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ABSTRACT: The Plasmodium falciparum orthologue of the human cytokine,
macrophage migratory inhibitory factor (PfMIF), is produced by the parasite
during malaria infection and modulates the host’s immune response. As for
other MIF orthologues, PfMIF has tautomerase activity, whose inhibition may
influence the cytokine activity. To identify small-molecule inhibitors of the
tautomerase activity of PfMIF, virtual screening has been performed by docking
2.1 million compounds into the enzymatic site. Assaying of 17 compounds
identified four as active. Substructure search for the most potent of these
compounds, a 4-phenoxypyridine analogue, identified four additional
compounds that were purchased and also shown to be active. Thirty-one
additional analogues were then designed, synthesized, and assayed. Three were
found to be potent PFMIF tautomerase inhibitors with K; of ~40 nM; they are

also highly selective with K; > 100 #M for human MIF.

B INTRODUCTION

The parasite Plasmodium falciparum (P. falciparum) was
responsible for the majority of the 287 million human cases
of malaria in 2011 and the ~655 000 related deaths." Although
the number of deaths appears to be decreasing (from ~781 000
for the year 2010), the incidence of infection is increasing with
a projected 295 million total cases for 2012." Fortunately, the
widespread use of bed nets, better diagnostics, and wider
availability of effective antibiotics have greatly reduced mortality
and the spread of the disease. To this day, artemisinin and
artemisinin-analogues are the most effective drugs against
malaria. Unfortunately, artemisinin monotherapies have
resulted in an alarmingly widespread emergence of artemisi-
nin-resistant P. falciparum in Cambodia and surrounding
regions. Thus, novel therapies are needed to fight against
drug-resistant P. falciparum.

Upon infection, the parasite modulates the host immune
defense through the release of the cytokine P. falciparum
macrophage migration inhibitory factor (PfMIF).> PfMIF is a
homologue of the human immunoregulatory cytokine MIF*~>
(huMIF), and like huMIF, it is a homotrimer.® The malarial
cytokine is present in all P. falciparum life cycle stages and is
released by infected cells.” MIF family members have three
tautomerase active sites formed by adjacent monomers. No
physiologic functions have been attributed to MIF tautomerase
activity, and cytokine function is believed to arise from
protein—protein interactions, as deduced from site-directed
mutagenesis and genetic studies in vivo.® PfMIF also has been
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shown to bind to the mammalian MIF receptor CD74 with
comparable nanomolar affinity as human MIF.>” Parasites may
induce an inflammatory response, using the host immune
system as a means to regulate the population of competing
parasites within hosts. The latest evidence indicates that the key
role of MIF orthologues in parasites is to promote depletion of
CD4 T-cells resulting in degradation of immunological memory
and response.”

The structure of PfMIF has significant structural similarity to
huMIF with an average rmsd of 2.2 A for the C,, atoms.'® They
are both homotrimers with 115-residue monomer subunits.
Interestingly PfMIF only has 30% sequence homology with
huMIF. The PfMIF crystal structure, PDB code 2WKF, has
two different trimers signified by alternative conformations of
the catalytic residue Prol, one having a closed tautomerase site
(PfMIF-B) and one having an open tautomerase site (PfMIF-
A). The tautomerase site in PfMIF is larger than in huMIF, in
part because of the reorientation of Tyr96 in comparison to the
corresponding Tyr95 of huMIF.'> The tautomerase site of
PfMIF is also more negatively charged than huMIF owing to
the presence of Glu98 in PfMIF in place of Asn97 in huMIF.

PfMIF binds to the ectodomain of transmembrane protein
CD74, presumably in a similar manner as huMIF. Inhibitors of
the huMIF-CD74 interaction have previously been identified
through virtual screening.'’ Since a cocrystal structure for MIF
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Scheme 1. Synthesis of 4-Phenoxy-1,1’-biphenyls®
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“Reagents: (a) Pd(PPh;),, Na,COj, toluene, H,0; (b) TBAF, THF; (c) (3- methoxyphenyl)boronic acid, Cu(OAc),, TEA, DCM; (d) BBr;, DCM.

bound to CD74 is not available, our strategy was to seek MIF
tautomerase inhibitors, certain of which might also serve as
inhibitors of the MIE-CD74 protein—protein interaction."" The
interference could stem from conformational changes or
rigidification of MIF or protrusion of the tautomerase inhibitors
from the surface of MIF. Support for this latter possibility was
attained in a recent structural study of small molecule inhibitors
of Ancylostoma ceylanicum MIE."> There is evidence that the
interaction between huMIF and CD74 occurs in the vicinity of
the tautomerase active site and that there is some correlation
between MIF tautomerase inhibition and MIF-CD74 inhib-
ition."> The same strategy has been followed here by first
seeking tautomerase inhibitors of PfMIF. Selective inhibitors of
PfMIF that do not interact with huMIF are particularly desired.
They can be used as research tools in the study of immune
response and possibly be developed into antimalaria drugs.

