
Optimization of Pyrazoles as Phenol Surrogates to Yield
Potent Inhibitors of Macrophage Migration Inhibitory
Factor
Vinay Trivedi-Parmar, Michael J. Robertson, Jos8 A. Cisneros, Stefan G. Krimmer, and
William L. Jorgensen*[a]

Dedicated to Prof. E. J. Corey on the occasion of his 90th birthday.

Macrophage migration inhibitory factor (MIF) is a proinflamma-
tory cytokine that is implicated in the regulation of inflamma-

tion, cell proliferation, and neurological disorders. MIF is also

an enzyme that functions as a keto–enol tautomerase. Most
potent MIF tautomerase inhibitors incorporate a phenol, which

hydrogen bonds to Asn97 in the active site. Starting from a
113-mm docking hit, we report results of structure-based and

computer-aided design that have provided substituted pyra-
zoles as phenol alternatives with potencies of 60–70 nm. Crys-

tal structures of complexes of MIF with the pyrazoles highlight

the contributions of hydrogen bonding with Lys32 and Asn97,
and aryl–aryl interactions with Tyr36, Tyr95, and Phe113 to the

binding.

Human macrophage migration inhibitory factor (MIF) is a

proinflammatory cytokine that is implicated in the pathogene-

sis of numerous inflammatory diseases,[1] neurological disor-
ders,[2] and cancer.[3] MIF is expressed in many cell types and its

tissue distribution is wide-spread. Upon activation of cells such
as macrophages, monocytes and T-cells, expression of MIF in

turn activates release of inflammatory cytokines including in-
terleukins, interferon, and TNFa. Complex signaling pathways

are invoked when MIF binds to its membrane-bound receptors

CD74 and CXCR4, leading to leukocyte chemotaxis, inflamma-
tory response, and potential tissue damage.[3] Strong correla-

tion is observed between MIF expression and the severity of
many inflammatory and autoimmune diseases including

asthma, sepsis, lupus, and rheumatoid arthritis.[4] For cancer,
the AKT pathway may be activated by MIF binding causing

suppression of apoptosis by inhibition of the normal action of
BAD, BAX, and p53.[3] However, MIF’s role in cancer is multifac-
eted with undesirable effects also on cell proliferation, angio-

genesis, and metastasis ;[3, 4] MIF is over-expressed in most
human cancer cells.[5]

Interestingly, MIF also shows enzymatic activity as a keto-
enol tautomerase. MIF is a toroid-shaped, trimeric protein con-

sisting of 342 amino acid residues with three identical active
sites occurring at the interfaces of the monomer subunits.[6]

The active sites are small, relatively cylindrical and open to the

surface of the protein in the vicinity of Pro1, which serves as
the catalytic base. The resultant strategy for interference with

the binding of MIF to its receptor CD74 is then to find tauto-
merase inhibitors that change the surface characteristics of

MIF.[6] Indeed, numerous studies have shown a correlation be-
tween inhibition of the enzymatic and biological activities of

MIF by measuring tautomerase activity, and, for example, MIF/

CD74 binding, protein phosphorylation in inflamed cells, pro-
duction of interleukins, and glucocorticoid overriding ability.[6, 7]

Though many MIF tautomerase inhibitors have been discov-
ered through screening of compound libraries,[6, 8] lead optimi-

zation to give inhibitors with nanomolar potency has been lim-
ited. In fact we have tested the most promising compounds

from the literature in a tautomerase inhibition assay[9] and only

found compounds from one patent[10] and our biaryltriazole
series[11] to have sub-micromolar Ki values. The results were

confirmed by measurement of Kd values in a fluorescence po-
larization assay.[12] Exemplary potent compounds are 1 (NVS-

2[10]) and 2[11] with Ki values of ~0.03 mm, which are ~1000-fold
lower than for well-known MIF inhibitors such as 3 ((R,S)-ISO-
1[13]) and the chromen-4-one 4[6a] (Figure 1).

A feature, which is addressed here, is that 1–4 and many
other noncovalent MIF tautomerase inhibitors and substrates

contain a phenol subunit, which lodges in the back of the
active site and forms hydrogen bonds with the side chain of

Asn97 (Figure 2).[6, 11, 12] Though there are more than 125 ap-
proved drugs that contain a phenolic group including, for ex-

Figure 1. Examples of MIF tautomerase inhibitors with Ki data from Ref. [12] .
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ample, acetaminophen, albuterol, amoxicillin, raloxifene, and
doxycycline, the oral bioavailability of phenols is well-known to

often be unacceptably low owing to metabolic glucoronida-
tion[14] and/or sulfation.[15] Thus, we set out to find a phenol-

free series of MIF tautomerase inhibitors with low-nanomolar

potencies.
Success in the past has come from exchange of the phenol

for a 6:5 fused heteroaromatic incorporating a pyrrole or pyra-
zole that retains the hydrogen-bond donating character of

phenol.[16] However, the MIF active site is too constricted near
Asn97 for this approach to be viable; addition of a methyl

group ortho to the hydroxy group for the compound in

Figure 2 leads to a ~100-fold loss in activity.[11a] Instead, our in-
terest has focused on replacement of the phenol by a pyrazole.

Owing to the geometrical differences, this requires exploration
of new series with a pyrazole core. Fortunately, in the initial vir-

tual screening study[8a] 11 compounds were found to be active
in an assay that measured interference of binding between

MIF and immobilized CD74 ecto-

domain; and, one contained a pyr-
azole with the expected hydrogen
bonds to Asn97 in the docked
structure. This compound, 5
(Figure 3), gave an IC50 of 15 mm in
the binding assay; however, it

showed little activity in a tauto-
merase assay using 4-hydroxyphe-

nylpyruvate (HPP) as the substrate, with a maximum of 30 %
inhibition at 50 mm.[8a] Thus, we pursued alternative series from
the virtual screening and from de novo design, which provided

the biaryltriazoles including 2.[11] However, our interest in 5
was renewed because in another phenol-containing inhibitor

series[7b] rapid metabolic glucoronidation and sulfation were

observed. It was decided to retest 5 in an HPP tautomerase
assay using optimized protocols in our laboratory.[9] Though

the Ki for 5 from this assay was only 113 mm, in view of its low
molecular weight and possibilities for substitution in the

phenyl ring, we were encouraged to perform structure-based,
computer-aided lead optimization.[17] As detailed here, this has

been successful in providing pyrazole derivatives with ~2000-
fold greater potency.

In working with 5, it was noted that it had high solubility in
polar media. This motivated successful pursuit of a crystal

structure with MIF in spite of the modest Ki (Figure 4). There

are two copies of 5 in each MIF trimer. The expected hydrogen

bonds with Asn97 have average N@O and N@N lengths of 3.0
and 3.1 a, while Lys32 has hydrogen bonds with the carboxyl-

ate group of 5 (3.0 and 2.7 a) and the oxygen atom of Ile64

(2.7 a). The NH of Ile64 also forms one with the carboxylate
(2.9 a), and the phenyl ring of 5 is well packed between Pro1,

Tyr95, and Phe113. From this structure and model building
with the BOMB program,[17b] substitution para to the pyrazolyl

group seemed likely to yield beneficial interactions with Tyr36
and possibly Phe113. Thus, constructs 6–8 were pursued
where R1 was mostly an aryl group (Figure 5).

The syntheses of 6–8 are detailed in the Supporting Informa-
tion. As summarized in Scheme 1, the key steps started from

the commercially available phenyl iodide 9, which underwent
Pd- or Cu-mediated coupling to yield phenylaryl, arylanilinyl, or

biaryl ether derivatives 10–12. Installation of the pyrazole was

then achieved by a Suzuki coupling to yield esters 13–15,
which were hydrolyzed under mild conditions to provide the

desired carboxylic acids.
The compounds reported here are listed in Table 1 along

with the results from the tautomerase assay. The identity of as-
sayed compounds was confirmed by 1H and 13C NMR and

Figure 2. Rendering from a 1.8-a crystal structure of an analogue of com-
pound 2 bound to MIF.[11a] Carbon atoms of the inhibitor are colored yellow.
Hydrogen bonds are indicated with dashed lines.

Figure 3. Docking hit 5.[8a]

Figure 4. Rendering from the 2.0-a crystal structure of compound 5 bound
to MIF. Details as in Figure 2.

Figure 5. Designs for pyrazole-based MIF inhibitors.
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high-resolution mass spectrometry; HPLC analyses established
purity as >95 %. As in prior studies, the inhibition constants Ki

were determined using HPP as the substrate.[9, 11] Inhibitory ac-

tivity is measured from formation of the borate complex of the
enol product at 305 nm using a plate reader. Absorbance is

measured in triplicate on two occasions. The average Ki results
are reported; the standard error is typically 10–20 % of the Ki

value. In addition, the aqueous solubilities of several com-
pounds were determined with a shake-flask procedure.[11, 12, 18]

Saturated solutions are filtered and analyzed by UV-vis spec-

troscopy.
Consistent with the modeling, addition of an aryl group in 6

did provide a significant boost over 5, bringing the Ki values
down to ~20 mm for a phenyl or 1-naphthyl group and to

5 mm for 2-naphthyl (6 c). The analogous anilinyl and phenoxy
compounds, 7 a and 8 a, were prepared, and the greater activi-

ty and pharmacological desirability of diaryl ethers placed the
subsequent focus on the latter series. A 2.3-a crystal structure
for the complex of 8 a with MIF was also obtained (Figure 6),

which does show aryl–aryl contacts between the phenoxy
phenyl group and both Tyr36 and Phe113. A basic SAR (struc-

ture–activity relationship) study was then carried out with 8 b–
8 f, which revealed a small activity range for addition of a

methyl or fluoro substituent, with para-substitution the least

favored. Consistent with this guidance, the 2-naphthyl ana-
logue 8 g was found to show good activity at 4.3 mm ; the

BOMB modeling indicated increased contact with Phe113 pro-
jecting to the right in Figure 6. Modeling further indicated that

still larger hydrophobic groups could be accommodated in
this region at the entrance of the MIF active site. This was

Scheme 1. Synthesis of pyrazole-based MIF inhibitors.

Table 1. Experimental inhibition constants.

Compd R1[a] R2 Z X Ki [mm]

5 H – – – 113
6 a Ph – – – 20.6
6 b 1-Np – – – 19.5
6 c 2-Np – – – 5.4
7 a Ph H – – 12.7
7 b 2-Np Me – – 4.2
8 a Ph – COOH H 6.8
8 b o-MePh – COOH H 4.3
8 c m-MePh – COOH H 3.8
8 d p-MePh – COOH H 7.0
8 e m-FPh – COOH H 1.7
8 f p-FPh – COOH H 4.6
8 g 2-Np – COOH H 4.3
8 h 2-Np – SO2Me H 6.4
8 i 2-Np – SO2NH2 H 5.6
8 j 9-phenanthryl – COOH H 2.3
8 k 2-adamantyl – COOH H 2.6
8 l 4-Acen – COOH H 1.1
8 m 1-Np – COOH F 0.48
8 n 2-Np – COOH F 0.51
8 o 4-Et-2-Np – COOH F 0.15
8 p 5-Et-2-Np – COOH F 0.17
8 q 7-Et-2-Np – COOH F 0.14
8 r 4-cPr-2-Np – COOH F 0.11
8 s 4-cPr,7-Et-2-Np – COOH F 0.066
8 t p-Bp – COOH F 0.35
8 u m-Bp – COOH F 0.13
8 v 3,5-diMe-m-Bp – COOH F 0.24
8 w 4-OEt-m-Bp – COOH F 0.075
8 x 4-MrPrO-m-Bp – COOH F 0.067

[a] Np = naphthyl ; Acen = 1,2-dihydroacenaphthyl ; cPr = cyclopropyl ; Bp =

biphenyl ; MrPrO = N-morpholinylpropoxy.
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borne out by Ki values of 1–3 mm obtained for phen-

anthryl, adamantyl, and acenaphthyl analogues, 8 j–
8 l (Figure 7). However, the project seemed stalled at
this point without reaching the desired low-nanomo-

lar range and with increasing concerns about solubili-
ty.

For the biaryltriazoles series, it was recalled that
placement of a fluorine adjacent to the hydroxy

group in compounds like 2 provided a ~3-fold in-

crease in activity.[11] The effect was attributed to en-
hancing the acidity of the phenol, which increases

the strength of the hydrogen bond with Asn97, and
also to hydrophobic contact of the fluorine with the

side chain of Met 101 (Figure 2). For the pyrazoles, the en-
hanced hydrogen bonding could be envisioned for a fluorine

at the 3-position; however, the fluorine would project more

toward the side chain of Ile64 rather than Met101 with uncer-
tain outcome (Figure 4). Still, a potential additional benefit

might arise from the influence of the fluorine on the tautomer-
ic equilibrium for the pyrazole. Reliable quantum mechanical

calculations (MP2/6-311 + + G**) show that the N1-H tautomer
is favored by 3.6 kcal mol@1 over the N2-H tautomer with a flu-

orine in the 3-position (Figure 8).[19] From the present crystal
structures the hydrogen bonds are expected to be more linear

for the N1-H tautomer as implied by the alignment of the side-
chain oxygen atom of Asn97 and N1 in Figures 4 and 6.

Preparation of the fluorinated pyrazole for the Suzuki cou-
pling in Scheme 1 proved difficult. Multiple routes were at-
tempted, but success was only achieved using a SEM [2-(trime-
thylsilyl)ethoxymethyl] protecting group; the yield was still

low, but sufficient to proceed (Scheme 2).

The effort was highly fruitful yielding a nearly 10-fold in-
crease in potency in progressing from the parent 2-naphthyl

inhibitor 8 g (4.3 mm) to its fluorinated analogue 8 n (0.51 mm).

It was also possible to obtain a crystal structure for this com-
pound in complex with MIF at 2.0-a resolution (Figure 9). The

structure confirmed the positioning of the fluorine between
the side chains of Ile64 and Met101. There is one copy of the

inhibitor in each MIF trimer in this case; the N@O and N@N hy-
drogen bond lengths with Asn97 are 2.87 and 3.12 a. There
are also close-packed aryl–aryl interactions between the naph-

thyl group of 8 n and Tyr36 and Phe113.
Though the exact positioning of the naphthyl group may be

influenced by crystal packing, the structure and BOMB model-
ing indicated that additional gains in activity could arise from
alkyl-substitution at the 4-, and 5-positions of the naphthyl
group to achieve further contact with Phe113 or at the 7-posi-
tion for contact with Ile64. This was shown to be correct with

the ethyl analogues 8 o, 8 p, and 8 q, which each provided a 3-
fold lowering of the Ki relative to 8 n. Addition of a cyclopropyl

group at the 4-position also appeared promising for interac-
tion with the front edge of Phe113; this was realized with 8 r
bringing the Ki to 0.11 mm. Combining this with the 7-ethyl
substitution provided the very potent 8 s with a Ki of 0.066 mm.

