated for 2 h at 37 °C. Tuberculosinyl adenosine for-
mation was determined by LC/MS carried out using an
Agilent LC/MSD Trap XCT Plus instrument. Compounds
were separated on a Gemini 3 um C18 110 A
(100*2 mm) column from Phenomenex using a 0-100%
methanol (in water with 0.1% formic acid) gradient and
monitored using positive-ion mode ESI at m/e = 540.4.

Virtual screening

To incorporate receptor flexibility into computer-aided drug
discovery as an application of the relaxed complex
scheme, we carried out a virtual screening (VS) of the
known actives (Figures S1-S3) against an ensemble of 30
different DPPS conformations (45). The receptor structures
were selected by clustering the apo DPPS trajectory based
on the active site volumes. Any potential ligand binding
sites in DPPS were first explored using the computational
solvent mapping program FTMap, which suggests drugga-
ble hot spots in a protein by docking a number of small
organic fragments into the protein (46). Upon evaluating
the results of FTMap (see Results and Discussion), we set
the receptor grid center as the native binding pocket of
the enzyme and used the same protocol as described
above for ligand docking for receptor preparation.

759



Kim et al.

The compound libraries consisted of the 43 (GPP sub-
strate), 19 (cis-FPP), or 53 (trans-FPP substrate) experi-
mentally tested active inhibitors with 1C5os between 0.03
and 20 um (GPP substrate), 0.6 um and 90 mm (cis-FPPS
substrate), or 0.65 um and 880 mm (frans-FPP substrate),
together with 1000 decoys of average molecular weight
400 Da, from the Glide Decoy Set. The ligands were pre-
pared using LigPrep in Schrodinger Suite 2012 with the
OPLS2005 force field, and tautomers and stereoisomers
were generated within the pH range of 5.2 + 9.2 using
Epik®® (39,40). The VS was carried out with Glide stan-
dard precision (SP) using Glide 5.8 d (41-43). The VS
results were analyzed using the receiver operating charac-
teristic (ROC) and the area under the curve (AUC) metrics.
ROC is a widely used method to evaluate the performance
of VS in distinguishing known actives from decoy com-
pounds (47). The AUC then quantitatively compares the
performance of different receptors; values of 0.5 corre-
spond to a random selection of a compound in the library.

Results and Discussion

Structural flexibility of cis-FPPS, cis-DPPS, and
UPPS

To explore the conformational flexibility of the active sites
of cis-FPPS and cis-DPPS, fluctuations in the volume of
the binding pocket during the MD simulations were ana-
lyzed for each monomer in the various systems. We begin
by considering cis-DPPS, as this is thought to be a key
new drug target, while cis-FPPS appears to be non-essen-
tial (9).

We show in Figure 3A-C the binding pocket volume fluctu-
ations during the MD simulations for each monomer of the
DPPS systems investigated: apo (Figure 3A), IPP (Fig-
ure 3B), and CITPP bound structures (Figure 3C). There
are several clear transitions between open and closed
states in the active site, indicating the large structural flexi-
bility of the binding pocket. This flexibility is most pro-
nounced in the apo and IPP cis-DPPS simulations
(Figure 3A and B). An opening of the active site of apo cis-
DPPS is particularly noticeable, as shown in detail in Fig-
ure 4, in which the pocket opens up from 455 A% in the X-
ray crystal structure (Figure 4A) to 882 A2 in the early stage
of the simulation (Figure 4B). Additional transitions between
open and closed states of the active site in the ~200 A3
and 700 A3 range are subsequently observed, the large
range in volumes seen clearly indicating the flexible nature
of the active site, the largest volumes likely being related to
the need to house the large (Cso) cis-DPP product. Inter-
estingly, the presence of the (Cqq) substrate-like ligand
(CITPP, Figure 1B), a structural analog of GPP, restricts the
active site volume to ~400 A® during the entire simulation
(Figure 3C), due presumably to strong hydrogen bonding
networks and salt bridges between the diphosphate moiety
of CITPP and Arg residues, together with hydrophobic
interactions in the active site.
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Figure 4 clearly shows the large volume differences
observed between the closed (X-ray) and most open (MD)
structures. This arises from a pronounced bend in helix o3
(between residues S126 and F136), which is very similar
to what was previously seen in UPPS (48). This bent helix
is present in both the apo cis-DPPS X-ray structure and
the CITPP X-ray structure (Figure 2B) and corresponds to
a small pocket volume. However, as discussed below in
more detail, this pocket is too small to accommodate the
cis-DPP product, which can, however, be docked to the
most open MD structure (Figure 4B), and this bend motion
is likely to be important in catalysis. Interestingly, we
observe a closing of the large pocket during an MD simu-
lation in which we docked CITPP to an open structure
(Figure 5). In this simulation, the initial structure had a vol-
ume of 756 A® (Figure 5B), but this rapidly decreased dur-
ing the simulation as the pocket closed (Figure 5B and C)
with the closed structure having a volume V ~230 A3,
Thus, the substrate-like ligand induces formation of a
closed state. Similar effects are also seen with substrate-
like ligands in UPPS, as described in more detail below,
and are important in the context of virtual screening and in
catalysis.