B METHODS

Protein Setup and Preparation of Ligands. The trimer of
PfMIF-A was generated from the asymmetric unit of the crystal
structure (PDB code 2WKF)'° through symmetry operations using
the program UCSF Chimera."* This structure lacks coordinates for the
C-terminal residues 102—115. Of the two Cys2 conformations in the
PfMIF-A trimer, each with occupancy 0.50, Cys2A was kept. Glycerol
and water molecules were removed. Hydrogens and other missing
atoms were added, and the protein was energy-minimized using the
OPLS-AA 2005 force field within the Protein Preparation Wizard
module.'>'® Prol was unprotonated to represent the catalytically
active state for the tautomerase activity, yielding protein structure A.
The Maybridge 2010 library was downloaded in sdf format and
subsequently processed with the program LigPrep,'” which generated
tautomers and protonation states at pH 7 and up to 32 configurational
stereoisomers for each compound with chiral centers. The Maybridge
library was filtered by removing compounds with undesirable features
for screening hits, namely, compounds having (i) a MW less than 200
or greater than 600, (ii) a molecular charge higher than +2 or lower
than —1, (jii) more than one violation of the Lipinski rules,'® or (iv)
more than two violations of the rule of three or more than six
#STARS, two indices calculated using the program QikProp.'” The
2006 ZINC “druglike” set of molecules®® was also used in a previously
downloaded format that included multiple protonation and tautome-
rization states.""

All structures were docked and scored using Glide S.5 in standard
precision (SP)*! and extra precision (XP) modes.”” The receptor grid
was prepared with a 20 A side length with the centroid located
between residues Tyr96A, Tyr37C, ProlC, Ile65C, Met39C, PheS0A
and with a ligand diameter midpoint box having a 12 A side length.
Expanded sampling was enabled to bypass elimination of initial poses
in the rough scoring stage, and only Z-conformations were allowed for
secondary amides. All other Glide options were kept at default settings.
Maestro™ was used to display the protein—ligand complexes. From
the top scoring compounds, hydrazones, hydrazides, hydrazines, o,f-
unsaturated ketones, catechols, imines, thiohydrazones, and com-
pounds having four or more fused rings were eliminated as undesirable

for reactivity concerns or complexity. Compounds whose poses had
features associated with high internal energy, such as twisted ester or
carboxylic acid groups, overly short nonbonded contacts, or
energetically unfavorable E/Z isomers,24 were also removed from
consideration.

Some compounds of interest were also docked using GOLD suite,
version 5.1.%° The active site was set to encompass all atoms within a
15 A radius of the oxygen atom of Prol. The starting geometries of the
ligands were constructed using Maestro. Docking was performed using
the GoldScore scoring function, and 2000 genetic-algorithm runs were
executed for each ligand. All other settings were set to default values.

Docking Protocol Used for Compound Optimization.
Analogues identified through substructure searches of virtual screening
hits or subsequently designed analogues were docked using the
following protocol. For each compound, a conformational analysis
using torsional sampling was performed using the program Macro-
Model®® and the OPLS-AA 2005 force field. The implicit water
generalized Born/surface area model was applied. Extended torsion
sampling options, 250 steps per rotatable bond, and 2500 maximum
number of steps were used. Conformers were energy-minimized.
Duplicate conformers were removed, and up to 1000 unique
conformers were allowed to be saved. The resulting conformers
were rigidly docked with Glide as above.

Addition of Missing Residues (Structure B). The Plasmodium
berghei MIF (PbMIF) structure was also downloaded (PDB code
2WKB'). It has all 115 residues resolved and a capping glycine. Chain
C of PbMIF was aligned with one chain of the PfMIF PDB structure
2WKF, using UCSF Chimera. Residues 1—-101 of the PbMIF
monomer were deleted, and the remaining residues 102—116 were
added to the PfMIF chain. Residues 101 and 102 were manually
connected. The new monomer was aligned with all three chains of the
previously prepared PfMIF trimer and the old monomers from the
prepared trimer were deleted, creating a new trimer where each chain
has 116 residues. The modified structure was imported into Maestro.
Hydrogen and missing atoms were added, and the structure was
energy-minimized using the protein preparation wizard at default
settings. A docking grid for structure B was set up in the same way as
for structure A, using the same residues for the centroid and the same
grid box size.

Synthetic Chemistry. The results of the virtual screening pointed
to diphenyl ether and phenoxyazine derivatives as the most promising
for optimization. The synthetic routes for the pursued series are
summarized below; full details are in the Supporting Information. The
identities of all synthesized compounds were confirmed using 'H
NMR, *C NMR, and mass spectrometry. NMR spectra were recorded
on Bruker Avance DRX-500 (500 MHz) or DRX-400 (400 MHz)
instruments. Mass determination was performed using electrospray
ionization on a Waters Micromass ZQ LC—MS instrument. HRMS
(ESI-TOF) analyses were performed on a Waters Xevo QTOF
equipped with a Z-spray electrospray ionization source. The purity of
all compounds was determined to be at least 95% by integration of the
UV trace from reverse phase HPLC, using a Waters 2487 dual A
absorbance detector with a Waters 1525 binary pump and a
Phenomenex Luna S ym C18(2) 250 mm X 4.6 mm column. Samples
were run at 1 mL/min using gradient mixtures of 5—100% of water
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Scheme 2. Synthesis of 5-Phenoxy-2-phenylpyridines®
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“Reagents: (a) Pd(PPh,),, Na,CO;, dioxane/H,0; (b) Cs,CO;, Cu,O, NMP.