Scheme 2. Synthesis of fluorinated pyrazoles.

Figure 6. Rendering from the 2.3-a crystal structure of compound 8 a bound
to MIF. Details as in Figure 2.

Figure 7. Some pyrazole-based MIF inhibitors reported herein.

Figure 8. Shift in the tautomeric equilibrium with a fluorine atom.[19]
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From the structures for 8 a and 8 n (Figures 6 and 9) and mod-
eling, it was also clear that it should be possible to expand to

a biphenyl at either the para or meta position of 8 a. Thus, 8 t
and 8 u were synthesized and provided significantly lower Ki

values (0.35 and 0.13 mm) than the unsubstituted naphthyl an-

alogues, 8 m and 8 n. Substantial activity gains could be ex-
pected by judicious substitution for the biphenyls; however,

only a few derivatives were prepared with 8 w and 8 x
(Figure 7) demonstrating ~0.07 mm potency and that large

groups can be extended into the solvent from the terminal 4-
position.

Two additional items are worth noting. First, the results for

8 g, 8 h, and 8 i show that the carboxylic acid group may be re-
placed by a methylsulfone or sulfonamide with little impact on

potency. This is relevant if one wished to explore these com-
pounds as potential neurological agents,[2] as sulfones are ex-

pected to exhibit better penetration of the blood–brain barrier
than carboxylic acids or sulfonamides.[20] Secondly, it is always
important to monitor aqueous solubilities for compounds of

interest for oral administration.[11, 17, 21] Most oral drugs are ob-
served to have aqueous solubilities of 4 to 4000 mg mL@1,

which translates to 10 mm to 10 mm for a drug with a molecu-
lar weight of 400.[21] The solubilities of several of the present
compounds were measured in Britton-Robinson buffer at
pH 6.5.[18] As noted, the solubility of the starting compound 5
is very high (927:88 mg mL@1). The solubility of the parent 2-
naphthyl analogue 8 g is also high (739:32 mg mL@1) ; it is af-
fected little by addition of the fluorine in 8 n (681:
59 mg mL@1), while switch to the sulfonamide 8 i yields a signifi-
cant decrease (55.2:4.8 mg mL@1). Given these results, it was

surprising to find in the biphenyl series that the solubility of
8 w is only 1.7:0.7 mg mL@1. However, this is readily remedied

by attachment of solvent-exposed, solubilizing groups[11b] as in

8 x (34.6:4.8 mg mL@1, or 67 mm).
To facilitate further study of the in vitro and in vivo biology

of MIF, series of potent MIF tautomerase inhibitors have been
pursued. Starting from a 113-mm docking hit, a novel series,

which features a pyrazole instead of a phenol, was optimized
to yield compounds with Ki values as low as 60–70 nm. The op-

timization was greatly facilitated by molecular modeling and
the ability to obtain multiple high-resolution crystal structures,
which guided the effective selection and placement of sub-
stituents. Recognition of the potential benefit of addition of a

fluorine in the pyrazole ring also provided an essential boost
along with a synthetic challenge. Current efforts are being di-

rected at testing the influence of the inhibitors on suppressing
MIF-stimulated cell proliferation and at preclinical studies for

off-target activity and metabolism.

Experimental Section

Recombinant expression and purification of human MIF was car-
ried out as previously reported.[11] Crystallization of MIF in complex
with 5 and 8 g was achieved by soaking with apo-MIF crystals,
while for the complexes of 8 a and 8 n, co-crystallization was per-
formed via sitting drop vapor diffusion at 20 8C. The structures
were determined in-house using a Rigaku 007 HF + diffractometer
and Saturn 944 + CCD detector at T = 100 K. The crystal structures
have been deposited in the RSCB Protein Data Bank with PDB IDs
6CBG (5), 6CBF (8 a), 6CB5 (8 g), and 6CBH (8 n). The Supporting In-
formation contains the synthetic procedures, NMR and HRMS spec-
tral data for all new compounds, and details for the crystallography
and solubility measurements (72 pages).
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ABSTRACT: Human macrophage migration inhibitory factor (MIF) is both a
keto−enol tautomerase and a cytokine associated with numerous inflammatory
diseases and cancer. Consistent with observed correlations between inhibition of
the enzymatic and biological activities, discovery of MIF inhibitors has focused
on monitoring the tautomerase activity using L-dopachrome methyl ester or 4-
hydroxyphenyl pyruvic acid as substrates. The accuracy of these assays is
compromised by several issues including substrate instability, spectral
interference, and short linear periods for product formation. In this work, we
report the syntheses of fluorescently labeled MIF inhibitors and their use in the
first fluorescence polarization-based assay to measure the direct binding of
inhibitors to the active site. The assay allows the accurate and efficient
identification of competitive, noncompetitive, and covalent inhibitors of MIF in
a manner that can be scaled for high-throughput screening. The results for 22
compounds show that the most potent MIF inhibitors bind with Kd values of ca.
50 nM; two are from our laboratory, and the other is a compound from the patent literature. X-ray crystal structures for two of
the most potent compounds bound to MIF are also reported here. Striking combinations of protein−ligand hydrogen bonding,
aryl−aryl, and cation−π interactions are responsible for the high affinities. A new chemical series was then designed using this
knowledge to yield two more strong MIF inhibitors/binders.

■ INTRODUCTION

Macrophage migration inhibitory factor (MIF) is a proin-
flammatory cytokine that is involved in numerous inflammatory
and autoimmune diseases including rheumatoid arthritis,
diabetes, sepsis, and acute respiratory distress syndrome.1−4

Release of MIF from activated cells such as macrophages and
T-cells in turn promotes release of other inflammatory
cytokines. MIF is also overexpressed in many cancer cells
where it enhances cell proliferation by inhibiting accumulation
of the tumor suppressor p53.5 The complex biological activities
of MIF as a cytokine are modulated by its binding to the cell-
surface receptors CD74, CXCR2, and CXCR4. MIF is a
homotrimeric protein with 342 residues, which also displays
enzymatic activity as a keto−enol tautomerase. There are three
identical active sites at the interfaces of the monomer subunits.
The enzymatic activity appears to be vestigial in humans;
however, nonphysiological substrates including D-dopachrome
methyl ester (DOPA) and hydroxyphenyl pyruvic acid (HPP)
have been identified and form the bases for the most common
assays.6,7 Although inhibition of the tautomerase activity does
not guarantee inhibition of biological function, many studies
have supported a correlation.8,9 A recent report has further
strengthened the view that MIF-CD74 binding occurs near the
tautomerase sites and that the protrusion of inhibitors outside
the active sites leads to reduced biological activity.10

Most studies to identify MIF inhibitors have screened
compound libraries using the DOPA or HPP tautomerase
assays.4,9,11−14 IC50 or Ki values are reported for inhibition of
the tautomerization of these substrates. As discussed
previously,15 execution of these assays is complicated by
multiple factors including the light sensitivity of DOPA, the
slow rate of tautomerization of HPP, spectral interference of
inhibitors and products, choice of protein concentration, and
short times for the linear range of product formation in both
cases. There has been limited report on activities of consensus
reference compounds in the screening studies except for the
isoxazoline (R)-ISO-1.16 The IC50 results for it, which range
from 7 μM to >100 μM, reflect the difficulties in obtaining
consistency.9,16,17 We also reinvestigated the chromenone
Orita-13, which had been the most active compound in the
journal literature with a reported Ki of 0.038 μM in the DOPA
assay.11 However, while Ki results should be independent of the
substrate, repeated testing in our HPP assay yielded modest Ki
values of 13−22 μM.15 Extension of the comparisons to
additional compounds from the literature has revealed a pattern
of substantial inconsistencies in reports of activities from MIF
tautomerase assays.18 Therefore, we decided to pursue
development of a direct binding assay that can overcome the
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problems with the tautomerase assays. Based on our recent
finding of biaryltriazoles as potent MIF tautomerase inhibitors,
we were able to design and synthesize fluorescent ligands that
can be used as effective tracers in a fluorescence polarization
(FP) assay.19 Displacement of a ligand by a fluorescent probe
yields a readily quantified increase in fluorescent polarization
that reflects the fraction of bound ligand. The usual advantages
of FP assays apply including use of standard microplate readers,
direct determination of Kd values with no need for substrates or
radiolabeled reagents, and the ability to reanalyse the assay
plates.19 In contrast, for the tautomerase assays, the measure-
ments of product formation can only be made once in the first
seconds after the addition of the substrates. Furthermore, since
the present tracers have low-nanomolar affinity for MIF, only
small amounts of the protein are required. In the course of this
work, we also determined the crystal structures of the
complexes for two MIF ligands with particularly high affinities.
The results reveal common structural features for achieving
strong binding with MIF.

■ EXPERIMENTAL SECTION
Chemistry. We previously reported biaryltriazoles with the general

structures 1−4 as MIF tautomerase inhibitors with Ki values as low as
0.057 μM in the HPP assay.15 X-ray crystal structures for complexes of
the parent quinoline 3a (X = Y = H, Z = OH) and its analogue with X
= MOEO (methoxyethoxy) were also reported and confirmed the
expected binding in the MIF active sites with the X group on C6 of the
quinoline protruding into the solvent.15 The analogues of 1−4 utilized
here were reported previously with the exception of 3j;15 their
syntheses feature a 1,3-dipolar cycloaddition of a phenylazide with a
substituted ethynylheterocycle obtained via a Sonogashira coupling.
We have also examined the journal and patent literature for other
potential strong binders. Compounds reported in a patent from

workers at Novartis appeared particularly promising.20 Twenty two
benzoxazinones were exemplified, and it was stated that they had
activities of 20 nM−20 μM in an HPP tautomerase assay. The second
example, which we refer to as NVS-2 (X = p-methoxyphenyl), was
singled out as having an IC50 of 20 nM. We resynthesized it along with
examples 1 and 6, NVS-1 (X = cyclohexyl), and NVS-6 (X = p-
hydroxyphenyl). As described in the Supporting Information, the
general procedure from the patent was followed; however, the details
on the protection of the 7-hydroxy group were unclear. It was found
that a tert-butyldimethylsilyloxy group worked well (Scheme 1). NVS-
6 was obtained from 4-methoxy-2-hydroxybenzaldehyde and 4-
methoxyaniline upon treatment with sodium borohydride, followed
by demethylation of both methoxy groups using pyridinium
hydrochloride. Additional reference compounds, ISO-1, Orita-13, 4-
IPP, and Pontamine Sky Blue (PSB), were obtained from commercial
sources (Alfa-Aesar, Tocris, Santa Cruz Biotechnology). Compound
identity was confirmed by NMR and mass spectrometry, and >95%
purity of all assayed compounds was established by HPLC.

Biology. The expression and purification of human MIF followed
the previous procedures.15 The protein has been prepared on two
occasions and stored at −80 °C. Aliquots are thawed for the assaying
and crystal growth, and never refrozen. Activities were shown to be
consistent for different samples using multiple control compounds.
The HPP tautomerase assay was carried out as described before.15

Inhibitory activity is monitored by measuring formation of the borate
complex of the enol product at 305 nm using a Tecan Infinite F500
plate reader. Details for the FP assay are described below and in the
Supporting Information.

Crystallography. X-ray crystal structures at 1.8-Å resolution were
obtained for complexes of NVS-2 and 3-((2-(1-(3-fluoro-4-hydrox-
yphenyl)-1H-1,2,3-triazol-4-yl)quinolin-5-yl)oxy)benzoic acid (3i)
with human MIF. Crystals of apo MIF were obtained by the hanging
drop method. Subsequently, 2 μL drops containing the apo MIF
crystals were treated with 10 mM suspensions of the ligands in DMSO.
In both cases, after several weeks, the initial protein crystals cracked
and dissolved, and new crystals formed (Figure S1). The crystals were
cryoprotected, and data collection was performed on a Rigaku 007HF
+ X-ray source with a Saturn 944+ CCD detector at Yale. Data
processing, phasing, model building, and refinement were carried out
as described previously.15 Crystals of NVS-2 were found to occupy the
P3121 space group, while those of 3i were I222. Full details are
provided in the Supporting Information. The structures have been
deposited with the RCSB Protein Data Bank with PDP IDs 5HVT and
5HVS, respectively.

■ RESULTS AND DISCUSSION

Design of Fluorescent Ligands. The fluorescent ligands
were designed based on the biaryltriazoles previously reported
by our group.15 As summarized in Scheme 2, starting with 3b,
which has a Ki of 0.77 μM in the HPP assay, a fluorine was
added adjacent to the hydroxyl group to yield 3c and a Ki of
0.33 μM. The improvement can be attributed to the fluorine
enhancing the acidity of the hydroxyl group, which forms a
hydrogen bond with Asn97, and/or filling a small hydrophobic
space contacting Met101. Compound 3c also bears an amino
group that was reacted with the isothiocyanate derivative of
fluorescein (FITC) to yield the fluorescent analogue A, which
was subsequently found in saturation experiments described
below to have a Kd of 0.181 μM. Exploration to further improve

Scheme 1. Synthesis of NVS-2
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the affinity of the fluorescent ligand included expansion of the
spacer between the quinoline ring and the fluorophore. This led
to the fluorescent ligand B, which has a Kd of 0.056 μM and was
prepared from the carboxylic acid 3j (Scheme 3). The increased
potency is beneficial in allowing use of a lower protein
concentration in the FP assay. Based on the previous15 and
current crystallographic results and the consistent structure−
activity data (SAR), it is fully expected that these fluorescent
ligands, derived from competitive inhibitors, bind to the active
sites of MIF. Therefore, they can be used to identify not only
compounds that competitively bind to the tautomerase sites but
also compounds that can bind to allosteric sites that may
disrupt or block the active site and keep the tracer from
binding.