Cis-FPPS, producing the Cy5 isoprenoid cis-FPP, has not
unexpectedly a smaller active site than does cis-DPPS,
which synthesizes the Csqg compound, DPP. The active
site of cis-FPPS during the MD simulations also remains in
a relatively closed state, fluctuating only up to V~480 A3,
even in the absence of any ligands (Figure 3D). In the
presence of the small, substrate-like inhibitor CITPP in
both monomers, the active site volume (V~300 A% remains
quite constant along the entire trajectory (Figure 3E). CIT-
PP is a known inhibitor of cis-FPPS, and as with CITPP
binding to cis-DPPS (Figures 3C and 5C), CITPP stabilizes
the closed conformation. With the non-native substrate all-
trans-FPP, the active site volume is larger (Figure 3F), but
again does not approach the much larger volumes seen in
apo cis-DPPS.

These results are all of interest in the context of chain
length regulation during catalysis, as discussed in more
detail in the following sections, as well as in inhibitor dis-
covery.

Pocket volume and principal component analysis
of cis-FPPS, DPPS, and UPPS

We next sought to compare the structures of cis-FPPS,
cis-DPPS, and UPPS in detail using pocket volume and
principal component analyses. Pocket volume results are
shown in Table 1 for all three proteins (as well as for
Rv3378c), using both X-ray and in some cases, MD
results.

For cis-FPPS, the pocket volumes seen in X—ra¥ crystallo-
graphic structures are all in the range 240-327 A%, and for
cis-DPPS, 227-461 A®. These volumes are small and are

Chem Biol Drug Des 2015; 85: 756-769
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Figure 3: Volume fluctuations of the active
site in each monomer of the various cis- ‘
FPPS, DPPS, and Rv3378c systems. (A)

Apo DPPS. (B) DPPS + IPP. (C) DPPS + ‘
CITPP. (D) Apo cis-FPPS. (E) Cis-FPPS +
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Figure 4: Comparison of the active site
volumes. (A) Apo cis-DPPS in the X-ray
crystal structure with V = 455 A%. (B) The
most open state in the MD simulation with
V =882 A%,
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Figure 5: (A) Rapid closure of the expanded active site of monomer B in cis-DPPS upon incorporation of CITPP. (B) Binding pocket of
the apo starting structure (V = 756 A%). (C) Pocket in the closed state of the active site after MD in the presence of CITPP (V = 229 A%).

The helix bend illustrated helps close the pocket.

similar to these found in substrate-like liganded UPPS
structures (270-315 A3, Table 1). In the most open MD
structures, the volumes in cis-FPPS and cis-DPPS increase
to 537 A% and to 882 A°, respectively. These values are
more similar to those found in the ‘ajar’ and open UPPS
structures (range 456-1440 AS) but are clearly, on average,
smaller—most likely due to the fact that the UPPS struc-
tures in many cases have multiple bound ligands (up to 4),
while cis-FPPS and cis-DPPS do not. However, it is possi-
ble that site 4 in UPPS is not actually involved in catalysis,
although it can house potent inhibitors.

An attractive method for structure comparison is to use a
principal component analysis (PCA) method as in PCA,
there are more parameters to be compared. In previous
work on UPPS (7), we found that there were three UPPS
clusters in (PC1, PC2) principal component space: closed
(substrate-like) structures, ‘ajar’ (apo and other non-bis-
phosphonate inhibitor) structures, and open (bisphospho-
nate inhibitors—often with multiple ligands) structures. As
can be seen in Figure 6A, there are 3 main regions in PC
space for cis-FPPS, cis-DPPS, and UPPS: A, B, and C,
respectively, where the UPPS structures are circled. The B
and C clusters (‘ajar’ and open, respectively) are solely
populated by UPPS structures, while the A cluster con-
tains the closed UPPS structures in the circle as well as all
of the cis-FPPS and cis-DPPS X-ray structures.