Scheme 3. Synthesis of 4-Methyl-6-phenoxy-2-phenylpyrimidines®
G L 0
NH | R
o e SO e
LT p—— — | '——-——*’\R&N
a \[fN b @ c
OH cl O

“Reagents: (a) ethyl 3-oxobutanoate, NaOEt, EtOH; (b) POCL;; (c) Cs,CO;, DMF.

with 0.1% trifluoroacetic acid (TFA) (A) and 10:1 acetonitrile/water selectively for use in both Schemes 4 and 5. A second nucleophilic
with 0.1% TFA (B) for 22 min followed by 3 min at 100% B. aromatic substitution at the 2-position, through reflux in neat
Synthesis of 4-Phenoxybiphenyls and 2-Phenylpyridines. morpholine, provided 2-(N-morpholinyl)-4-phenoxypyridines
(4-Bromophenoxy) (tert-butyl)dimethylsilane was coupled with sub- (Scheme 5).
stituted phenylboronic acids under Suzuki conditions, followed by Molecular Cloning and Production of Recombinant PfMIF.
desilylation with TBAF. The resulting substituted (1,1’-biphenyl)-4-ol To facilitate the recombinant production of PfMIF, a full length
was reacted with a second phenylboronic acid using Cu(OAc), nucleotide sequence optimized for codon usage by Escherichia coli was
according to Evans’ method”” to provide the desired biaryl ether synthesized. The oligonucleotide was subcloned into the pCRT7
product (Scheme 1). The pyridine derivatives were synthesized expression vector (Invitrogen) and transformed into BL21 (DE3) E.
through Suzuki coupling, followed by nucleophilic aromatic coli. A 2 L production culture was induced by isopropyl-p-
substitution (Scheme 2). thiogalactoside to a final concentration of 1 mM at 37 °C. The
Synthesis of Meta-Substituted Pyrimidines and Pyridines. purification protocol was adapted from Kamir et al*® Briefly, the
Meta-substituted azines were also desired. Pyrimidine analogues were induced bacterial culture was harvested and lysed in 20 mM Tris, pH
synthesized by refluxing benzamidine with ethyl 3-oxobutanoate, and 8.0, and 20 mM NaCl buffer using a French press. The recombinant
sodium ethoxide was added to form the 2-phenylpyrimidine core. This PfMIF protein was purified by anion exchange chromatography using
was followed by chlorination with phosphoryl chloride and a Q-Sepharose resin (Amersham Bioscience) with a linear pH gradient
nucleophilic aromatic substitution with substituted phenols to provide to 30 mM Bis-Tris (pH 6.8) and 20 mM NaCl buffer, followed by a
the desired pyrimidine analogues (Scheme 3). Corresponding linear salt gradient from 20 mM Tris, pH 8.0, and 20 mM NaCl to 30
pyridines were prepared starting from 2-chloro-4-phenoxypyridines, mM Tris, pH 8.0, 1 M NaCl buffer. The remaining impurities were
followed by Suzuki cross-coupling with substituted phenylboronic removed by size-exclusion chromatography with a Superdex 75

acids (Scheme 4). column (Amersham Bioscience), and the final amount of protein

obtained was 3 mg. The production and purification of huMIF was
Scheme 4. Synthesis of 2-Phenyl-4-phenoxypyridines® previously described.”

Assay for PfMIF Tautomerase Activity. The following protocol
was adapted from Taylor et al.** The enol form of the substrate 4-

X
Ring N @ | /_R3 hydroxyphenylpyruvate (4-HPP) was obtained by dissolution of 4-
| _ (HO),B HPP in absolute EtOH (50 nM) and stored at —20 °C until used. For

the enzymatic inhibition assays, the reaction mixture was composed of
O a PfMIF (75 nM of trimer) in 25 mM potassium phosphate buffer at pH
\GRZ 7.4, mixed with increasing concentrations of inhibitors (1.5, S, and 10
uM), and incubated for 10 min. The optimal concentration of PfMIF

“Reagents: (a) Cs,CO; DMF/H,0, Pd(PPh,),. for compound assessment was determined initially by measuring
tautomerase activity at different concentrations of trimeric PfMIF
(range, S0—100 nM). The negative control was PfMIF incubated with

Replacement of the 2-phenyl group by morpholine was also DMSO vehicle, which in all reactions was 140 mM (1%) and which
considered. Nucleophilic aromatic substitution of 2,4-dichloropyridine did not itself influence tautomerase activity. The reaction was started
with a substituted phenol yielded the 2-chloro-4-phenoxypyridines by the addition of 4-HPP at different concentrations, and the

Scheme 5. Synthesis of 2-(N-Morpholinyl)-4-phenoxypyridines”

(o}

“Reagents: (a) +-BuOK, DMA; (b) morpholine.
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Table 1. Kinetics Parameters for 4-HPP Tautomerization by PfMIF and huMIF*