FP Assay Development. The assay was developed in a 96-
well format. To determine if the fluorescent ligands bind to the
protein and their affinity, binding saturation experiments were
carried out. After determination of the lowest concentration of
the tracer that gives a consistent FP value, this concentration
(0.004 μM) was fixed and increasing amounts of MIF (0 to
1.35 μM) were added, which caused an increase in the FP
values by around 4-fold (Figure 1A). In order to determine if
any nonspecific binding occurs, the assay was also carried out in
the presence of a high concentration of a high-affinity ligand
(NVS-2), which binds to the active site based on the crystal
structure presented below. Ligand B shows very high specificity
since there is no variation in the FP value from that of the free
tracer in the presence of 10 μM NVS-2 (Figure 1A, bottom

Scheme 2. Design of Fluorescent Ligands A and B

Scheme 3. Complete Structure of Fluorescent MIF Ligand B Used in the FP Assays

Figure 1. Determination of binding affinity of tracers A and B through saturation experiments. (A) Variation of FP values for both tracers as a
function of MIF concentration. Bottom curve indicates the high specificity of ligand B toward the active site of MIF. (B) Kd determination for ligands
A and B. Lb/Lt = ratio of ligand bound to the total. Data shown from quadruplicate experiments in three independent assays. Mean ± SEM plotted
for all data.
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curve). At high MIF and NVS-2 concentrations there is no
indication that the tracer participates in any binding that would
be signaled by an increase in the FP value. Thus, the fluorescent
ligand binds to the tautomerase sites, and the fraction of ligand
bound to ligand total can be calculated with the highest and
lowest FP values obtained in the saturation experiments. Using
GraphPad Prism 6, Kd values are readily determined by plotting
this fraction vs the concentration of the protein and fitting the

results to the Hill equation. From Figure 1B, tracer B has
greater affinity (Kd = 0.056 ± 0.002 μM) than tracer A (Kd =
0.181 ± 0.034 μM).

Competition Assays. In order to develop a competitive FP
assay to determine the affinities of unlabeled compounds, tracer
B was selected since its higher affinity allows use of a smaller
amount of protein to give a sufficient difference in FP values. At
0.056 μM MIF, the ΔmP between positive and negative

Table 1. Results for Tautomerase Inhibition (Ki) from the HPP Assay and for Binding (Kd) from the Fluorescence Polarization
Assaya

compd X Y Z Ki (μM) Kd (μM)b

1a − − OH 37 30% (25 μM)
2a − − OH 8.8 1.75
3a H H OH 0.59 0.260
3b AEOEO H OH 0.77 0.348
3c AEOEO H 3-F,4-OH 0.33 0.163
3d MOEO H F 8.9 (>1.5)
3e MOEO H OMe NA NA
3f MrEOEO H OH 0.41 0.211
3g MrEOEO H 3-F,4-OH 0.15 0.152
3h H 5-p-COOH-OPh 3-F,4-OH 0.11 0.110
3i H 5-m-COOH-OPh 3-F,4-OH 0.057 0.071
3j O(CH2)3COOH H 3-F,4-OH 0.034 0.063
4a H H OH 1.48 0.347
5a OCH3 − − 1.90 1.71
5b COOH − − 1.70 1.15
Orita-13 − − − 17 20% (100 μM)
(R)-ISO-1 − − − 24 24
NVS-1 cyclohexyl − − 0.569 0.456
NVS-2 p-OMe-Ph − − 0.027 0.055
NVS-6 p-OH-Ph − − 0.185 0.159
4-IPP − − − (4.5)c,d (0.446)c

PSB − − − ND 49% (200 μM)
aMOEO = methoxyethoxy; AEOEO = aminoethoxyethoxy; Mr = N-morpholinyl. NA = not active. bKd or % bound at indicated concentration in
parentheses. cCovalent inhibitor: result is time-dependent. dIC50 from ref 9.

Figure 2. Determination of IC50 for representative compounds. Plotted data from quadruplicate experiments in three independent assays, mean ±
SEM.
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controls is ca. 80 mP. Thus, we settled on standard assay
conditions of 0.004 μM tracer B and 0.056 μM MIF.
The compounds listed in Table 1 were assayed. Most are

known noncovalent tautomerase inhibitors of MIF including 11
biaryltriazoles,15 (R)-ISO-1,16 and Orita-13.11 In addition, we
added an inactive analogue 3e, where the 4-methoxy group
disrupts the characteristic hydrogen bond with Asn-97,15 3j,
and the three NVS compounds.20 We also assayed 4-IPP, a
well-known covalent MIF inhibitor,21 and the azo dye
pontamine sky blue (PSB), which is reported to bind on the
surface of MIF and inhibit both the tautomerase activity of MIF
and its binding to CD74 (IC50 = 0.81 μM).22

For the FP assay, compounds were incubated at room
temperature with human MIF for 20 min, followed by the
addition of tracer B. This order of addition is preferred because
of the high affinity of the tracer; otherwise, it takes modest
inhibitors such as ISO-1 1−2 h to reach equilibrium for
displacing the bound tracer. A standard buffer solution was
used composed of 20 mM HEPES, 150 mM NaCl, and 0.01%
Tween-20 with a pH of 7.4. Fluorescence polarization was
monitored for 1 h with λexc = 485 ± 20 nm and λem = 535 ± 25
nm. The IC50 of each compound for reducing the fluorescence
polarization was determined by fitting the data to a nonlinear
regression for log concentration vs response (Figure 2). The
IC50 is then transformed into the corresponding Kd via eq 1,23

where Kd
t is the Kd of the tracer (0.056 μM), Lt and Lb are the

total and bound concentrations of the tracer, and Pt is the total
MIF concentration. Full experimental details are provided in
the Supporting Information.

=
+ − + −

K
L IC K

PL L P L L K( )d
b 50 d

t

t t b t t b d
t

(1)

The results from the HPP and FP assays are recorded in
Table 1. In principle, the Ki and Kd values for a noncovalent
inhibitor that binds to the tautomerase sites should be the same
under identical assay conditions. However, variations can arise
from multiple sources. For example, allosteric binding might or
might not lead to tautomerase inhibition and/or displacement
of the fluorescent ligand. In addition, the assay conditions are
not identical. An important consideration is the pH. The
tautomerase assays with both HPP and DOPA are carried out
at pH 6−6.1, the optimal conditions for the substrates, while we
have performed the FP assay at physiological pH, 7.4. The pH
affects the protonation of functional groups in fluorophores
and, therefore, the amount of fluorescence. In general, an acidic
pH is worse than an alkaline pH for fluorescence assays. pH 7.4
keeps the fluorescecent properties of fluorescein in an optimal
range and enhances the biological relevance.24 There is also
influence of the pH on the protein−ligand binding, which we
examined for tracer A (Figure 3). As shown, increasing the pH
from 5.1 to 7.4 clearly enhances the binding of A, and
presumably the other biaryltriazoles, to MIF; the effect is likely
associated with progressive deprotonation of the catalytic Pro1,
which has a pKa of ca. 5.6.

25

Another issue in FP assays is possible alteration of the
fluorescence by test compounds. The fluorescent properties of
the tracer in the presence of the compounds, but in the absence
of protein, should be checked before assaying. In the present
cases, some compounds have no effect on FP values even at
high concentrations, e.g., ISO-1 and PSB. However, other
compounds, specifically 1a, 3d, and Orita-13, did yield effects.
In general, the undesirable effects decrease with the

concentration such that concentrations of test compounds
below 1−3 μM do not cause interference. However, this
modulation of the fluorescence does not allow determination of
the affinity of those compounds for which the limiting
concentration is lower than their Kd values. Another issue
that can affect fluorescence is aggregation. Compounds that
form aggregates or precipitates can yield misleading FP values.
Overall, the high concentrations needed to determine the
affinity of weak ligands can be problematic due to potential
nonspecific binding of the ligand to the tracer.24 The use of
detergents in the FP buffers such as Tween-20 helps to avoid
aggregation; however, at high concentrations, this issue may
still arise. Other assays including the tautomerase one are also
prone to aggregation problems at high concentrations.26

In spite of the caveats, we do observe similar results with our
tautomerase and FP assays for the compounds in Table 1. This
is especially true for the most potent compounds including 3g−
3j and the three NVS compounds, and the order of activities is
well preserved. The consistency between the present Ki and Kd
results supports the accuracy of both assays and contrasts the
inconsistencies in prior reports for the tautomerase activities of
reference compounds.18 Progression from 1a (3-pyridinyl) to
2a (2-pyridinyl) to 3a (2-quinolinyl) increases tautomerase
inhibition in parallel with binding to MIF. The effects of
substituents for the quinoline series, 3a−3i, are also in good
accord. The replacement of the phenolic hydroxyl group by a
methoxy group in 3e abolishes the binding and tautomerse
inhibition, while the addition of a fluorine next to the hydroxyl
group improves the Ki and Kd values by a factor of 2 for 3b/3c
and 3f/3g. For compound 3d the phenolic OH is replaced by F
leading to weaker inhibition, again due to loss of hydrogen
bonding with Asn97.15 In this case for the FP assay, no
inhibition is evident up to 1.5 μM. Above this point, there is
interference with the fluorescence, so a Kd value could not be
determined. The two assays also agree essentially quantitatively
that the most potent triazole derivatives, 3i and 3j, incorporate
an oxybenzoic acid substituent at the 5-position in the
quinoline ring or an oxybutanoic acid substituent at the 6-
position yielding Ki and Kd values of 0.034−0.071 μM. Insights
on the structural origins of this effect are provided below.
Turning to the reference compounds, as noted above, Orita-

13 with a Ki of 17 μM is much less active in our HPP assay15

than expected from the original report of 0.038 μM in the
DOPA assay.11 The modest activity is supported by the present
FP results in which only 20% binding is found at 100 μM. (R)-
ISO-1 is unequivocally more active in the FP assay with an

Figure 3. Influence of the pH in the binding of tracer A to MIF. Lb/Lt
= ratio of ligand bound to the total. Data shown from quadruplicate
experiments in two independent assays. Mean ± SEM plotted for all
data.
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average Kd of 24 μM, from three separate measurements of 21,
22, and 30 μM. Our group and others have assayed (R)-ISO-1
multiple times yielding IC50 and Ki values ranging from 7 to
>100 μM. In three separate measurements with the present
protocols, we obtained Ki values of 21, 24, and 28 μM for (R)-
ISO-1, also averaging 24 μM. These two cases reflect that
significant variations are more probable for reports of activities
of less potent compounds, likely for the pH, aggregation, and
spectral interference issues noted above.
In view of the previous inconsistencies with published

results,15,18 it was gratifying to find that, in our HPP assay, the
NVS compounds are indeed potent tautomerase inhibitors with
Ki values of 0.569, 0.027, and 0.185 μM for NVS-1, NVS-2, and
NVS-6, respectively. The activities of NVS-2 and 3j are
essentially identical at 0.03 μM, which establishes them as the
most potent tautomerase inhibitors to our knowledge. The Ki

of 0.027 μM for NVS-2 is very similar to the previously
reported IC50 of 0.020 μM (20 nM).20 In addition, the Kd
values from the FP assay are quantitatively similar to the Ki
results. NVS-2, 3i, and 3j with Kd values of 0.055−0.071 μM
bind the most strongly to MIF among the compounds studied
here.
Covalent and Allosteric Inhibition. The FP assay also

allows discrimination of covalent and noncovalent inhibitors.
The formation of a covalent bond between an inhibitor and a
residue in a binding site is expected to occur more slowly than
establishment of a noncovalent complex. Consequently, the
activity of the covalent binder will appear to increase with
increasing time. We monitored the FP for 1 h after the 20 min
incubation period with a noncovalent inhibitor (2a) and the
covalent inhibitor 4-IPP.21 As seen in Figure 4, there is a clear
difference between the results. The noncovalent interactions of
2a are formed quickly, and the equilibrium between the bound
and unbound tracer is time independent. On the other hand, in
the case of 4-IPP the FP results are time dependent showing
the expected decrease in fluorescence polarization (increase in
unbound tracer) with increasing time.
Finally, PSB has been reported as an allosteric inhibitor of

MIF tautomerase activity as well as an agent able to block the
binding of MIF to CD74 with an IC50 value of 0.81 μM.22

Crystallographic results show PSB bound to the interface
between two MIF trimers.22 According to our FP results, the
affinity of this compound is low with 49% binding of PSB at
200 μM.
However, concern can be expressed that the compound is

aggregating at such concentrations; when the amount of
Tween-20 was reduced below 0.01%, the FP signal was lost.
Though PSB does not bind in the active site, in some

multimeric form it may cover the active site and cause partial
exclusion of the tracer.

Assay Quality. In order to provide a measure of the quality
of HTS assays, Zhang et al. introduced the Z′ factor, which is
calculated from the mean signals of the positive and negative
controls (μc+ and μc−) and their standard deviations (σc+ and
σc−) using the formula Z′ = 1 − [3(σc+ + σc−)/|μc+ − μc−|].

27 As
the signal range increases and the variations decrease, Z′ tends
to the ideal limit of 1, while Z′ values above 0.5 are considered
“excellent”.27 From four independent measurements of the
positive (tracer B plus MIF) and negative (tracer B alone)
controls for the present FP assay, the Z′ factor is 0.69.

Crystal Structures. X-ray structures were obtained for
crystals of two of the most potent inhibitors identified here with
human MIF. A close-up of the structure in the vicinity of the
tautomerase site is shown for 3i in Figure 5. The general

features are as expected from the prior reports for 3a and its
analogue with an MOEO group at C6 of the quinoline ring.15

The protein−ligand complexation features multiple hydrogen
bonds and aryl−aryl interactions. All three tautomerase sites of
the MIF trimer are occupied by 3i. The ammonium group of
Lys32 is coordinated by the quinoline nitrogen, N3 of the
triazole, and the carbonyl oxygen of Ile64 at distances of 3.14,
3.97, and 2.79 Å, respectively. N2 of the triazole is also in a
hydrogen bond with the backbone nitrogen of Ile64 (2.93 Å),
and the phenolic oxygen is 2.59 Å from the side chain nitrogen
or oxygen atom of Asn97. The new feature is the
accommodation of the phenoxy group on C5 of the quinoline

Figure 4. Contrasting FP results for a noncovalent inhibitor 2a (left) and a covalent one, 4-IPP (right). The results for the covalent inhibitor depend
on the detection time showing increasing amounts of unbound tracer with increasing time. Mean ± SEM plotted for all data.