As noted above, the pocket volumes seen (Table 1) in the
X-ray structures of cis-DPPS are too small to accommo-
date a cis-DPP ligand (V = 879 7\3), and we were unable
to dock cis-DPP to any of the cis-DPPS structures,
although we could dock them to the MD structures. We
thus next investigate the MD results in more detail. A PCA
analysis of the cis-FPPS and cis-DPPS MD trajectories is
shown in Figure 6B (cis-FPPS, green dots; cis-DPPS, yel-
low dots) and clearly shows that a large conformational
space is sampled in the simulations—although interestingly
the spaces sampled do not quite overlap the UPPS B and
C domains, due presumably at least in part to the fact that
the UPP is slightly larger than DPP.
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With Rv3378c, the pocket volumes for essentially all X-ray
structures have V~1000 A3 (Table S1), and the pockets
remain quite open, with or without a bound inhibitor (Fig-
ure 3G and H). As Rv3378c is not a cis-prenyl synthase
but rather a tuberculosinyl adenosine transferase (that
happens to have a similar {-fold structure), it appears that
a larger pocket may be required here because both sub-
strates are relatively large but additional X-ray structures
are needed to probe the Rv3378c mechanism of action in
detail.

Chain elongation mechanisms of cis-FPPS,
cis-DPPS, and UPPS

The active site volume and PC analysis results described
above indicate that the cis-FPPS and cis-DPPS X-ray
structures correspond to the closed state of UPPS in
which case, certainly with cis-DPPS, it would be impossi-
ble to dock in a Cso product, as we indeed found experi-
mentally (data not shown). We thus next used the Glide
program to dock prenyl diphosphates containing from 2 to
12 prenyl groups (i.e., C10-Css) 10 cis-FPPS, cis-DPPS as
well as UPPS using the most open (largest volume)
MD-based protein structures. Docking poses for the
corresponding products are shown in Figure 7A-C, and
docking scores as a function of the prenyl chain length
(FPP = C45; DPP = Cs, etc.) are shown in Figure 7D. This
approach is similar in spirit to that used by Wallrapp et al.
(49) to study docking to trans-prenyl transferases, but here
we use MD structures to account for the protein confor-
mational flexibility.

For UPPS (green dots, Figure 7D), we see an expected
‘U-shaped’ curve in which the best docking score is found
with a Cso species. The binding energy/docking score
becomes slightly worse with an increase in chain length,
and Cgg could not be docked. For cis-DPPS, the minimum
energy is at Cgo with Cgss slightly higher and Csg much
higher (Figure 7D), while Css and Cgo could not be
docked. The results with cis-FPPS show strongest binding
with C10, with 015 and CZO both being ~2-3 kcal/mol

Chem Biol Drug Des 2015; 85: 756-769
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Table 1: Computed active site volumes and PC values and corresponding conformational states for cis-FPPS, cis-DPPS, UPPS, and

Rv3378c
System PDB ID Pocket Volume (A3) Ligand Volume (AS) PCH1 PC2 Conformation and average pocket volume (A3)
Cis-FPPS  2VFW 240 0 —-10.77 —2.42 Closed
2VGO 241 272 —11.14 —-1.48 269 + 50
2VGH 327 344 —10.26 —-2.42
2VFW Open 537 0 - - Open (MD)
state 537
Cis-DPPS  2VG2 227 189 -9.58 2.08 Closed
2VG4 455 0 —-9.24 1.77 381 +£ 133
2VG3 461 272 —8.94 1.63
2VG4 Open 882 0 —4.62 1.29 Open (MD)
state 882
UPPS SaUPPS 155 344 -10.87 4.2 Closed (substrate bound)
1X07 270 189 —-10.81 —-1.16 272 + 68
1X09 307 189 —12.58 1.28
1X06 312 353 —-9.75 —1.41
1X08 315 353 -10.58 —1.13
3SGV 456 351 0.99 —0.55 Ajar (apo/non-bisphosphonate bound)
4H2M 581 397 1.71 1.69 726 + 167
4H2J 672 430 1.97 2.08
3TH8 765 338 0.61 4.01
4H38 804 387 1.87 1.70
4H3C 870 342 2.60 1.60
3SHO 932 329 4.57 2.29
2E9A 948 357 2.34 —3.90 Open (bisphosphonate bound)
2E99 987 366 4.04 -4.80 982 + 31
2E9D 1010 357 322 -3.15
4H3A 1048 309 2.52 1.49  Ajar (apo/non-bisphosphonate bound)
4H20 1079 414 1.73 2.50 1064
2E98 1082 355 545 —6.09 Open (bisphosphonate bound)
1082 + 22
3QAS 1169 0 1.00 1.72  Ajar (apo/non-bisphosphonate bound)
3SGX 1213 393 419 6.11 1205 + 32
3SGT 1232 327 2.03 -0.13
2E9C 1440 445 290 —4.18 Open (bisphosphonate bound)
1440
Rv3378c 4CMX 131 246 Closed
131
3WQK 714 0 Open
3WQM 808 355 1046 + 256
4KT8 905 412
3WQN 1051 412
A4CMV 1171 152
3waQL 1240 0
A4CMW 1436 152