PfMIF huMIF
reaction K, keae keae/ Koy K, ke keat/ K
enolization 674.6 + 469 17.98 + 0.7 2.7 x 10* 1139 + 216.3 2083 + 19.3 1.8 X 10°
ketonization 186.7 + 50.6 32.90 + 5.3 1.8 x 10° 192.4 + 47 86.62 + 11.7 45 % 10°
K, in pM; ke in s7% kg /K, in M7 s7h
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Figure 1. Virtual screening led to the purchase and assaying of 1—17.
formation of the keto form of 4-HPP was monitored by the decrease B RESULTS AND DISCUSSION
;]fgbsorlbance a; 306fnm’ using ézllnlf‘rflte Mi@ (TjCAfI’ Purhan; Virtual Screening. The ZINC “druglike” library (~2.1
). plate reader for %0 . Galcwation ol Initial velocities an million compounds) and the Maybridge library (~60000
nonlinear regression for the inhibition constant, K;, was repeated three compounds) were docked into structure A using Glide SP. The
times and combined for analysis using the program Prism S 40000 top-ranked compounds from ZINC and 4000 top-
(GraphPad, La Jolla, CA), which provided the reported averages and ranked ones from Maybridge from the SP docking were
standard deviations. For inhibition of huMIF, the identical protocol redocked using Glide XP. Sorted according to docking score,
was used as previously described.'” the top 1000 ZINC SP, 300 Maybridge XP, and 200 Maybridge
The tautomerase inhibition can be gauged by monitoring either the SP complexes were displayed and visually inspected. These
enolization or ketonization process. For PfMIF, Michaelis—Menten choices reflect a desire to seek balance between the scoring
analyses using the recombinant protein revealed a significantly higher functions and compound libraries while remaining cognizant of
K,, and lower k./K,, for enolization than ketonization (Table 1). reasonable limits on human capacity to sit at a graphics station
Thus, for PfMIF the sensitivity of the assay for discrimination of and view structures. All molecules containing unwanted
putative tautomerase inhibitors benefited from measuring the structural features were removed such as those with readily
ketonization of the enol of 4-HPP. hydrolizable and/or highly electrophilic functional groups. Final
10151 dx.doi.org/10.1021/jm3012695 | J. Med. Chem. 2012, 55, 10148—10159
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candidate structures were selected based on the docking scores,
occurrence of favorable interactions with the receptor,
prediction of physical properties from QikProp,"” and a
preference for structural diversity. The predictions from
QikProp that are especially noted are for aqueous solubility
(), log P,,,, Caco-2 cell permeability (Pc,), and number of
primary metabolites. Compounds are avoided that have S less
than 107° M, log P, greater than 4, P, less than 25 nm/s,
and more than four primary metabolites.

The structures of the 17 compounds that were ultimately
purchased are shown in Figure 1. The identities of the
compounds were verified by NMR and mass spectrometry, and
the purity was found to be at least 95% by HPLC. The
compounds were assayed for their ability to inhibit ketonization
of the enol form of 4-HPP. The assay results and docking
scores are summarized in Table 2. Four compounds (2, 3, 8,

Table 2. Experimentally Determined Inhibition Constants
(K;) and Docking Scores for the Purchased Compounds 1—
17 and the Initial Analogues of 15 (18—23)

compd K (uM)“ SP score  XP score  GoldScore library

1 NA —7.06 —-5.23 52.2 ZINC

2 99 —7.05 —6.55 57.4 ZINC

3 20.6 —7.28 —6.08 583 ZINC

4 NA =7.07 —5.03 64.1 ZINC

S NA =721 —6.67 57.7 ZINC

6 NA —6.99 —6.25 61.1 ZINC

7 NA —6.98 =735 S1.0 ZINC

8 254 £ 29 —6.97 —6.11 77.5 ZINC

9 NA —7.61 —7.83 62.3 ZINC

10 NA —6.69 —8.28 63.9 Maybridge
11 NA —7.44 —6.98 69.3 Maybridge
12 NA —6.24 —6.98 58.7 Maybridge
13 NA =7.30 —9.67 52.8 ZINC

14 NA —7.16 —6.62 65.6 ZINC

15 86 +72 —7.16 —6.38 52.7 ZINC

16 NA —6.39 —8.09 55.7 Maybridge
17 NA —6.91 —6.91 60.6 Maybridge
18 15.5 £ 89 —7.89 —6.91 52.1

19 28.6 + 3.6 =791 —6.51 58.3

20 193 + 2.1 —7.37 —4.92 57.8

21 1223 + 114 —7.30 —6.45 63.9

22 434 + 21 —8.13 —6.28 54.2

23 229 + 1.3 —6.95 —5.57 57.3

“NA indicates assayed but not active compounds.

and 15) showed activity with K values of 99, 21, 25, and 9 uM,
respectively. Illustrations of the docked structures for the active
compounds are provided in Figure 2.

The structures of the active compounds are diverse. The
docked structure of 2 benefits from hydrogen bonds between
Tyr96A and Glu98A and the sulfonamide group and an aryl—
aryl interaction between Tyr37C and the naphthalenedione
fragment. The o-quinone substructure provides some concern
that the observed activity may involve covalent modification of
the protein. Compound 3 has an exocyclic double bond in a
rhodanine-related motif. This is a known fre%uent hitter in
assays owing to Michael addition activity.”’ Though a
considerable list of undesirable substructures led to exclusions,
our list of such features has further increased since the time
when this docking study was carried out in 2010. We would
also now exclude compounds such as 2 and 3 from

consideration of screening, and we did not pursue analogues.
Compound 8 is more complex with two polycyclic ring systems
and a chiral center. It is predicted to form two hydrogen bonds
via its terminal amido group with Arg93A and Ile9SA and an
aryl stacking interaction with Tyr37C (Figure 2). The
identification of the interactions with Tyr37C, Arg93A,
Ile9SA, and Tyr96A for 2, 3, and 8 is a useful observation. If
we were to pursue analogues of 8, we would first try to simplify
the structure and consider, for example, 2,4-substituted
quinolines, which retain the interactions with Tyr37C,
Arg93A, and Ile95A.