Figure 5. Rendering from the 1.8-Å X-ray crystal structure of 3i bound
to human MIF. Residues near the active site are illustrated with carbon
atoms of 3i in yellow. Dashed lines indicate hydrogen bonds. The PDB
code is 5HVS.
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ring. It is partially tucked into the pocket between Pro33 and
Tyr36. The added van der Waals contacts can account to some
extent for the increased potency of 3i over 3c and 3g, whose
substituents at C6 of the quinoline are solvent-exposed. There
is also an electrostatic benefit of the negative carboxylate group
on the phenoxy ring in view of its proximity to Lys32.
Decreases in potency of 2- to 10-fold are found when the
carboxylate group is replaced by neutral or positively charged
alternatives.15 Another new feature is that the fluorine atom
adjacent to the phenolic hydroxyl group is oriented down
between Ile64 and Asn97, making closest contact with Cγ of
Met101 (3.07 Å). This was expected from molecular modeling
studies,15 but the ligands in the previous crystal structures
lacked the fluorine atom. As noted above, the 2-fold increases in
potency obtained by addition of the fluorine atom may be
attributed to inductive enhancement of the hydrogen bond
between the hydroxyl group and Asn-97 and/or the hydro-
phobic contact with Met101.
The corresponding structure for NVS-2 is illustrated in

Figure 6. The interaction themes are similar to the case for 3i

with coordination of the Lys32 ammonium group by the
carbonyl groups of NVS-2 (2.80 Å) and Ile64 (2.86 Å), a
bifurcated hydrogen bond between the backbone NH of Ile64
and the NVS-2 carbonyl (3.20 Å) and ring oxygen (3.12 Å)

atoms, and a hydrogen bond between the hydroxyl group of
NVS-2 and Asn97 (2.62 Å). A striking additional feature is a
cation−π interaction between the anisyl group of NVS-2 and
Lys32; the ammonium group is positioned below the ring
center with distances of 4.5−5.5 Å to all six carbon atoms,
typical of cation−π interactions.28,29 As for 3i, there are also
multiple aryl−aryl interactions between the inhibitors and
Tyr36, Tyr95, and Phe113. The complementarity between
NVS-2 and the MIF tautomerase site appears almost ideal with
the remarkable multidentate coordination of Lys32, satisfaction
of the hydrogen-bonding demands of Ile64 and Asn97, and the
aryl−aryl interactions for Tyr36, Tyr95, and Phe113. The only
part of the ligand that appears to not be engaged in beneficial
interactions is the terminal methoxy group, though its electron-
donating character may enhance the hydrogen-bond accepting
character of the carbonyl group in the oxazinone ring. This
notion is consistent with the 3-fold stronger binding for NVS-2
than for NVS-6 in which the solvent-exposed methoxy group is
replaced by hydroxy. The ca. 10-fold weaker binding for the
cyclohexyl analogue NVS-1 clearly results from loss of the
cation−π interaction with Lys-32. In view of its small size with a
heavy atom count (HAC) of only 20, the ligand efficiency for
NVS-2 is high at 0.50 ((−2.3RT/HAC) log Kd).

30 For the
much larger 3i, the ligand efficiency is 0.30.
It should also be noted that, as in the case of 3i, all three

tautomerase sites are occupied by copies of NVS-2. This may
reflect the strength of the interactions, or it may be regulated by
protein−protein packing. In the crystal structure for 3a bound
to MIF (PDB ID: 4WR8),15 there is only one tautomerase site
occupied per MIF trimer; however, the protein−protein
interface has tight contact between the quinoline rings of the
inhibitors protruding from the surfaces of pairs of MIF trimers.
For the present cases, 3i extends much farther than NVS-2
from the active site (Figure 7), so it is likely that MIF signaling
via binding to cell-surface receptors including CD74 will be
more impaired in the presence of 3i.22 Thus, higher ligand
efficiency may not be desirable in this case. We have also used
the substituents at C5 and C6 of the quinoline to enhance the
solubility of the biaryltriazoles.15

Combined Design. In view of the striking cation−π
interaction for NVS-2 in Figure 6, a new molecular design was
sought to merge this feature with the triazolylphenol core of 3.
Structure building with the BOMB program31 suggested that

Figure 6. Rendering from the 1.8-Å X-ray crystal structure of NVS-2
bound to human MIF. The PDB code is 5HVT.

Figure 7. Renderings from the crystal structures for 3i (left) and NVS-2 (right) illustrating the difference in protrusion from the MIF binding site.
The protein is shown as a space-filling surface. The orientation of the terminal methoxy group of NVS-2 varies depending on the binding site of the
MIF trimer.
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replacement of the quinolinyl group of 3 with a phenoxy group
as in 5 would be appropriate (Figure 8). It is expected that the

cation−π interaction is enhanced by substituents that would
further increase the electron-richness of the phenoxy group.
Thus, we had interest in preparing the 4-methoxy (5a) and
carboxylic acid (5b) derivatives. 5b is expected to be ionized to
the carboxylate above pH 5.

The synthesis of compounds 5 is outlined in Scheme 4; full
details are in the Supporting Information. Treatment of 4-

methoxyphenol with trichloroethylene and base, followed by
dehydrohalogenation with n-butyl lithium, yielded the ethynyl
ether,32 which was converted to 5a by a one-pot Cu(I)-
catalyzed “click” reaction using 4-azido-2-fluorophenol gen-
erated in situ.15 However, synthesis of 5b required an oxazoline
protecting group33 in view of the step using n-butyl lithium.
The two compounds were then assayed and show good
potency with Ki and Kd values of 1−2 μM (Table 1). They are
significantly more potent than (R)-ISO-1 and the parent 2-
pyridyl analogue 2a. The small difference in the Ki values for
the acid (5b) and ether (5a) derivatives is consistent with what
was observed for 3i (0.057 μM) and its methoxyethoxy

analogue (0.082 μM).15 Thus, the quinolinyl and phenoxy
motifs of 3 and 5 provide interesting polydentate alternatives
for accommodation of Lys32 by incorporating azine coordina-
tion or a cation−π interaction (Figures 5 and 8).

■ CONCLUSION

In this work, a fluorescence polarization assay was developed by
designing and synthesizing two fluorescein-labeled inhibitors of
MIF. The high affinity of tracer B permits use of low
concentrations of both the tracer (0.004 μM) and the protein
(0.056 μM) in the FP assay. The FP assay shows multiple
advantages over the traditional HPP and DOPA tautomerase
assays used for discovery of molecules that bind to MIF
including ease of use and detection, stability of reagents, and
ready expansion to HTS formats. Both the HPP and FP assays
were applied to 22 compounds including known noncovalent,
covalent, and allosteric inhibitors of MIF. The results for the
noncovalent inhibitors show excellent accord between the
measured Ki and Kd values giving confidence in the viability of
the present protocols for both assays. We also synthesized a
particularly interesting compound from the patent literature,
NVS-2; it and 3j are the most potent inhibitors/binders in our
assays. With Ki values of 0.03 μM, they are roughly 1000-fold
more potent than the prototypical MIF inhibitor (R)-ISO-1.
Furthermore, the FP assay was shown to perform well for the

covalent inhibitor 4-IPP, which demonstrated the expected
time-dependence for its binding results. The weak allosteric
inhibitor PSB also yielded a response in the FP assay showing
some interference with binding of the tracer at high
concentrations. The assay results were much enhanced by
obtaining X-ray crystal structures at 1.8-Å resolution for two of
the most potent MIF inhibitors/binders, 3i and NVS-2. The
structures confirmed that the anticipated binding of these
molecules and the closely related tracers occurs in the MIF
tautomerase active sites. The structures also illustrate the
exquisite binding of these potent compounds to MIF featuring
extensive hydrogen-bonding and aryl−aryl interactions along
with a cation−π interaction for the anisyl group of NVS-2. A
new chemical series was then designed merging the
triazolylphenol core of 3 with the cation−π feature of NVS-2
to yield additional strong MIF inhibitors/binders, 5a and 5b.
The present structural and activity results along with the
availability of the FP assay place further work on seeking
regulators of the activity of MIF on a firm foundation.
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ABSTRACT: Aqueous solubilities and activities have been measured for 17 members
of the quinolinyltriazole series of inhibitors of human macrophage migration
inhibitory factor (MIF). Systematic variation of a solvent-exposed substituent
provided increases in solubility from 2 μg/mL for the parent compound 3a up to 867
μg/mL. The low solubility of 3a results from its near-planar structure and an
intermolecular hydrogen bond, as revealed in a small-molecule X-ray structure.
Removal of the hydrogen bond yields a 3-fold increase in solubility, but a 7-fold drop
in activity. 5b emerges as the most potent MIF inhibitor with a Ki of 14 nM and good
solubility, 47 μg/mL, while 4e has both high potency and solubility.

KEYWORDS: Aqueous solubility, MIF inhibitors, crystallography

Aqueous solubility is well-known as a critical property in the
development of drugs.1−5 Poor solubility is associated with

difficulties in the reliable performance of assays, in obtaining oral
formulations for in vivo administration, and in bioavailability. On
the other hand, high solubility may lead to poor cell permeability
and rapid excretion. The optimal range for the aqueous solubility
S of drugs intended for oral delivery is ca. 10 μM to 10 mM or,
equivalently, 4−4000 μg/mL for a compound with a molecular
weight of 400.2 Oral drugs with solubilities below 1 μM are very
rare.
Poor solubility is a common issue in drug discovery efforts,

since hydrophobic compounds bind well to target proteins for
the same reasons that proteins fold to shield their hydrophobic
groups from the aqueous environment. The problems may arise
early from poorly soluble compounds that are obtained as hits in
high-throughput screening. They often become aggravated
during lead optimization, since the most reliable way to increase
potency is to add hydrophobic substituents that fill hydrophobic
regions in the target’s binding site. Consistently, target proteins
with highly hydrophobic binding sites are particularly prone to
inhibitor designs with poor solubility. A classic example is non-
nucleoside inhibitors of HIV-1 reverse transcriptase, NNRTIs.6

The binding site in this case features a cluster of residues with
aliphatic and aromatic side chains, and poor solubility has
characterized many classes of NNRTIs. This is especially true for
diaminopyrimidines, including the FDA-approved drugs etravir-
ine and rilpivirine (1). In comparison to 1, we were able to
increase the solubility ca. 700-fold to 14 μg/mL for the triazine
analogue with a morpholinylpropoxy substituent (2) while
retaining excellent potency in infected T-cell assays.7 This
illustrates the basic principle for improving solubility without loss
of potency: add conformationally flexible substituents with polar
groups to a site in the inhibitor that is solvent-exposed in the
complex with the protein. The benefit of flexibility includes the
entropic gain from populating more conformers in solution than

in the crystal. A corollary is to reduce planarity for inhibitors with
multiple aromatic rings, which also leads to less tight packing in
the crystalline state.8 However, the addition of polar groups
comes with uncertainties, since they may also form stabilizing
hydrogen bonds in the crystal.

More recently, solubility has become an issue in our
development of inhibitors of the tautomerase activity of the
human macrophage migration inhibitory factor (MIF).9

Specifically, surprisingly low solubility of 2.2 μg/mL was found
for the parent quinolinyltriazole 3a (R = H), which arose from de
novo design. However, modeling indicated that substituents at
the 6- and 7-positions of the quinoline ring should be solvent
exposed. This expectation was confirmed by obtaining X-ray
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crystal structures for 3a and the R = methoxyethoxy (MOEO)
analogue 3d (Figure 1). The binding site is again seen to include

multiple residues with aromatic and aliphatic side chains. The
poor solubility of 3a in spite of its four nitrogen atoms and
hydroxyl group can be attributed to its expected near planarity,10

which has now been confirmed by a small molecule crystal
structure.11 As illustrated in Figure 2, the nearly planar
monomers are well-stacked in the crystal structure and there
are also intermolecular hydrogen bonds between the quinoline
nitrogen atoms and phenolic hydroxyl groups (2.73 Å) in
adjacent molecules (Figure 3). As expected, 3a in isolation or in
the crystal adopts a conformation with the quinoline nitrogen
atom anti to N3 of the triazole ring to minimize lone-pair
repulsion, while the conformation is syn in the complex withMIF
to provide optimal coordination of the ammonium group of
Lys32A (Figure 1).
Under the circumstances, it was decided to explore the

solubility range that could be obtained by systematic variation of
the substituent R in the 6-position of 3 and 4. Two analogues of
59 were also considered along with the deshydroxy compound 6.
Disruption of planarity by, e.g., addition of a substituent at C3 of

the quinoline is not viable, as it is accompanied by large decreases
in potency in view of the slot-like binding site (Figure 1) and
coordination of Lys32.9 In all, aqueous solubilities and inhibition
constants Ki were determined for 17 analogues with 11 different
substituents, as reported in Table 1. The aqueous solubilities
were measured with a standard shake-flask procedure.6,9,12

Saturated solutions are obtained by stirring for 2 days in Britton−
Robinson buffer (pH 6.5), followed by filtration (Acrodisc
syringe, 0.2 μm pore) and UV−vis analysis (Agilent 8453).
Piroxicam has been used as a control more than 10 times, yielding
S = 6.5± 1.7 μg/mL, which is consistent with a reference value of
6.36 ± 0.04 μg/mL.12 The inhibition constants were also
determined as before using 4-hydroxyphenylpyruvic acid (HPP)
as the substrate.9,13,14 Inhibitory activity is monitored by
measuring formation of the borate complex of the enol product
at 305 nm using a Tecan Infinite F500 plate reader. Nine of the
17 inhibitors have been reported previously;9,13 the synthetic and
spectroscopic details for the new compounds (3b, 3c, 3e, 3f, 3i,
4c, 4e, 6) are provided in the Supporting Information.
As reflected in Table 1, to improve solubility, we favor

substituents that contain alkyleneoxy linkages with hydroxy,
amino, and carboxylic acid termini. Amide and ester components
are viewed as less desirable for drug prospects, owing to their
potential decomposition by proteolytic enzymes. All compounds
showed solubility gains over the parent 3a. Among the smallest
substituents, the benefits for the hydroxyethoxy and amino-
ethoxy analogues 3b and 3c were modest, while the
carboxymethoxy analogue 3i provided a striking solubility
boost to 365 μg/mL.

Though it worked well in the present cases, in general, the impact
of addition of substituents with a carboxylic acid is uncertain,

Figure 1.Rendering from the 1.8-Å crystal structure of 3d bound toMIF
(PDB ID: 4WRB).9 Carbon atoms of 3d are colored yellow. Some
residues in front of the ligand have been removed for clarity.
Coordination of Lys32A is highlighted with dashed lines; the
methoxyethoxy group on C6 of the quinoline is solvent-exposed.

Figure 2. Illustration of the packing in the 0.84-Å crystal structure of 3a.
The space group is Pca21. The thermal ellipsoids are depicted at the 50%
probability level. The CCDC ID is 1514977.

Figure 3. Close-up of the intermolecular hydrogen bonding in the
crystal structure of 3a.
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since carboxylic acids often form hydrogen-bonded dimers in
their crystals.4,15 The purely ether-containing substituents in 3d,
3e, and 3f also just gave modest improvements for the solubility,
and it is notable that addition of a second ethyleneoxy unit in
going from 3d to 3e was not helpful. However, significant gains
were found with amino-containing substituents in 3g and 3h.16 It
is well-known that introduction of morpholine and related
heterocycles is normally successful in improving aqueous
solubility.5,7 The groups are expected to be protonated at
physiological pH, which benefits hydration, and their saturated,
nonplanar character eschews tight crystal packing.