higher energy and Css higher still. Longer chain species
again failed to dock. With cis-DPPS and UPPS, it can be
seen that there is no energy minimum at the normal prod-
uct chain length (Cso or Css). Rather, with DPPS, the bind-
ing energy (Glide score) for Csq (in DPPS) is ~4 kcal/mol
higher than with Czg, while Css did not dock. Likewise,
with UPPS, the minimum is at Csq with the Css product
~1.5 kecal/mol higher, and Cgq did not dock. Clearly, these
results indicate that once the chain becomes sufficiently
long, its binding energy increases, which results in product
being released from the protein. The product (‘P’) chain
lengths are indicated in Figure 7D. With cis-FPPS, the
binding energy of the product (Cqs) is again ~3 kcal/mol
higher than with Cyo and is about the same as observed

Chem Biol Drug Des 2015; 85: 756769

with the Cyq species (~—5 kcal/mol), Cos is a weaker bin-
der, and all longer chain species (Czp through Cgg) failed
to dock. So, the docking results all indicate that there are
significant decreases in the binding energy of products
(versus shorter reaction intermediates).

DPPS inhibition and receptor flexibility

We next sought to see to what extent we could use the
MD structures in computational docking/virtual screening.
As noted above, DPPS (Rv2361c) is an essential gene in
M. tuberculosis and converts cis-FPP to cis-DPP (Fig-
ure 1A). Cis-FPPS is, however, not an essential gene,
which suggests that GPP (the cis-FPPS substrate) can still
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Figure 6: Separation of conformational states for different
enzymes revealed by principal component analysis. (A) Projection
of X-ray crystallographic structures of cis-FPPS (blue) and DPPS
(red) onto UPPS PC space. Distinctive conformational states
corresponding to UPPS structures are marked. (B) Projection of
trajectories of cis-FPPS (green) and DPPS (yellow) onto UPPS PC
space.

be converted to long chain prenyl diphosphates (by cis-
DPPS), which can then be used in cell wall biosynthesis.
|deally, then, an inhibitor should inhibit cis-DPPS with
either GPP or cis-FPP as substrate. We thus next
screened our in-house library of putative prenyl synthase
inhibitors against c¢is-DPPS using GPP, cis-FPP, and
trans-FPP (which can also make long chain prenyl diphos-
phates) as substrates. This resulted in 43 inhibitors with
ICs0 values in the 30 nm to 20 um range (Figure S1) when
using GPP as substrate; 19 inhibitors with ICsq in the
600 nm to ~100 um range when using cis-FPP as sub-
strate (Figure S2), and 53 inhibitors with 1C5o as low as
650 nm using trans-FPP as a substrate.
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We first carried out self-docking of the cocrystallized ligand
CITPP into our cis-DPPS receptor grid center as a preli-
minary test of the ability to recover the crystallographic
binding pose of the ligand. The docking pose shown in
Figure S4 confirmed the validity of this grid center. We
also investigated the possibility of the existence of other
binding sites in DPPS using FTMap (50). The results of the
FTMap analysis shown in Figure S5 suggest that DPPS
does not have other binding sites. Therefore, we next pro-
ceeded to perform virtual screens (VSs) with the grid cen-
ter located at the native binding site.