The most promising hit that arose from the virtual screening
is 15, a 4-phenoxypyridine analogue. It has no striking liabilities
for an assay hit. The docking pose for 15 has a hydrogen bond
to Glu98A via the terminal phenol, similar to the docking pose
of 3. There are also possible hydrogen bonds with Tyr96A and
ProlC, and the central ring is in the hydrophobic region
between Tyr37C and Tyr96A. The morpholinyl group in the
pose appears to make little contact with the protein, as it is
oriented into the solvent. 15 was the most active compound at
8.6 uM and it was amenable for synthesis of analogues, so it was
chosen for further development.

Initial Analogues of 15. To begin, substructure searches
for commercially available analogues of 15 were performed
using SciFinder Scholar. The 3-hydroxyphenoxy fragment was
retained, and alternatives were considered for the central ring.
The closest analogues that were found and purchased are 18—
21. 18 has just the 5-fluorine in 15 replaced by chlorine, while
19 is the piperidine replacing the morpholine analogue of 18.
20 probes the possibility of a pyrimidine core with a 2-phenyl
substituent, and 21 incorporates a triazolopyridazine core. At
this point, 22, the fluorine-less analogue of 15, was synthesized
via Scheme S to gauge the importance of the fluorines for
activity. There was also some concern that the 6-position in the
fluorinated pyridines 15, 18, and 19 might be reactive toward
nucleophilic aromatic substitution leading to potential false
positives. In addition, the methyl ether analogue 23 was
prepared to test the importance of the hydroxyl group and the
putative hydrogen bond to Glu98A.

0.
O 0 .
7 N F. z
F
18 19 20

SO ) )

21 22 23

(o}

N

(e]

The six compounds were docked into structure A, and
because of the low rotational barriers around the aryl ether
bonds, many docked solutions were obtained. For the top
scored poses of all six compounds, the 3-hydroxy/methoxy
phenyl has similar orientation as for the docked pose of 15. The
two most populated docked solutions for 18—20, 22, and 23
have the pyridine/pyrimidine flipped causing the ring on C2 to
interact with Tyr37C as opposed to being sandwiched between
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2

LYS 33C

ILE 65C TYR 37C

PHE 50 ARG 93A

Figure 2. Docking poses for the four active compounds from the virtual screening.

PheS0A and Tyr96A. Figure 3 shows these alternative poses for
18. Less well scored poses would generally have the positions of

GLU 98:%

(@) (b)

Figure 3. (a) Top pose of 18. The morpholine ring contacts Tyr37C.
(b) Next most favorable pose of 18 with the morpholine ring placed
between PheSOA and Tyr96A.

the terminal rings interchanged. The top scoring poses for 20
and 21 also follow the motif favoring interaction of a terminal
ring with Tyr37C (Figure 4).

The six compounds, 18—23, were evaluated in the
tautomerase assay (Table 2). It was gratifying that they all
showed inhibitory activity confirming the viability of the core
structure from 15. Considering the standard deviations of the
measurements, 18, 19, 20, and 23 have similar activity as 15,
which opens up a range of possibilities for the central and C2
rings. Exchange of the three fluorine atoms in 15 for hydrogen
atoms (22) incurs a ~S-fold penalty. Interestingly, the 3-
methoxy substituent of 23 does not diminish the potency
relative to 22, while the triazolopyridazine analogue 21 is
significantly less active at 122 + 11 uM.

Table 2 also lists the SP and XP docking scores for 1-23.
Overall, the SP scoring was superior with many of the best
scoring compounds including 18—22 showing activity. The
compounds with the best XP scores (9, 10, 13, 16) were
inactive, while some with relatively poor XP scores such as 20
and 23 were active. GOLD was also applied to 1-23; the
scoring in this case is such that the larger the number, the better
is the score. Qualitatively, the performance of Glide XP and
GOLD was similar. The purchased compounds with the best
GoldScores were generally inactive, e.g, 4, 6, 9, 10, 11, 14, and
17. The only exception was the active 8, which is the largest
compound and had the best GoldScore. On the other hand, the
key lead 15 had one of the worst GoldScores. Successful
compound selection from virtual screening continues to require
a significant human component in evaluating computed poses.

Addition of Missing Residues at the C-Terminus.
Concern existed about possible influence of the missing
residues 102—115 on the docking poses. Some of these
residues are in proximity to Tyr96A and Glu98A. Fortunately,
the PbMIF crystal structure has the terminal residues resolved
and has 100% sequence identity with PfMIF for the last 25
residues, so it was used as a template to extend the PfMIF
structure. The residues and the capping Glyl16 were added,
and the new structure (structure B) was energy-minimized
(Figure S).

While the modified structure does not significantly differ
from the crystal structure (0.44 A rmsd between 746 atom pairs
or 0.31 A for 380 backbone atoms), there is some uncertainty
about the position of Cys102. The backbone oxygen atom of
Aspl01 from the crystal structure overlaps the backbone
nitrogen of Cys102 in the modified structure. Though there is a
possibility that the nitrogen atom of Aspl01 in the crystal
structure has been misassigned as an oxygen, the issue causes
small uncertainty in the positions of the added residues 102—

dx.doi.org/10.1021/jm301269s | J. Med. Chem. 2012, 55, 10148—10159
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GLU 98A

Figure 4. (a) Top pose for 20. (b) Top pose for 21.