Turning to 4a−4e, addition of the fluorine atom adjacent to
the phenolic hydroxyl group reduces solubility by factors of ca.
2−10 for the matched pairs 4a and 3g, 4b and 3h, and 4c and 3i.
This is the typical direction in view of the increase in
hydrophobicity, except in special cases where the fluorine is 2
or 3 carbon atoms removed from an oxygen.5,17 Lengthening the
linker by twomethylene units in going from 4c to 4d reduced the
solubility from 37 to 19 μg/mL; however, addition of an
ethyleneoxy group in progressing to 4e was very beneficial,
yielding a 23-fold boost to 867 μg/mL. For 5a and 5b, the
improvements with a carboxylic acid group are again apparent.
Then, with 6, removal of the intermolecular hydrogen bond in
the crystal was tested; the result of 1046 μg/mL reflects a 3-fold
increase over the solubility of 3i.
In Table 1, computed octanol/water partition coefficients,

ClogP and QPlogP, have been included as determined by
ChemDraw and QikProp.18,19 These are of interest as a measure
of hydrophobicity and since log P and log S values are known to
be correlated. The solubility equation of Yalkowsky estimates log
S = 0.5 − log P − 0.01(tm −25), where tm is the melting
point,2,5,20 and a simpler relationship is log S =−log P− 0.2 with

an rms error of 1.0 log unit.9 Thus, log S does decrease linearly
with increasing hydrophobicity, as represented by log P, but
much quantitative uncertainty is associated with the crystalline
state, as reflected in tm and other terms that have been introduced
to represent it in predictive methods.2 The log P predictions with
the present methods are in generally good accord with an average
difference of 0.62, though the discrepancies for 3c, 3h, and 4b are
greater than 1 log unit. Presently, log P is not found to be a good
predictor of log S. For 3a−3e, the log P values would suggest
solubilities in the 10−3 to 10−4 M range, while the observed values
are closer to 10−5 M, owing presumably to the π-stacking in the
crystals (Figure 2). Differences in log P are also not a good gauge
of differences in log S for the present compounds. For example,
5amight be expected to be 100-fold less soluble than 3d based on
log P, but it is more soluble; similarly, the enhanced solubility of
4e is not reflected in its log P.
Concerning the Yalkowsky equation, routine measurement of

melting points is not common today in drug discovery settings.
However, we did measure the melting points of several of the
compounds. They are 200−205 °C for 3d, 268−270 °C for 4d,
and 230−235 °C for 4e. Application of the Yalkowsky equation
using the average of the two log P values in Table 1 then yields
predicted log S values of −5.0, −5.9, and −5.0 for the three
compounds, respectively, which translate to 3.5, 0.5, and 3.9 μg/
mL. Thus, compared to the experimental solubilities in Table 1,
the prediction for 3d is accurate, but the enhanced solubilities for
4d and 4e are completely missed. Even differences in solubility
are difficult to predict, and, if solubility is an important issue,
there is no alternative but to measure it.
Finally, for the Ki results, the tautomerase assay was repeated

for all of the listed compounds in this report in order to limit
variations from the protein preparation, incubation times, and
spectrometer.13 For 3a−3i, the activities are mostly in a narrow
range of 0.2−0.4 μM, which is expected since the structural
variations are only for the solvent-exposed substituent; additional
modulation may come from interactions with residues on the
surface of MIF. For example, the greater potency for 3e may
result from the CH3O(CH2CH2O)2 appendage curling back and
making hydrophobic contacts with the rings of Pro33 and Pro34,
which are in the gray area above Lys32 in Figure 1. The presentKi
results for 3a, 3g, and 3h also agree well with Kd values that we
reported recently for these compounds from a fluorescence
polarization assay.14 As found previously,9,14 addition of the
fluorine in going from 3 to 4, e.g., 3g to 4a or 3h to 4b, enhances
the activities ca. 3-fold, owing to contact with Met101 and
enhancement of the hydrogen bond between the phenolic
hydroxyl group and Asn97. Modeling also suggested introduc-
tion of the phenoxy group at C5 of the quinoline fragment to pick
up contacts with Tyr36,9,14 which has yielded the most potent
compounds, 5a and 5b. In addition, the importance of the
hydrogen bond between the phenolic OH and Asn97 was
confirmed by the increase inKi to 1.37 μM for 6 from 0.20 μM for
3i. As an additional control, the reference MIF inhibitor (R)-
ISO-1 (7)21 was also assayed; the observed Ki of 27.3 μM is
similar to the prior average value of 24 μM from multiple
measurements.14

The principal purpose of this study was to explore systemati-
cally the effects of variations of a solvent-exposed substituent on

Table 1. Computed Octanol/Water log P’s, Experimental
Aqueous Solubility at pH 6.5 (S in μg/mL), and Ki (μM)

Cp R ClogP QPa S Ki

3a H 3.80 3.32 2.2 0.23
3b HOCH2CH2O 3.22 2.88 2.6 0.53
3cb H2NCH2CH2O 3.29 2.12 3.7 0.26
3d H3COCH2CH2O 3.98 3.49 3.6 0.20
3e H3CO(CH2CH2O)2 3.85 3.81 2.4 0.147
3f 2-THP-CH2O 4.89 4.07 3.4 0.27
3gb H2N(CH2CH2O)2 3.36 2.43 13.9 0.36
3hc 4-Mr(CH2CH2O)2 4.24 2.82 48.5 0.161
3i HOOCCH2O 3.04 2.64 365 0.20
4ab H2N(CH2CH2O)2 3.35 2.77 9.1 0.144
4b 4-Mr(CH2CH2O)2 4.24 3.16 27.2 0.074
4c HOOCCH2O 3.38 2.98 37.0 0.048
4d HOOC(CH2)3O 4.06 3.90 19.2 0.039
4e HOOCCH2OCH2CH2O 3.63 3.30 867 0.037
5a H3COCH2CH2O 5.70 5.54 6.1 0.024
5b HOOC 5.64 4.70 47.2 0.014
6d HOOCCH2O 2.48 3.32 1046 1.37
7e 27.3

aQPlogP. bTFA salt. cMr = morpholinyl. ddes-Hydroxy analogue of 3i.
e(R)-ISO-1.
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aqueous solubility in a drug-like series. The related work in the
literature is largely scattered and less extensive, though the
matched pair study of Zhang et al.4 and the study of polyether
and alcohol substituents by Zhu et al.22 are particularly notable.
The sequence of substituents in Table 1 may be of use to others
who are faced with a similar challenge, though the quantitative
outcomes will undoubtedly be different for other molecular
series. However, the present and earlier results5,7 do point to the
utility of the addition of polyether chains terminated with a
morpholine ring or surrogates for improving aqueous solubility.
In the present case, addition of polyether chains with a carboxylic
acid was also highly effective.
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Abstract Macrophage migration inhibitory factor (MIF)
emerged in recent years as an important inflammation media-
tor, playing a prominent role in the pathogenesis of various
types of malignant neoplasm. MIF is a glycoprotein that pre-
sents a wide spectrum of biological activities and exerts a
complex interaction with various cellular signaling pathways,
causing imbalance of homeostasis. Experimental and clinical
studies show that high levels of MIF are found in almost all
types of human cancers and are implicated in seemingly all
stages of development of the tumors. The production of MIF
is triggered through an autocrine signal emitted by tumor cells,
and stimulates the production of cytokines, chemokines, and
growth as well as angiogenic factors that lead to growth of the
tumor, increasing its aggressiveness and metastatic potential.
MIF is produced by virtually all types of human body cells, in
response to stress caused by different factors, leading to path-
ological conditions such as chronic inflammation and

immunomodulation with suppression of immune surveillance
and of immune response against tumors, angiogenesis, and
carcinogenesis. In this review, we present recent advances
on the biological activity of MIF, the signaling pathways with
which it is involved and their role in tumorigenesis.

Keywords Macrophagemigration inhibitory factor .

Neoplasms . Tumorigenesis . Inflammation

Introduction

Macrophage migration inhibitory factor (MIF) was originally
identified as a product isolated from the supernatants of acti-
vated T lymphocyte culture and was characterized as a cyto-
kine capable of inhibiting the random migration of macro-
phages, being one of the first to be described [1]. Currently,
MIF is considered a multifunctional molecule that activates
the production of inflammatory cytokines such as tumor ne-
crosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-
6 (IL-6), and interferon (IFN-γ). Also, it acts as an immuno-
modulator hormone produced by the pituitary gland, induced
by glucocorticoids [2–4].

MIF is constitutively expressed in a variety of cells, its
tissue distribution is almost ubiquitous, and its release into
the circulation seems to occur from preformed stocks and
stored in the intracellular environment [5–7].

MIF may exert its biological effects on cells through dif-
ferent cell signaling pathways (Fig. 1).

The binding ofMIF to its CD74 receptor, in the presence of
a signaling complex consisting of CD44, and a tyrosine ki-
nase, Src, mediates a cascade of events leading to phosphor-
ylation of ERK-1/2 [8], activating various effector proteins
involved in the inflammatory response [9]. MIF is also a
noncognate binder of the chemokine receptors CXCR that
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directly binds them both, CXCR2 and CXCR4, and formation
of the signaling complexes involving CXCR2 and CD74, that
induces internalization of the receptors and stimulates leuko-
cyte chemotaxis [10].

The binding of MIF to its receptor, CD74, also leads to
activation of the AKT pathway through the mediation of ki-
nases SRC and PI3K [11]. This activation leads to numerous
cellular responses but, more importantly, AKT activation pro-
vides a signal, allowing the crucial cells to be capable of
resisting apoptosis, due to phosphorylation and inactivation
of the pro-apoptotic proteins BAD and BAX [11]. In lym-
phoid cells, activation of AKT induced by MIF is associated
with increased NF-kB function, leading to increased expres-
sion of proteins Bcl-xL and Bcl-2 and suppression of apopto-
sis [12].

Previous research found that MIF is capable of activating
cells of the immune system by acting directly on them or
acting indirectly by generating other stimuli to the immune
system. Thus, MIF is important in the activation of innate
and adaptive immune responses, but also activates specific
mechanisms which cause damage to the tissues. Due to its
action on the immune-inflammatory response, MIF has the
potential to trigger inflammatory and autoimmune diseases
that affect multiple organs [13, 14].

The human MIF gene is located on chromosome 22q11.2
and encodes a highly conserved protein containing 115 amino
acids. It is produced by a variety of cell types in response to
stress [15], being considered a key regulator of the immune
and inflammatory responses [16]. The gene expression is reg-
ulated by two polymorphic sites located in the promoter re-
gion. The first consists of a repetition CATT in −794 positions,
which is represented 5–8 times, and the second is a single
nucleotide polymorphism -173G/C [9]. The presence of more
than 5 repeat of CATT, and of allele -173C, has been

associated with increased susceptibility to and severity of a
variety of inflammatory and autoimmune diseases [17–19].
It has also been associated with increased risk for prostate
cancer [20] and gastric cancer [21].

MIF is also associated with the development of various
types of inflammatory, lymphoproliferative, and autoimmune
disorders [22] and is expressed in almost all stages of devel-
opment of a wide variety of human cancers [23]. Furthermore,
it may have a multifunctional role in human cancer since it
exerts auto- and paracrine effects on cancer cells, promoting
cell proliferation, growth, progression, and immune escape of
tumor; inducing angiogenesis and migration of cells; and sup-
pressing apoptosis and autophagy in tumor cells [24, 25].

The present review presents recent advances about biolog-
ical activities of MIF and its participation in the activation of
several cell signaling pathways, including its role in the pro-
motion, progression, and invasion of several types of human
cancers.

Biological Activities of MIF

MIF is a pluripotent and pleiotropic cytokine, which plays
critical roles in inflammatory and immune responses, as well
as in the development of tumors. It assists macrophages in
carrying out functions such as phagocytosis, adherence, mo-
tility, and transendothelial migration. Besides, it is implicated
in almost all stages of the development of neoplasia and its
presence in high levels expression is a common feature of
most types human cancer [23].

MIF is constitutively expressed in a variety of immune and
non-immune cells such as eosinophils, neutrophils,
granulocytes, and monocytes/macrophages, B and T lympho-
cytes, and endocrine, endothelial, epithelial, and neuronal
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cells of different histogenetic origin, in response to the stress
situations [7], being considered a key regulator of the immune
and inflammatory responses [16]. In the nervous system, MIF
is constitutively expressed in neurons within the hypothala-
mus, cortex, and hippocampus and has been implicated in
different roles, including the modulation of nitric oxide and
prostaglandin production, a stimulatory role in catecholamine
metabolism, and the regulation of neuronal sensitivity to glu-
cocorticoids [26].

MIF plays a central role in the etiology of various types of
inflammatory and autoimmune disorders. It is found in high
levels of expression in all stages of almost all types of human
cancers, being strongly associated with the development of
tumors [22]. The production ofMIF, through autocrine signal-
ing of tumor cells, stimulates the production of cytokines,
chemokines (including MIF itself), and angiogenic and
growth factors, whose expression is associated with inhibition
of the induction of p53-dependent apoptosis and of the anti-
tumor immune response [27, 28] . Thus, MIF contributes to
cancer cell proliferation, for growth and progression of the
tumor, increasing its aggressiveness and metastatic potential
[23].

In addition to its role as a cytokine and chemokine, MIF
also functions as a hormone, being secreted alongside ACTH,
by the pituitary gland in response to stressors such as
endotoxinaemia, and acts by regulating the anti-
inflammatory and immunosuppressive activities of glucocor-
ticoids, enabling the activation of the inflammatory and im-
mune responses. Under conditions of stress, such as hypoxia
and redox potential,MIF causesmany changes to take place in
the increased expression of genes such as those of the eryth-
ropoietin (EPO), glucose transporters (GLUT), vascular endo-
thelial growth factor (VEGF), and matrix metalloproteinase

(MMPs). All these changes are caused by up-regulation of
hypoxia-inducible factor 1 (HIF-1) [9]. MIF is also implicated
with an increase of expression of gene encoders of nitric oxide
and cyclooxygenase-2 (COX-2) [29].

MIF also exhibits enzymatic thiol protein oxidoreductase
and phenylpyruvate tautomerase activities [30]. Furthermore,
it induces the production of derived myeloid cells (MDSCs)
with suppressive action of Tand NK cells [31], which together
with tumor-associated macrophages (TAMs) lead to a strong
suppression of the functions of these cells [32].

To perform its functions, MIF needs to interact with a wide
variety of chemical mediators and other molecules, through a
complex network of events that involve the activation of sev-
eral cell signaling pathways, showing their great diversity of
biological activities. Described below are some of the biolog-
ical activities of MIF, which are also presented in summary
form in Table 1.