We evaluated VS receptor performance using the receiver
operating characteristic (ROC) and area under the curve
(AUC) metrics (47). AUC results using GPP as substrate
are shown in Figures 8A and S6; for a cis-FPP substrate,
in Figures 8B and S7; and for a trans-FPP substrate, in
Figures 8C and S8. The populations of the apo DPPS MD
structures (Figure 8) are in red and show that the most
probable receptor volume is ~250 A3, In the case of GPP
as substrate, the AUC results (Figure 8A, in blue; Figure
S6) show that the top scoring receptors all have volumes
X 300 A3 This cutoff is more pronounced when cis-FPP
is used as the substrate (Figure 8B, in blue; Figure S7)
where there is clearly a step-function behavior: Receptors
with V. = 300 A® have no predictive power in selecting
actives from decoys, while 90% of receptors having
V > 300 A% have AUC > 0.5 with the best receptors from
the MD trajectory having AUC ~0.7, a considerable enrich-
ment in actives. The reason for the presence of some
enrichment at V < 300 A% with GPP as substrate, while
speculative, may be that the initial step in GPP chain elon-
gation is being targeted by an inhibitor (which can bind to
a smaller receptor pocket), while with cis-FPP as sub-
strate, the normal chain elongation step is being targeted.
In any case, with both systems, neither the most popu-
lated conformations nor any X-ray crystallographic recep-
tors provided high predictive performance. The best
performances with cis-FPP, the normal substrate, were
observed with receptors 10, 22, and 30, with AUC values
of 0.710, 0.726, and 0.662, corresponding active site vol-
umes of 331 A%, 654 A%, and 882 A%, respectively (Figure
S7).

With trans-FPP (Figures 8C and S8) as substrate, we
found several of the smaller receptors performed well, a
result that can be attributed to the larger number of small
(bisphosphonate) inhibitors present in this subset of our
screening library (compound structures are shown in Fig-
ure S3).

Overall, the ROC-AUC results clearly show that there are
large enrichments of cis-DPPS actives possible using the
MD-based structures, most of which are very rarely sam-
pled, while the most frequently sampled conformations do
not provide such enrichment as in many cases, the sizes
of the inhibitors are larger than the most frequently sam-
pled pocket volumes.

Chem Biol Drug Des 2015; 85: 756-769
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Toward multitargeting of cis-FPPS,

cis-DPPS, and Rv3378c

In previous work (11), we reported the X-ray crystallo-
graphic structure of Rv3378c in the presence of its sub-
strate, tuberculosinyl diphosphate, as well as in the
presence of an inhibitor, the bisphosphonate BPH-629
(Figure 1B). Bisphosphonates are often found to be good
inhibitors of prenyl synthases as they contain a diphos-
phate group isostere, a bisphosphonate. For example,
bisphosphonates are known potent inhibitors of UPPS as
well as trans-FPPS (the latter inhibitors being used clini-
cally to treat bone resorption diseases). However, there
has been little progress in developing bisphosphonates
that kill bacteria as they do not penetrate the bacterial
cell wall. However, there are many other UPPS inhibitors

Chem Biol Drug Des 2015; 85: 756769

known, and many of the cis-DPPS inhibitors shown in
Figure S1 also inhibit UPPS (7). We thus tested several
of these (Figure S9) for activity against cis-FPPS and
three (Figure S10) for activity against Rv3378c (using tu-
berculosinyl diphosphate and adenosine as substrates).
The most potent inhibitor against Rv3378c was BPH-
629, which had an IC5y of 210 nm (and an ICsq of
610 nm against DPPS, using cis-FPP as substrate). How-
ever, BPH-629 was inactive against the M. tuberculosis
model, M. smegmatis. In contrast, the bisamidine BPH-
1417 (Figure 1B) had an ICsq = 0.5-20 um, depending on
substrate against DPPS as well as an IC5q = 660 nm
against Rv3378c. In addition, it also inhibited cis-FPPS
(Figure S9) with an ICso of 4.8 mm. Glide docking poses
to all three enzymes are shown in Figure 9 and show
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Figure 9: Predicted docking poses for BPH-1417. (A) Cis-FPPS. (B) Cis-DPPS. (C) Rv3378c.

that in each case, the substrate site, that is, site 1, is
likely to be occupied.

In previous work (7), we showed that the bisamidine BPH-
1358 (Figure S11) was a potent UPPS inhibitor that also
had in vivo activity in a S. aureus mouse model of infection
(7), but BPH-1358 was inactive here against Rv3378c.
However, the bisamidine BPH-1417 has potent in vitro as
well as in vivo activity against S. aureus and has also been
reported to have an MIC in the 0.3-1.3 ug/mL range
against M. tuberculosis (51). It is likely that DNA is also a
target in these organisms (as with other bisamidines), and
the ability to potentially target DNA, cell wall biosynthesis
(cis-FPPS/cis-DPPS), and virulence factor formation
(Rv3378c) is clearly of interest in the context of multitarget
inhibitor development (52) for drug-resistant infections.