TYR 37C

GLU 98A

(b)

ALA 104C
LN 105C ASP 101C

PHE 107C &/ W
LYS 33C

_ \\ q
PHE 109C <X ; PRO 1C Q

Figure 5. The missing C-terminal residues (blue) have been added to
the PfMIF structure (purple), which has been aligned with the
unmodified crystal structure 2WKF for PMIF (green). The addition
had little effect on the positions of residues 1—101. 15 in orange is
shown docked into the modified structure.

11S. With structure B, it emerges that there is additional room
to extend analogues of 15 toward residues 103—108 by
replacement of the 3-hydroxy group on the phenoxy ring with
larger substituents.

4-Phenoxy-1,1'-biphenyls and 5-Phenoxy-2-phenyl-
pyridines. The morpholine ring of 1S appeared to make little
contact with the protein (Figure 2), and modeling suggested
that hydrophobic interactions could be gained with PheS0A,
TyrS7A, and Tyr96A by its replacement with a phenyl
substituent para to the hydroxyphenoxy group. Thus,
compounds containing either a 4-phenoxy-1,1'-biphenyl or a
S-phenoxy-2-phenylpyridine core were pursued (Table 3). In
parallel, three 4-phenoxy-1,1"-biphenyls (24a—c) and two $-
phenoxy-2-phenylpyridines (24d and 24e) were synthesized
that had hydroxyl groups in the 3-position and/or 4-position of
the added phenyl ring. The idea was to establish additional
hydrogen bonds with Arg93A and Ile95A, as for 3 and 8 in
Figure 2. Four methoxylated intermediates (24f—i) from the
syntheses of 24b—e had also been made in sufficient amounts
to be included for biological evaluation.

Among the five hydroxyl containing compounds, the
compounds with a pyridine core, 24d and 24e, were active,
while all compounds with the phenyl core (24a—c) were

Table 3. Experimentally Determined Inhibition Constants
for Biphenyl and 2-Phenylpyridine Analogues

R3
QLI@
R! oY

24
compd X R R? R® K; (uM)
24a CH OH OH H NA
24b CH OH H OH NA
24c CH OH OH OH NA
24d N OH OH H 69 + 1.5
24e N OH H OH 67.6 + 194
24f CH OMe H OMe NA
24g CH OMe OMe OMe NA
24h N OMe OMe H 572 + 34
24i N OMe H OMe NA
24j N CN OH H 0.37 + 0.12

inactive. Having the meta hydroxyl group in 24d gave a 10-fold
boost in inhibitory activity compared to the para isomer 24e.
We also noted that in protein structure B there might be a
small polar cavity formed by the backbone oxygen atoms of
Cys102C, Ser103C, and Asnl06C. It was expected that there
might be water molecules in this region and that it might be
beneficial to extend the inhibitor to interact with or displace
some of the water.”” To this end, a compound with a 3-cyano
substituent on the phenoxy ring, 24j, was designed and docked.
The top pose has the cyano group oriented into the polar
cavity, as desired (Figure 6). Thus, 24j was synthesized and
found to be roughly 20 times more potent than the 3-hydroxyl
analogue 24d (Table 3). The boost brought the project into the
nanomolar realm, and it also supported the structural models.
The 3-pyridine core, however, did not offer a straightforward
way to extend the compounds to benefit from hydrophobic
contacts with Tyr37C, so attention turned to other series.
2-Morpholinyl-4-phenoxypyridines. For the core of 18,
the modeled active site cavity of structure B seemed large
enough to allow additional substitution of the 3-methoxyphenyl
group of 23. Modeling suggested that the S-position would be
most suitable for attachment of a second substituent. First a 5-
methoxy substituent was explored with compound 25a in Table
4, though docking scores suggested that this might be too large
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Figure 6. Top pose for the 3-cyano containing 24j resulting from rigid
Glide docking.

Table 4. Experimentally Determined Inhibition Constants
for Analogues of 23

of an addition. Indeed, 25a is S-fold less active than 23.
However, the methyl and chloro derivatives, 25b and 25¢, were
prepared and both compounds gave a ~4-fold boost in activity.
Tolerance for extension of the 3-methoxy substituent to at least
ethoxy seemed possible leading to preparation of 25d, which
was found to be 3-fold more active than 23.

Next substitution at the 6-position on the pyridine ring was
considered, since fluorine or a methyl substituent was
acceptable in 18—20. Thus, 6-methyl groups were added to
25d and 25b, yielding 25e and 25f Though the activity
changed little in going to 2Se, there was a 4-fold improvement
for 25f to 1 uM. In view of the increased substitution, docking
yielded fewer alternative conformers for the complexes of 25e
and 25f. It was conceivable that this might be detrimental from
an entropic standpoint. Thus, compounds 25g and 25h were
synthesized retaining the 6-methyl group but with only a 3-
cyano or 3-methoxy group in the phenoxy ring. The cyano idea
came from 24j; however, docking of 25g indicated that the
change in the core causes the cyano group to extend less well
into the hydrophilic pocket near residues 102—106 (Figure 7a).
Consistently, there is no activity gain for 25g over 2Se.
However, there is a large improvement with the methoxy
analogue 25h, which is a 43 nM tautomerase inhibitor. It
appears to embody comparatively optimal sizes and placement
of the substituents. As a result of the introduction of the 6-
methyl substituent, the morpholine ring prefers orientations
toward Tyr37C according to the docking (Figure 7) as for 18
in Figure 3a. The docked structure for 25h (Figure 7b) also
benefits from a hydrogen bond from ProlC to the ether oxygen
and improved contact of the phenoxy ring with Ile65C, which is
shown to the left of Lys33C in Figure 7. It is noted that the
enhanced activity of 25h relative to 23 is large for introduction
of a methyl group.”® Such large effects normally require a
conformational component and burial of the methyl group in a
hydrophobic region. In the present case, the added methyl
group is modeled to be in the hydrophobic region near Tyr96C
and it appears to push the inhibitor up in the active site as
illustrated, yielding improved interactions for the phenoxy ring.
In this regard, the conformational flexibility provided by
rotations about the aryl ether bonds is undoubtedly important
in optimizing the nonbonded interactions. Although it is
possible to rationalize the activity variations based on the