Inflammatory Activities

The physiological role of MIF is to act to counterbalance the
profound inhibitory effects of steroids on the inflammatory
and immune responses [33]. MIF is a cytokine inducing in-
flammation that, when produced, stimulates the release of oth-
er cytokines, such as TNF-α, IFN-γ, IL-1β, IL-6, IL-8, and
IL-12, from macrophages triggering a strong inflammatory
response [3]. Glucocorticoids are endogenous anti-
inflammatory steroids that are synthesized in response to
stress or injury, in part to regulate inflammation. MIF has
glucocorticoid-antagonist action and acts as a pituitary hor-
mone to counteract the anti-inflammatory and immunosup-
pressive activity of glucocorticoids produced by the adrenal

Table 1 Biological activities of MIF and their mechanisms of action

MIF activities Mechanisms of action

1. Inflammatory cytokine Modulates the expression of activators of inflammation such as nitric oxide COX-2, PGE2 and TLR4, with
recruitment of inflammatory cells.

2. Chemotactic chemokine Induces rolling, adhesion of leukocytes to vessel wall, and transendothelial migration of these cells.

3. Hormone activity Acts as a glucocorticoid-antagonist, by suppressing its anti-inflammatory effects, to regulate inflammatory and
immune responses.

4. Enzymatic activity Converts D-dopachrome in 5,6-dihydroxy-2-carboxylic acid and acts as a phenylpyruvate tautomerase, using
phenylpyruvate and p-hydroxyphenylpyruvate as substrates.

5. Deregulation of the cell cycle Prepares the cell to bypass the cell cycle arrest and the death induction by apoptosis mediated by p53.

6. Immune suppression Suppresses the antitumor immune surveillance by inhibition of cytotoxicity of NK cells and CD8 + lymphocytes.

7. Growth and differentiation
of neuronal cells

Acts by activating the signaling pathwayWnt/β-catenin, increasing the activity β-galactosidase and by promoting
NSPC differentiation.

8. Tumorigenic activity Stimulates proliferation of tumor cells and tumor growth by activation of various signaling pathways, inhibits
apoptosis and immune response, and increases VEGF.

9. Angiogenesis induction Induces secretion of pro-angiogenic factors bFGF and VEGF favoring formation of blood vessel

10. Contribution to metastasis
formation

Reduces the expression of E-cadherin and increased expression of matrix metalloproteinases, favoring metastasis.
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glands, which results in the activation of the inflammatory and
immune response [4, 34].

MIF also acts in modulating the expression of several other
pro-inflammatory molecules, including MIF itself, nitric ox-
ide, and cyclooxygenase 2 (COX-2) [29], thus creating an
inflammatory environment, which leads to a significant in-
crease in COX-2 production, which in turn increases produc-
tion of prostaglandin 2 (PGE2), which also has inflammatory
activity, generating positive feedback to the inflammatory re-
sponse [35]. Moreover, MIF plays a critical role in the regu-
lation of the innate immune response, through the pattern rec-
ognition receptor modulation, such as TLR4. Activation of
TLR4 results in the production of pro-inflammatory media-
tors, including MIF, which induces the recruitment of inflam-
matory cells, among them neutrophils [36].

Chemotactic Activities

Although MIF was first identified as an inhibitor of macro-
phage migration, subsequent studies revealed that in the pres-
ence of inflammatory mediators, it is also capable of inducing
leukocyte rolling, adherence, and transmigration of these cells
[36]. MIF may exert a chemokine-like function (CLF) by
interacting with the chemokine receptors CXCR4 and
CXCR2 to promote the recruitment of inflammatory cells.
MIF triggered Gα-i-and integrin-dependent arrest and chemo-
taxis of monocytes and T cells, by interacting with the chemo-
kine receptors, CXCR2 and CXCR4, to promote rapid
integrin activation and calcium influx [37].

MIF acts as a chemokine, promoting the adhesion ofmono-
cytes to the vessel wall and their transendothelial migration,
where every step of recruitment of these cells is carefully
controlled. This immobilization of monocytes to the endothe-
lial surface is mediated by the action of chemokines that pre-
vents bearing these cells, where the CXCR2 chemokine re-
ceptor plays an important role in this process. The CXCR2
and their ligands CXCL1 and CXCL8 play a critical role in
mobilizing and arresting monocytes to the vessel wall.
However, the CXCR2 receptor is also able to interact with
many binders of the CXC subfamily and with MIF, which
structurally does not belong to this sub-family, but functions
as a non-cognate binder to CXCR2, acting as a chemokine
playing a critical role in recruiting and arresting monocytes
to the vessel wall [10].

Hormone Activity

The hypothesis that MIF might be a hormone produced in
stress situations has been validated in an experimental study
conducted by Nishino et al., (1995) [38]. Using animal
models, these authors have detected the presence ofMIF with-
in of granules found exclusively in pituitary gland cells that
secrete both adrenocorticotropic hormone (ACTH) and

thyroid-stimulating hormone (TSH). It was found a subset of
granules containing MIF and ACTH, or MIF and TSH. The
amount of MIF-pituitary present within the granules de-
creased significantly after endotoxemia, showing that under
stress conditions, the contents of the granules are released for
circulation [38]. Thus, MIF appears to be a pituitary mediator
to act as an anti-glucocorticoid natural hormone, exercising its
regulatory action within the immune system.MIF seems to act
on the inflammatory site to neutralize the inhibitory effects of
the steroid hormones on the primary immune response to be
mounted to eliminate the source of infection or tissue invasion
[33]. Thus, MIF is considered a pluripotent pro-inflammatory
cytokine with pleiotropic functions including inhibition of mi-
gration, anchoring of the macrophages, and counteraction of
the anti-inflammatory and immunosuppressive activity of glu-
cocorticoids [39].

The traumatic spinal cord injury activates the
hypothalamic-pituitary-adrenal axis, a potent neuroendocrine
regulator that in conditions of stress causes a deep, systemic
and sustained intraspinal inflammatory response. Together,
stress hormones and inflammatorymediators affect the growth
and survival of neural and non-neural cells and the neurologic
recovery. Glucocorticoids are endogenous anti-inflammatory
steroids, produced in response to stress or injury, partly to
regulate inflammation. In this context, acting as a pituitary
hormone, MIF negatively regulates steroid production, sup-
pressing the anti-inflammatory action of these hormones pro-
duced by the adrenal glands, resulting in the worsening of the
traumatic spinal cord lesions. Thus, the use of inhibitors of
MIF may provide a therapeutic advantage in the treatment of
these lesions [4].

Enzymatic Activity

Interestingly, it has been demonstrated that MIF has at least
two distinct catalytic activities, keto-enol tautomerase and
thiol-protein oxidoreductase; therefore, it has been termed a
Bcytokine with enzymatic properties, or cytozyme^ [30, 40].

The first hypothesis about possible MIF enzyme activity
emerged when Suzuki et al. (1994) [41] found the structural
similarity of this molecule to the bacterial isomerase enzyme,
specifically 5-carboxymethyl-2-hydroxymuconate (CHMI).
However, the enzymatic activity of MIF was first described
when Rosengren et al. (1996) [42] reported the tautomerase-
D-dopachrome (DOPD) activity. They found that MIF has the
ability to convert D-dopachrome in 5,6-dihydroxy-2-carbox-
ylic acid (DHICA). Other studies have shown that MIF can
also act as a phenylpyruvate tautomerase, using
phenylpyruvate and p-hydroxyphenylpyruvate as substrates
[43] and as thiol-protein oxidoreductase [44]. Furthermore, it
was found that MIF is capable of catalyzing the conversion of
3,4-hydroxyphenylaminechrome and norepinefrinecromo,
toxic quinine products of the neurotransmitter catecholamine
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3,4-dihydroxyphenylamine and norepinephrine, to
indoledihydroxy derivatives that may serve as precursors to
neuromelanin [45].

In addition, it was postulated that MIF has a stake in the
detoxification process of degradation products of catechol-
amine and may play a role in protection of nerve tissue.
However, the exact role of this enzymatic activity of MIF in
clinical disease has not been clearly defined, since many of the
substrates defined for this enzyme do not naturally exist
in vivo or do not exist in concentrations required for biological
activity [46]. However, because of the great importance of
MIF activity in diseases of an inflammatory nature, there is
an increasing interest in the development of low molecular
weight inhibitors that target this MIF enzymatic activity for
use in treating inflammatory diseases [47].

Interference with the Cell Cycle

The p53 protein is the product of the TP53 tumor suppressor
gene and acts as a transcription factor, regulating the expres-
sion of numerous genes, and plays a crucial role in controlling
the cell cycle [48]. In normal cells, p53 remains bound to its
Mdm2 inhibitor that tightly represses the p53 function, by
inducing its degradation. When the incorrect base pairing oc-
curs during the synthesis of DNA, p53 is phosphorylated and
separated from Mdm2 and carries out its function, which is to
stop the cell cycle and repair the DNA error. Once the repair is
done, p53 is degraded and the cycle continues, leading to cell
division [23].

MIF interacts with p53 in a manner dependent on the redox
status and stabilizes the linkage between p53 and Mdm2, en-
suring that p53 is not phosphorylated to become free and
perform its function. This condition created by MIF leads to
a decrease in the expression of p21 proteins, Bax and p53
itself. This negative regulation of p53 activity leads to the
prevention of cell cycle arrest and inhibits cell death by apo-
ptosis [49]. Inactivation of the p53 function can dramatically
disrupt the DNA repair mechanisms, resulting in the accumu-
lation of mutations and generating genomic instability that
increases the risk of malignant transformation of the cell [50].

Suppression of the Immune Surveillance

MIF can suppress the antitumor immunity by several mecha-
nisms. One of the most important is the inhibition of cytotoxic
T lymphocyte (CTL) and natural killer (NK) cells, contribut-
ing to the escape of tumor cells of the immune surveillance
[51]. Furthermore, MIF can activate the tumor cells to acquire
the ability to inhibit the production of dendritic cells and to
induce apoptosis of these cells. As the dendritic cells have
anti-tumor action, this activity is impaired [52].

MIF can also inhibit the anti-tumor immunity by activating
and increasing the production of myeloid-derived suppressor

cells (MDSCs), which are highly immunosuppressive and
which infiltrate the tumor [31, 32]. MDSCs use a variety of
mechanisms to inhibit the function of T and NK cells, sup-
pressing the anti-tumor immunity [53].

Moreover, MIF also promotes alternative macrophage dif-
ferentiation, giving rise to tumor-associated macrophages
(TAMs). As with the MDSCs, TAMs are abundant in the
tumor environment and act together with MDSCs to develop
immunosuppressive activity of NK and T cells [54], thus con-
tributing to higher tumor aggressiveness [55].

Action as Growth Factor and Differentiation of Neuronal
Cells

In addition to the versatile role of MIF in the immune system,
it also acts as neurotrophins, a family of proteins belonging to
a class of growth factors that act as regulators of survival,
development, and neural cell plasticity. It has been demon-
strated that MIF is widely expressed during embryonic devel-
opment, particularly in the cells of the nervous system, but its
role in neural development is still poorly understood [56].
However, it was found that MIF promotes the activation of
proliferation and differentiation of neural stem/progenitor
cells (NSPCs), which are cells with self-renewal capability
and which can differentiate into multiple neuronal lineages
during the development of the embryo and in the perinatal
period [57]. These cells are essential for brain development
and brain physiological functions. The niche where the
NSPCs reside is a microenvironment that provides the condi-
tions for the maintainability of the multipotent state of these
cells, enabling their self-renewal. The components present in
these niches are the source of extrinsic signals that instruct the
NSPC self-renewal or differentiation and influence the deci-
sion of NSPC’s fate into neuron or glia [57, 58].

MIF receptors, including CD44, CXCR2, CXCR4, and
CD74, are expressed in NSPCs. This shows the potential reg-
ulatory effect of MIF on NSPCs, promoting the activation, the
proliferation, and the differentiation of these neural stem/
progenitor cells. It was shown that both Ki67-positive cells
and neurosphere volumes were increased in a dose-dependent
manner after treatment with MIF. It was also observed that,
during MIF-induced NSPC differentiation, there was an in-
crease in the activity of β-galactosidase, which responds to
Wnt/β-catenin signaling, and that Wnt1 and β-catenin pro-
teins were also up-regulated with MIF stimulation. On the
other hand, doublecortin (DCX) and Tuj I, two neuronal
markers, were clearly increased with MIF stimulation during
NSPC differentiation. Moreover, the expression of DCX and
Tuj 1 was inhibited significantly by IWR-1, the inhibitor of
theWnt/β-catenin pathway. It was also observed that the treat-
ment with IWR-1 significantly inhibited the proliferative ef-
fect of MIF on NSPCs [57].
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MIF and Cancer

Cancer is the uncontrolled proliferation of cells triggered by a
suite of genetic and epigenetic events that disrupt the homeo-
stasis of the human body. Standing out among them are the
accumulation of mutations, especially of the tumor suppressor
genes, conversion of proto-oncogenes to oncogenes, methyl-
ation DNA, and post-translational modifications, as well as
the long-term persistent infection by certain infectious agents
[14, 59]. The long-term chronic inflammation, together with
disorders in immune response, has played a crucial role in
process of carcinogenesis. The inflammatory milieu contrib-
utes in various stages of tumor development, including initia-
tion, promotion, growth, and invasion, besides affecting the
immune surveillance [60, 61]. Mediators such as cytokines,
chemokines, PGE2, growth factors, transcription, and en-
zymes such as COX-2 and MAP act together to create a fa-
vorable environment for the tumor. These mediators engage in
an extensive and dynamic crosstalk with cancer cells, trigger-
ing molecular events contributing to tumorigenesis [14, 61].

The association between chronic inflammation and cancer
is well established, being widely accept that this condition can
lead to the development and progression of tumors [27].
Studies performed since the discovery of MIF have increas-
ingly strengthened its role in inflammation as well as in the
innate and adaptive immune responses [23, 62]. In this con-
text, because of its important role in regulation of the inflam-
matory and immune responses, MIF has been thought to be
the link that connects inflammatory response to cancer [23].

MIF is a pro-inflammatory cytokine that is produced in the
tumor environment and secreted by monocytes, macrophages,
and tumor cells. Under inflammatory stimuli, cancer cells se-
crete growth factors and cytokines, which increase the poten-
tial for malignant transformation of cells, promote activation
of tumor associated macrophages (TAMs), and interactions
between stromal cells and of the tumor [63].