Conclusions

In this work, we carried out MD simulations of three pre-
nyl synthase enzymes from M. tuberculosis: cis-FPPS
(Rv1086¢); cis-DPPS (Rv2361c); and tuberculosinol/tu-
berculosinyl adenosine synthase (Rv3378c), proteins
which all contain a (-fold structure with cis-DPPS and
Rv3378c being of interest as new tuberculosis drug tar-
gets. Cis-DPPS exhibited large active site pocket volume
fluctuations in its apo and IPP-bound forms, but not in
the presence of the substrate-like inhibitor, CITPP. The
largest volume was V = 882 AZ, very close to that of the
cis-DPP product (V = 879 AS’). With cis-FPPS, the vol-
umes were as expected much smaller but increased to
up to ~637 A% in the MD simulation. For UPPS, the larg-
est pocket volume in MD is 1032 A?’, close to the vol-
ume of UPP (V~965 AS). We used the FPPS, DPPS, and
UPPS MD structures to examine the chain length depen-
dence of ligand binding energies using Ci0-Cgo prenyl
diphosphates, to help elucidate chain length regulation
mechanisms. The most favorable binding energies were
found with compounds having chain lengths shorter than
the products, where energies were =~ 3 kcal/mol higher
than the lowest energies seen. Chains that were ~>2
prenyls longer than products either did not dock or had

766

very poor docking scores. We then used a PCA method
to analyze the X-ray structures of cis-FPPS, cis-DPPS,
and UPPS, together with results from cis-FPPS and cis-
DPPS MD trajectories. The FPPS/DPPS structures clus-
tered most closely with closed (substrate-like liganded)
UPPS structures, presumably because many (open or
ajar) UPPS structures have multiple bound ligands, while
cis-FPPS and cis-DPPS do not. That is, the UPPS
structures do not necessarily mimic normal product-
bound structures (as evidenced also by their pocket vol-
umes which in many cases are considerably larger than
the UPP product volume). Finally, we investigated the
inhibition of cis-DPPS by a range of putative prenyl
transferase inhibitors, finding several potent leads. Using
these results, we found using the ROC-AUC method
that MD-based structures with receptor volumes
>300 A%, in general, gave the best ROC-AUC values
(~0.7). We also tested several of the cis-DPPS inhibitors
for activity against cis-FPPS and Rv3378c. Bisphospho-
nates and bisamidines had activity against several tar-
gets, the best being BPH-1417 which was a 660-nm
inhibitor of Rv3378c, a 4.8-um inhibitor of cis-FPPS, and
a 1.3-um inhibitor of cis-DPPS, results that open up the
possibility of multitarget inhibition in which both cell wall
biosynthesis and virulence factor formation may be inhib-
ited.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Structures and ICs values (in mwm) for cis-
DPPS inhibitors in a GPP-based assay.

Figure S2. Structures and ICs values (in mwm) for cis-
DPPS inhibitors in a cis-FPP-based assay.

Figure S3. Structures and ICsp values (in mm) for cis-
DPPS inhibitors in a trans-FPP-based assay.

Figure S4. Comparison of the docking pose of the co-
crystallized ligand CITPP self-docked into the receptor grid
center with its crystallographic orientation in the 2VG3
crystal structure.

Figure S5. Potential ligand binding sites of DPPS pre-
dicted by FTMap.
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Molecular Dynamics of Prenyl Synthases

Figure S6. ROC-AUC results for cis-DPPS inhibition
(GPP substrate) using X-ray and MD structures.

Figure S7. ROC-AUC results for cis-DPPS inhibition
(cis-FPP substrate) using X-ray and MD structures.

Figure S8. ROC-AUC results for cis-DPPS inhibition
(trans-FPP substrate) using X-ray and MD structures.

Figure S9. Structures and ICsq values (in mwm) for cis-
FPPS inhibitors.

Figure S10. Structures and ICsy values (in mwm) for
Rv3378c inhibitors.

Table S1. Pocket volumes of various structures of cis-

FPPS, DPPS, and UPPS and their corresponding confor-
mational states.
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