)
R? N
loNe
|
R! 0" " Re
25
compd R! R? R® K; (uM)
23 OMe H H 229 + 112
25a OMe OMe H 122 + 48
25b OMe Me H 56+ 12
25¢ OMe cl H 26+ 1.5
25d OEt H H 69 + 1.5
25e OEt H Me 72 + 1.1
25f OMe Me Me 12 +19
25g CN H Me 113+ 1.5
25h OMe H Me 0.043 + 0.01
SER 103C
g : LYS 33C
GLU 98A RO 1C
0 YR 37C
Y§§ ®

SER 103C

LYS 33C

(b)

Figure 7. (a) Top pose of 25g from docking into structure B. The cyano substituent does not extend as far into the polar cavity as the corresponding
cyano substituent of 24j. (b) Top pose of 25h from docking into structure B. The pyridine ring is farther up in the active site, allowing improved

contacts for the methoxyphenoxy group.
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docked structures, more confident analyses require exper-
imental structure determinations.

6-Methyl-4-phenoxy-2-phenylpyrimidines and 4-Phe-
noxy-2-phenylpyridines. Encouraged by the activity of 20,
replacement of the morpholine ring by a more easily
substituted phenyl ring also warranted investigation. However,
20 with an activity of 19 + 2 uM is more than 400 times less
potent than the best morpholine compound 25h. Nevertheless,
a goal was set to optimize 2-phenyl analogues to at least the
level of 25h.

Mimicking the substitution pattern for 25h, the 2-phenyl-
pyrimidine analogue 26a was prepared (Table $). It showed a

Table S. Experimentally Determined Inhibition Constants
for 2-Phenylpyridines and 2-Phenylpyrimidines

R5
R3
2
pole
af AN
26
compd X R! R? R R* R’ K; (uM)

26a N OMe H H Me H 5.5 +23
26b N H OH H Me H 93.3 + 182
26¢ N H OMe H Me H NA
26d N CN H H Me H 1.6 + 2.6
26e CH OH H H Me H 0.039 + 0.08
26f CH OMe H H Me H 7.7 + 0.1
26g CH OH H H H OH 3.0 +25
26h CH OMe H H H OMe NA
26i CH OH H Me H OH NA
26j CH OMe H Me H OMe 037 + 043
26k CH OMe H Me Me OMe  0.038 + 0.09

solid gain over 20, but it is still far from the activity of 25h. The
morpholinyl to 2-phenyl change may result in weaker
hydrophobic interaction with Tyr37C. The 4-position on the
phenoxy ring had not previously been explored, and although
structure B looked more crowded in that region, 26b and 26¢
were synthesized. Consistently, the 4-hydroxyl substituent of
26b was poorly tolerated (K; = 93 uM), while the bulkier 4-
methoxy substituent of 26c made the compound inactive. An
analogue of 20 with a 3-cyano substituent, 26d, was also
considered. The top pose after conformational analysis and
rigid docking suggested a complete change in binding mode
with the phenoxy ring now aligned with Tyr37C and the 3-
cyano substituent hydrogen-bonded to Lys33C (Figure 8). The
docking procedure also generated other solutions where 26d
had similar orientation as the top pose of 20 (Figure 4a) but
none where the nitrile group extended as far as for 24j (Figure
6). This further illustrates that the protein cavity is large and
symmetrical enough to accommodate some of the compounds
in more than one binding mode. 26d was synthesized via
Scheme 3 and turned out to improve the tautomerase
inhibition by 2- or 3-fold over 26a.

The N3 nitrogen in the pyrimidines in poses such as Figure 8
does not appear to be either solvent exposed or forming a
hydrogen bond with the protein. Consequently, it was thought
that greater activity would likely be obtained with pyridine
derivatives. Compound 26f was prepared by analogy to 25h

SER 103C

- LYS 33C
I8 SR A
' TYR 37C

Figure 8. Top pose of 26d.

and 26a. 26f was also demethylated to give the 3-hydroxy
analogue 26e. Though 26f has similar potency to 26a, a striking
improvement to 39 nM was found for 26e. It was also deemed
desirable to explore possible hydrogen bonding to the
backbone carbonyl oxygen of Arg93A with this series, similar
to 3 (Figure 2) or 24j (Figure 6). Modeling suggested that a 4-
hydroxy group in the 2-phenyl ring could reach Arg93A but
only if the 6-position in the pyridine ring were unsubstituted.
The docked structure for 26g in Figure 9a shows the intention.
Thus, 26g was prepared from 26h and both were assayed. 26g
emerged with a K; of 3 uM, and 26h is inactive.