MIF participates in the regulation of both normal physio-
logical and pathological conditions. Due to its pleiotropic ac-
tion, MIF promotes inflammation, cell proliferation, and inhi-
bition of cell death by apoptosis, and regulates migration,
activation, differentiation and reprogramming of immune
and non-immune cells. These functions are particularly impor-
tant to upset homeostasis and create a microenvironment fa-
vorable to the development of cancer [64]. A remarkable over-
expression of MIF was found in several types of humans can-
cer, including: squamous cell carcinoma of the esophagus
[65], cervical cancer [66], breast [25], prostate [67], liver
[68], lung [69], glioblastoma, neuroblastoma, colon and colo-
rectal cancer [70], bladder [71], ovarian [51], endometrium
[72], gastric and pancreatic [73], renal carcinomas [74], and
lymphocytic leukemia B cells [75].

MIF interferes with multiple cellular signaling pathways
through a complex networks of interactions. The production

of MIF is activated through autocrine signaling emitted by the
cancer cells, resulting in the stimulation of the production of
cytokines, chemokines, and angiogenic factors, which lead to
tumor growth, and the dissemination of tumor cells [16].
When binding to its receptor CD74, MIF leads to the recruit-
ment of the hyaluronate receptor CD44, and this complex
(CD74/CD44) that have been implicated in tumourigenic
MIF signaling processes [76].

Currently, there is a general consensus that MIF promotes
tumor growth by several mechanisms: it stimulates tumor cell
proliferation by activating the MAPK/PI3K/Akt pathways,
inhibits p53-dependent apoptosis, increases vascular endothe-
lial growth factor (VEGF) production, and inhibits the antitu-
mor immune response [27, 28, 51, 77]. Moreover, it modu-
lates metastatic behavior of tumor cells and affects stromal
tumor cells [78].

Angiogenesis is a complex process involving a series of cel-
lular factors for the formation of new blood vessels [9]. Among
the mediators involved in this process, the following stand out:
the basic fibroblast growth factor (bFGF), VEGF, hypoxia in-
ducible factor 1 (HIF-1), and angiopoetin, which are necessary
for the formation of new blood vessels [9, 79]. Under conditions
of stress and hypoxia, endothelial precursor cells secrete bFGF,
VEGF, and other pro-angiogenic factors necessary for the for-
mation of blood vessels [80]. The condition of hypoxia causes
upregulation of HIF-1, which leads to increased expression of
VEGF, bFGF, and angiopoetin. Furthermore, HIF-1 also in-
duces the production of MIF, which, in turn, plays a key role
in tumor angiogenesis [79]. It has been shown that MIF induces
dose-dependent secretion of bFGF, VEGF, and IL-8 [81].

The overexpression of MIF also reduces the expression of
e-cadherin [82], which is responsible for the formation of focal
adhesion complex, maintaining the cells contact with each
other and with the basal membrane. The decreasing of e-
cadherin expression weakens the focal adhesion complex,
leading to epithelial mesenchymal transition [23]. In the tumor
environment are found high levels of MIF expression and
other angiogenic factors, which result in an increase in expres-
sion of matrix metalloproteases (MMPs). These enzymes de-
grade the basement membrane, leading tumor cells to enter the
bloodstream, and when they receive appropriate homing fac-
tors, they establish secondary tumors in different organs [23].

In cervical cancer a correlation was observed between the
levels ofMIF expression and histological grading of precursor
lesions of cervical cancer of the invasive form, supporting the
idea that MIF has effects in promoting tumor [24]. Also ob-
served was a trend of increased MIF expression and of its
receptor CD74 in normal cervical epithelium, cervical
intraepithelial neoplasia (CIN), and squamous cell carcinoma
(SCC). Besides, the expression MIF was correlated with
microvessel density, inducing a dose-dependent increase in
the VEGF secretion in cervical cancer cells. This suggests that
over-expression of MIF and CD74 may be associated with
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pathogenesis and angiogenesis in cervical cancer [66]. In
prostate cancer, high expression of MIF and low expression
of CD74 were detected [83]. Detected in cancers of lung and
breast were high expression levels of MIF and a smaller and
less uniform expression of CD74, mainly in the stromal com-
partment [84, 85]. In esophageal cancer and in the hepatocel-
lular carcinoma (HCC), the over-expression of MIF has been
correlated with a loss of cell differentiation and lymph node
metastases. It is believed that by acting as an autocrine factor,
MIF increases VEGF secretion, which promotes angiogene-
sis, tumor growth, and migration of tumor cells [65, 68].

Evidence indicates that MIF has a dual role in breast can-
cer. When it is found within the tumor cells, it may be indic-
ative of a favorable prognosis. However, when found in an
extracellular location in the tissue derived from the breast
cancer, MIF may be pro-inflammatory and probably consti-
tutes an unfavorable prognostic marker [63]. The presence of
a significant increase in mean serum MIF levels has been
reported in patients with breast cancer, compared to healthy
women. In view of its autocrine and paracrine effects on can-
cer cells, MIF may contribute to shaping the microenviron-
ment, leading to immunomodulation and angiogenesis [85].

The highly aggressive tumors attract cells of innate and
adaptive immune responses to suppress anti-tumor immunity
mediated by lymphocytes. Most of this immunosuppressive
activity in patients in the final stage of melanoma is due to the
action of a subpopulation of derived myeloid cells (MDSCs)
of the monocytic subset, whose production is MIF-induced.
These cells are producers of nitric oxide [86], prostaglandin,
and express receptors for these lipid mediators [87], and are
able to suppress both Ag-specific and nonspecific T cell pro-
liferation [88]. An in vitro study on circulating MDSCs, iso-
lated from melanoma patients in late-stage, showed that the
immunosuppressive activity of these cells is MIF-dependent
for suppression of antigen-independent T-cell activation and
that MIF is required for maximum production of reactive ox-
ygen species by these cells. Furthermore, inhibition of MIF
resulted in functional reversal of T lymphocytes from the neu-
tralization of the immunosuppressive activity of MDSCs, by
action of an immunostimulatory dendritic cell (DC)-like phe-
notype that is, at least partly, due to reduced production of
prostaglandin E2 (PGE2) by MDSC. These results indicate
that MIF is directly involved in the induction of the immuno-
suppressive function of monocytic MDSCs in humans and
that the therapeutic approach having MIF as the target may
provide a novel means of inducing DC-mediated antitumor
responses in late-stage melanoma patients [32].

The ability of NK and TCD8+ cells to eliminate malignant
cells depends on the recognition of stress- or transformation-
induced molecules that bind to receptor NK group 2D
(NKG2D; 4) to activate NK and TCD8+ cells [89, 90].
Standing out among these molecules are the class I MHC
components, MICA/B, and 1–4 ULBP, which are induced

by DNA damage [89] and are found in cells infected by virus-
es and tumor cells [91]. When such molecules bind to the
NKG2D receptor, this leads to the activation of the adaptor
protein DAP10, which signals and initiates a perforin-mediated
cytolytic response, which can lead to NK cell-mediated tumor
clearance, without prior activation or Ag-specific tumor cell
recognition [91]. It has been shown in studies in vitro and
in vivo, thatMIF contributes functionally to the immune escape
of the ovarian carcinoma and malignant gliomas, through
down-regulation of expression of NKG2D, which reduces the
cytotoxic activity of NK and T-cells, suppressing the cellular
immune response against the tumor cells [51, 90]. Additionally,
it was reported that MIF increases the amount of MDSCs in the
circulating blood of patients with a variety of tumors and acts
by a variety of mechanisms to prevent the functions of NK and
T-cells, suppressing the anti-tumor immunity [31]. It was fur-
ther shown that in prostate cancer, the cancerous cells activated
by MIF acquire the ability to kill dendritic cells by apoptosis
and inhibits their production, thus avoiding the antitumor activ-
ity of these cells [52].

A study by Tanese et al. (2015) [92] showed that in cell
lines derived frommelanoma, MIF can reverse the IFN-γ role
in immune surveillance against tumors, since IFN-γ increases
the expression of the MIF receptor, the CD74 protein, in cell
lines melanoma-derived. MIF interacts with its CD74 receptor
on the surface of these cells, which results in signaling path-
way activation of the P13K / AKT pathway and promotes the
survival of tumor cells. IFN-γ promotes the phosphorylation
of AKT Ser473, resulting in increased expression of pro-
tumorigenic factors such as IL-6, IL-8, and BCL2 in cell lines
derived from humanmelanoma. The correlation between plas-
ma levels of IFN-γ andMIF receptor expression in tumor cells
has been found in samples from patients with melanoma.
Furthermore, inhibition of MIF-CD74 interaction significant-
ly suppressed tumor growth in the presence of IFN-γ in the
mouse model [92].

A case-control study conducted by Wu et al. (2011) [93],
involving Chinese women of the Shanxi province with and
without cervical cancer, demonstrated a functional association
between the single nucleotide polymorphism in the MIF gene
(MIF-173) allele 173G/C and metastasis in the early stage of
cervical cancer. These authors reported that women with the C
variant of theMIF-173 allele had a significantly higher risk for
cervical cancer, compared to carriers of the wild-type allele
GG, and that the GC and CC genotypes behaved as risk fac-
tors for cervical cancer in the studied population. Individuals
with the GC + CC genotype and C allele at the MIF-173G/C
site were at a significantly higher risk of cervical cancer and
lymphatic metastasis. The risk of lymph node metastases in
the early stages of cervical cancer has increased by more than
1.6 times in patients with GC or CC genotype compared to
those with the GG genotype. Also, a positive association was
observed between high serum concentrations of MIF and
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occurrence of early metastasis. In addition, patients with the
CC genotype had higherMIF serum levels, indicating that this
genotype increases the risk of lymphatic metastasis in women
with early-stage cervical cancer. These results suggest that the
MIF-173 polymorphism may be associated with increased
risk of cervical cancer in women and that the quantification
of MIF serum levels and genotyping of patients could be used
as biomarkers of prognosis and for early treatment of the cer-
vical cancer [93]. On the other hand, in a meta-analysis study,
it was found that the polymorphism of theMIF gene -173G / C
can increase the risk of cancer among Asians but not among
Caucasians. The heterozygous mutational genotype CG could
increase the risk of gastrointestinal cancer and hematological
malignancy, while the homozygote genotype CC might in-
crease susceptibility to gynecological cancer, as compared
with the genotype wild type GG [19].

Several studies also show that MIF plays an important role
in cancer development, in virtue of its ability to act in con-
junction with other mediators to interfere in many cellular
signaling pathways, creating a favorable environment for the
tumor. Those conditions include the inflammation, cell prolif-
eration, deregulation of the cell cycle, inhibition of apoptosis,
suppression of immune surveillance against tumors, angio-
genesis, and metastasis [23, 51].

In conclusion, MIF is a protein with pleiotropic action pro-
duced by virtually all cell types, presenting a variety of biolog-
ical effects on the human body, participating in a complex chain
of events that, together, favors the process of carcinogenesis.
Experimental and clinical studies suggest thatMIF could have a
multifunctional role in the development of several human can-
cer types. Evidence shows that MIF exercises autocrine and
paracrine effects on cancer cells, promoting the proliferation
and migration of these cells, and inhibits apoptosis and autoph-
agy. It also contributes to shaping a tumor microenvironment
by acting on immune and non-immune cells, leading to
immunomodulation. Thus, the necessary conditions are created
for proliferation of cancer cells, resulting in growth, promotion,
and tumor invasion. Additionally, MIF acts systemically to in-
fluence a complex network of cellular signaling pathways,
leading to an imbalance of homeostasis and causing metabolic
disorders such as metabolic syndrome and its potential negative
implications on the immune system, which contribute to tumor
growth and the development of metastases.
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ABSTRACT: Optimization is reported for biaryltriazoles as
inhibitors of the tautomerase activity of human macrophage
migration inhibitory factor (MIF), a proinflammatory cytokine
associated with numerous inflammatory diseases and cancer. A
combined approach was taken featuring organic synthesis,
enzymatic assaying, crystallography, and modeling including
free-energy perturbation (FEP) calculations. X-ray crystal
structures for 3a and 3b bound to MIF are reported and
provided a basis for the modeling efforts. The accommodation
of the inhibitors in the binding site is striking with multiple
hydrogen bonds and aryl−aryl interactions. Additional
modeling encouraged pursuit of 5-phenoxyquinolinyl ana-
logues, which led to the very potent compound 3s. Activity was further enhanced by addition of a fluorine atom adjacent to the
phenolic hydroxyl group as in 3w, 3z, 3aa, and 3bb to strengthen a key hydrogen bond. It is also shown that physical properties
of the compounds can be modulated by variation of solvent-exposed substituents. Several of the compounds are likely the most
potent known MIF tautomerase inhibitors; the most active ones are more than 1000-fold more active than the well-studied (R)-
ISO-1 and more than 200-fold more active than the chromen-4-one Orita-13.