The final effort explored analogues of 26g with a second
substituent in the phenoxy ring as for 25f. Docking suggested
that 26i with an added S-methyl group would have a similar
binding mode to 26g (Figure 9b). Compound 26j was obtained
as an intermediate in the synthesis of 26i, and docking of 26j
suggested that the compound would have a similar binding
mode, although it would be pushed up in the binding site with
the central pyridine ring closer to ProlC (Figure 10a). While
the top pose had the 4-methoxy substituted phenyl ring
oriented toward Arg93A, lower scored poses had the phenyl
ring aligned with Tyr37C. As it turned out, only 26j showed
activity (K; = 0.37 yuM). It is clearly much more hydrophobic
than 26i, which is expected to incur a significant desolvation
penalty for the two hydroxyl groups. Continuing with 26j, the
6-methyl group was reintroduced into the pyridine ring to yield
26k. It was expected that this addition would enforce a binding
mode where the 4-methoxyphenyl group would be aligned with
Tyr37C (Figure 10b). This appeared to have the desired effect,
as 26k provided a ~10-fold increase in activity over 26j and has
similar potency as 25h and 26e. The sensitivity of the
computed binding mode to small structural changes is well
illustrated in Figure 10. The uncertainties are magnified by the
expected conformational flexibility of the tautomerase active
site, which is known for huMIF.>* In the end, with moderate
synthetic effort, the 9-uM docking hit 15 was progressed to
these three ~40 nM tautomerase inhibitors.

Specificity for PFMIF versus huMIF. The specificity of the
three most potent compounds was determined by also
measuring the tautomerase K; values for the compounds with
huMIF (Table 6). Excellent selectivity is apparent, as the K;
values of the three compounds for huMIF are at least 2500
times greater than for PfMIF. The achieved selectivity is not
surprising in view of the differences in the shapes of the huMIF
and PfMIF tautomerase active sites, which are reflected in the
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Figure 9. (a) Top pose of 26g. (b) Nearly identical top pose of 26i.
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Figure 10. (a) Top pose of 26j. A hydrogen bond is predicted to occur between the biaryl ether oxygen and ProlC. The 4-methoxyphenyl
substituent remains aligned toward Arg93A. (b) Top pose of 26k. Addition of the 6-methyl group in the pyridine ring causes the 4-methoxyphenyl

group to align with Tyr37C.

Table 6. Selectivity of the Most Potent PfMIF Tautomerase
Inhibitors

K (uM)
compd PfMIF huMIF
25h 0.043 + 0.01 NA
26e 0.039 + 0.08 101 + 5§
26k 0.038 + 0.09 270 £ 170

differences in shape of huMIF inhibitors and the present ones.
The huMIF site is smaller and more linear than the PfMIF site.
The structural similarity of the three most active compounds
found here is apparent in Scheme 6. The three compounds
share the 6-methyl-4-phenoxypyridine core. They are distinct
from the HPV substrate used in the tautomerase assays and
from the three illustrated submicromolar huMIF inhibi-
tors.*3>3% Thus, it is should not be difficult to achieve
selectivity if the inhibitors are binding to the PfMIF and huMIF
tautomerase active sites.

In what appears to be the only prior report of PfMIF
tautomerase inhibitors,>’ epoxyazadiradione and three other
closely related liminoids from neem seed yielded ICs, values of

10, 46, 90, and 23 uM. However, they also gave very similar
ICq, for inhibition of the tautomerase activity of huMIF, 6, 35,
85, and 18 uM, respectively. The relatively weak and
nonselective activity could arise from nonspecific surface
binding to both MIFs. The compounds also contain multiple
structu3r1al alerts including enones, epoxides, and carboxylic
esters.

B CONCLUSION

Virtual screening of two commercial compound libraries was
performed to seek tautomerase inhibitors of PfMIF. Four
inhibitors were identified, of which 15 was the most potent
compound with a low micromolar K;. Its further development
began with the purchase and evaluation of four analogues that
were also found to be active. Missing residues in the PfMIF
crystal structure were modeled from a structure for PbMIF, and
by use of the modified structure, four series of analogues were
designed, synthesized, and assayed. Three of the 31 synthesized
compounds, 25h, 26e, and 26k, are potent (K, ~ 40 nM) and
selective PfMIF tautomerase inhibitors. Analysis of computed
structures of complexes of the inhibitors with PfMIF provided
qualitative rationales for most of the activity variations,

dx.doi.org/10.1021/jm301269s | J. Med. Chem. 2012, 55, 10148—10159
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Scheme 6. Most Active PfMIF Tautomerase Inhibitors, the HPV Substrate, and Examples of Potent huMIF Tautomerase

Inhibitors (27—29)
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although experimental structural clarification is desired. The
reported inhibitors may facilitate such studies, since their
binding may help stabilize the positions of residues 102—115.

Most importantly, the reported PfMIF tautomerase inhib-
itors can be used to further study the function of PfMIF and its
effects on malaria infection. Additional studies in our
laboratories will also address modulation of PfMIF-CD74
binding with the tautomerase inhibitors and further lead
optimization. Given recent evidence for PfMIF’s role in
suppressing antimalarial immune responses, this approach
may lead to novel antiparasitic agents.
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