■ INTRODUCTION

Macrophage migration inhibitory factor (MIF) is a cytokine that
plays a central role in numerous inflammatory diseases.1−3MIF is
widely expressed in both immune and nonimmune cells
including macrophages, endothelial cells, and T-cells. Upon
activation, the cells release MIF, which promotes the release of
other inflammatory cytokines such as TNF-α and IL-1. Excessive
or chronic inflammatory response is associated with tissue
damage and autoimmune diseases such as rheumatoid arthritis,
Crohn’s disease, and lupus erythematosus. The connection
between inflammatory disease and cancer is also well-established,
and MIF has been shown to enhance cell proliferation by
inhibiting accumulation of the tumor suppressor p53 and by
promotion of angiogenesis.4 MIF is overexpressed in many
cancer cells and can serve as a marker for disease progression.
Furthermore, MIF in cancer cells is protected from degradation
by Hsp90, which has led to proposed targeting of Hsp90 as an
indirect way of inhibiting MIF function.5 Disruption of the
inflammatory cascade and restoration of normal p53 levels have
clear implications for the potential therapeutic value of inhibitors
of MIF signaling. Indeed, immunoneutralization of MIF or
deletion of the MIF gene is known to suppress inflammatory
response, tumor growth, and angiogenesis.1−4 At the molecular
level, what is needed is interference with the interaction between
MIF and its cell-surface receptor CD74.6

MIF is a toroid-shaped, trimeric protein with a total of 342
amino acid residues. Besides its role as a cytokine, MIF is a keto−
enol tautomerase. Though the enzymatic activity appears to be
vestigial in humans, there are three tautomerase active sites at the
interfaces of the monomer units opening to the outside of the
toroid. Inhibition of protein−protein interactions is often
challenging; however, the presence of the tautomerase sites
presents an opportunity for complexation of a tautomerase
inhibitor that may also interfere with MIF/CD74 binding. This
notion has been supported bymany studies that show correlation
between the inhibition of the enzymatic and biological activities
of MIF.7 For example, this has been demonstrated through assay
results for tautomerase activity, MIF/CD74 binding, and MIF-
induced phosphorylation of ERK1/2 in inflamed cells,
production of interleukins, glucocorticoid overriding ability,
and macrophage chemotactic migration.7−12 Nevertheless, the
discovery of potent MIF tautomerase inhibitors is not well
advanced as most inhibitors have arisen from screening exercises
with no lead optimization.8,11,12 In our efforts,8−10 lead
optimization has been limited by the lack of crystal structures
for our tautomerase inhibitors bound to MIF, associated
inconsistency between modeling results and activity data, and
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sensitivity of assay results to the substrate and protein source. As
described here, these issues have been overcome for the series of
biaryltriazoles, 1−3. In particular, we report crystal structures for
two complexes of derivatives of 3 with MIF, extensive structure−
activity data that is consistent with both crystallography and
modeling, and reliable assay protocols. The most active
compounds are ca. 1000-fold more potent as MIF tautomerase
inhibitors than the known MIF inhibitor (R)-ISO-1,13,14 which
has shown efficacy in rodent models as an anti-inflammatory and
anticancer agent.2,4

■ EXPERIMENTAL SECTION
Chemistry. In a previous report, we described the synthesis of 27

1,2,3-triazole derivatives in four motifs with a 4-hydroxyphenyl group at
the 1-position and a substituted benzyl or aryl group at the 4-position or
vice versa.10 These constructs arose from de novo design using the
program BOMB, which builds and scores libraries of compounds that it
grows in a binding site.15 Only three compounds were synthesized with a
an aryl group at the 4-position, namely, the 3-pyridinyl analogue 1 (X =
H, Z = OH) and the corresponding 1-naphthyl and 4-isoquinolinyl
alternatives. The modeling indicated that the nitrogen atom in the 3-
pyridinyl and 4-isoquinolinyl compounds would coordinate with the
ammonium group of a lysine residue (Lys32A) and that this interaction
would likely be lost and replaced by a repulsive interaction with the
oxygen of Ile64A in 2-pyridinyl and 2-quinolinyl analogues, that is, 2 and
3. However, 1 (X = H, Z = OH) and the isoquinolinyl analogue
exhibited unexpected behavior as agonists in an assay for binding of MIF
with the ectodomain of CD74.10 They also showed inconclusive
behavior in a MIF tautomerase assay; they appeared to be inactive or
weak agonists lacking dose-dependent character. This eventually raised
questions: (a) would the 2-pyridinyl and 2-quinolinyl isomers of the
agonists be agonists, antagonists, or inactive, and (b) if an appendage
were added in the 6-position of the pyridine ring in 1, could this convert
the agonist into an antagonist? As a crystal structure was not available for

Table 1. Results for Inhibition of the Tautomerase Activity of Human MIFa

compd X Y Z Ki (μM)b

1a H OH 37
1b MOEO OH 22
2a H OH 8.8
2b MOEO Cl ND (0%)
3a H H OH 0.59
3b MOEO H OH 0.65
3c AEOEO H OH 0.77
3d MOEO H F 8.9
3e MOEO H Cl ND (3%)
3f MOEO H NH2 ND (13%)
3g MOEO H OMe ND (0%)
3h MOEO H CN ND (8%)
3i MOEO H CONH2 ND (0%)
3j MOEO H 3-Me, 4-OH ND (15%)
3k MOEO H 3-OMe, 4-OH ND (8%)
3l H 3-Me OH 7.3
3m H 4-Me OH 2.3
3n H 8-Cl OH ND (16%)
3o H 8-OMe F 56
3p H 8-MOEO F 64
3q H 8-p-MeOPh OH ND (21%)
3r H 8-OPh OH 2.95
3s H 5-OPh OH 0.37
3t Mr(CH2)3O H OH 1.95
3u Mr(CH2)3O 3-Me OH 3.12
3v MrEOEO H OH 0.41
3w MrEOEO H 3-F, 4-OH 0.15
3x MrEOEO H F 29.6
3y H 5-p-MOEO-OPh OH 0.36
3z H 5-m-MOEO-OPh 3-F, 4-OH 0.082
3aa H 5-p-COOH-OPh 3-F, 4-OH 0.11
3bb H 5-m-COOH-OPh 3-F, 4-OH 0.057
4a H H OH 1.48
4b H H Cl ND (9%)
Orita-13 17
(R)-ISO-1 120

aMOEO = methoxyethoxy; AEOEO = aminoethoxyethoxy; Mr = N-morpholinyl. bND = Ki not determined; % inhibition at 10 μM in parentheses.
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any of our compounds bound to MIF, the structural analyses and
expectations for activity did not have firm footing. Thus, a scouting
mission was initiated for 1 (X =methoxyethoxy, Z =OH), 2 (X =H, Z =
OH), and 3 (X =H, Z =OH). As reported here, the surprising results led
to lead optimization of 2 and 3 for inhibition of MIF tautomerase
activity. The new compounds are listed as 1b−4b in Table 1; 4 is the 1,8-
naphthryidine analogue of 3, while (R)-ISO-1 and 3-(3,4-dihydrox-
yphenyl)-7-hydroxy-4H-chromen-4-one (Orita-13) are reference com-
pounds.13,16

The synthetic approach was conceptually straightforward featuring a
1,3-dipolar cycloaddition between an azide and a substituted 2-ethynyl-
pyridine, quinoline, or naphthyridine; however, access to the
appropriately substituted heterocycles was not always easy. Though
full details are provided in the Supporting Information, Schemes 1 and 2

illustrate the synthetic routes for two cases, 3s and 3q. Typically, 2-
chloroquinolinols are available commercially at low cost; however, this is
not the situation for 2-chloroquinolin-5-ol, which would have facilitated
the synthesis of 3s. Thus, starting with quinolin-5-ol, arylation was
followed by oxidation to theN-oxide, which was chlorinated17 to yield 2-
chloro-5-phenoxyquinoline. A standard sequence10 featuring Sonoga-
shira coupling with TMS-protected acetylene followed by one-pot,
Cu(I)-catalyzed reaction of the azide formed from an aryl bromide or
iodide then yielded 3s.18

With 3q (Scheme 2), a substituted phenyl group was desired in the 8-
position of the quinoline. This turned out to be challenging as numerous
attempts at Suzuki couplings failed. For example, couplings with the
triflate of 2-chloro-quinolin-8-ol gave at best 1:1 mixtures of 2- and 8-
arylation, and no desired product arose from attempted couplings of

either the 8-triflate or 8-pinacol boronic ester of 2-trimethylsilylethy-
nylquinolin-8-ol. Instead, starting with commercially available 4′-
methoxy-[1,1′-biphenyl]-2-amine, the desired 2-chloroquinoline was
built by acylation to the acrylamide, followed by cyclization to the
quinolone, and treatment with POCl3 at reflux (Scheme 2). 3q was then
completed via the Sonogashira-1,3-dipolar cyclization sequence.

The identity of assayed compounds was confirmed by 1H and 13C
NMR and high-resolution mass spectrometry; HPLC analyses
established purity as >95%. Measurements of aqueous solubilities
were carried out using a shake-flask procedure.19 Saturated solutions
were made by stirring excesses of the compounds in Britton-Robinson
buffer for 48 h at 30 °C. The pH of the buffer solutions was 6.5 as
measured by using a Corning General Purpose pH Combination probe
(4136L21). The supernatant was collected using a Pall Life Sciences
Acrodisc syringe filter with a 0.2 μm pore size, and analyzed by UV−vis
spectrophotometry (Agilent 8453). Piroxicam was used as a control; our
values of 7−9 μg/mL are consistent with the literature value of 5.9 μg/
mL.19

Computer Modeling. All structure building was carried out using
the BOMB program starting from a previously reported crystal structure
of human MIF with 4-hydroxyphenylpyruvate (PDB code: 1CA7)20 or
from our structure of the complex with 3b. Subsequent calculations
included energy minimizations and free-energy perturbation (FEP)
calculations with theMCPRO program.21 Details of the calculations are
described elsewhere.22 Briefly, the OPLS-AA force field is used for the
protein, OPLS/CM1A for the ligands, and TIP4P for water molecules.23

For the FEP calculations, the unbound ligands and complexes were
solvated in water caps with a 25 Å radius, amounting to ca. 2000 and
1250 water molecules, respectively. The 218 amino acid residues nearest
to the ligand were included in the model for the complexes. A residue-
based cutoff for nonbonded interactions was invoked at 10 Å. After short
conjugate-gradient optimizations, the backbone atoms of the protein
were fixed. The ligand and side chains with any atom within ca. 15 Å of
the ligand were fully sampled. All water molecules were sampled using
translations and rigid rotations. The FEP calculations used 11 or 21
windows of simple overlap sampling. Each window covered at least 10
million configurations of equilibration and 10 million configurations of
averaging for the complexes and 30 million configurations of averaging
for the unbound inhibitors.

Biology. Protein Expression and Purification. Recombinant human
MIF (rhMIF) was expressed as described previously.24 Escherichia coli
cells were pelleted by centrifugation and stored at −80 °C. The
purification followed published protocols24,25 with slight modifications.
Cell pellets were resuspended in a lysis buffer containing 20 mM Tris-
HCl pH 7.5, 20 mM sodium chloride, 10% glycerol, 2 mM magnesium
chloride, and 0.2× cOmplete EDTA-free protease inhibitor cocktail
(Roche), lysed by sonication and centrifuged at 27 000g for 30 min. The
supernatant was filtered through a 0.22 μm syringe filter and applied to
Hi-Trap SPHP andHi-Trap Q SP columns (GEHealthcare) in tandem.
As rhMIF did not bind to either ion-exchange resin, the flow-through
was collected, being sufficiently pure (∼90%) for crystallography.
Higher purity was achieved by size-exclusion chromatography on a
Superdex 200 16/60 column (GEHealthcare). The resulting rhMIF was
assessed by SDS gel electrophoresis to be of sufficiently high purity
(>95%) for tautomerase assays. Pure protein was concentrated to 30.6
mg/mL in 20% glycerol and stored at −80 °C.

Tautomerase Assay, Ki Determination. Inhibition of the tautomer-
ase activity of MIF was measured using 4-hydroxyphenyl pyruvic acid
(HPP) as substrate, largely following previously reported protocols.26

HPP was dissolved in 0.5 M acetate buffer, pH 6.0 to a final
concentration of 10 mM and incubated overnight at room temperature
to allow equilibration of the keto and enol forms. MIF (6 μL) was
premixed in 500 mM boric acid, pH 6.2 (142 μL) and transferred to a
transparent U bottom 96-well plate to a final concentration of 200 nM
MIF. It was important to optimize the protein concentration; this was
performed by analysis of progress curves for enol production at protein
concentrations of 50−800 nM. High signal-to-noise and linearity were
observed for 200 and 400 nM MIF; below these levels, weaker signal
limited accuracy of the results. Inhibitors were dissolved in DMSO to 10
mM and an initial screen was performed. For compounds that showed

Scheme 1. Synthesis of 3s

Scheme 2. Synthesis of 3q
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ca. 25% or greater inhibition at 10 μM, an inhibition constant, Ki, was
measured. Compounds were placed into wells (2 μL) at six different
concentrations and incubated for 30 min until the assay was started by
addition of HPP (50 μL) at two concentrations (1.0 and 2.5 mM). The
negative control was MIF incubated with DMSO vehicle, which in all
assays was 1% and did not influence tautomerase activity. MIF activity
was monitored at 305 nm for formation of the borate−enol complex
using an Infinite F500 plate reader (TECAN,Morrisville, NC) for 175 s.
Calculation of initial velocities and the nonlinear regression analyses for
the enzyme kinetics were repeated three times with the program Prism6
(GraphPad, La Jolla, CA). The results always fit better to the
competitive inhibition mode rather than the noncompetitive one,
which is consistent with the crystallographic results.
Previously, we had attempted assays using rhMIF purchased from

external vendors. This proved unsatisfactory as different vials of protein
showed great variation in activity, including totally inactive. Even
different vials received at the same time from the same vendor showed
different activities. The present assay results were all obtained with
protein prepared on only two occasions; when more protein was
needed, another aliquot was thawed, and never refrozen. Also, Orita-13
and/or 3b were used as control compounds when new rounds of assays
were conducted. The Ki results all fell in the range 13−22 μM for Orita-
13, and nine independent measurements for 3b yielded results of 0.55−
0.85 μM. Samples of Orita-13 and (R)-ISO-1 were purchased both from
Alfa Aesar and Santa Cruz Biotechnology; consistent spectra and Ki
results were obtained.
We also investigated use of L-dopachrome methyl ester (DOPA)

rather than HPP as the substrate in the manner of Orita et al.16 An
advantage in principle is that the absorbance is evaluated at 492 nm,
which may experience less interference from the inhibitors than the 305
nm detection with HPP. However, DOPA is photosensitive, which
limits the data collection to 25 s versus 175 s with HPP. The shorter
linear range for calculation of the initial velocities results in poorer fits for
the results at different concentrations and much less reliable Ki values.
Protein Crystallography. To obtain cocrystals of MIF in complex

with 3a, 100 μM 3a in DMSO was added to rhMIF (24 μg/mL) to
achieve a 3:1 molar ratio and incubated for 1 h at 5 °C. The solution was
centrifuged at 13 000g to remove precipitated compound and used to set
up hanging-drop crystallization experiments. A reservoir of 2.0 M
ammonium sulfate, 0.1 M Tris pH 7, and 3% isopropanol was added to
the protein solution in a 1:1 ratio and stored at 20 °C. Diffraction-quality
crystals with a rod morphology grew within 2 weeks. The crystals were
cryo-protected in 25% glycerol, 2.0M ammonium sulfate, 0.1MTris pH
7, and 3% isopropanol and shipped to the Advanced Photon Source for
remote data collection on the NE-CAT 24-ID-E beamline.
Cocrystals of MIF in complex with 3b were obtained by soaking

crystals of apoMIF. Crystals were obtained by the hanging-dropmethod
at 20 °C. A reservoir of 2.2 M ammonium sulfate, 0.1 M Tris pH 7, and
3% isopropanol mixed in a 1:1 ratio with rhMIF (16 mg/mL) was used
to produce 2 μL drops. Once crystals formed, 0.5 μL of a suspension of
10 mM 3b in 10% DMSO, 2.0 M ammonium sulfate, 90 mM Tris pH 7,
and 2.7% isopropanol was added to the drop and allowed to incubate for
14 days. Crystals were cryo-protected with 25% glycerol, 2.2 M
ammonium sulfate, 0.1 M Tris pH 7, and 3% isopropanol and diffracted
on a Rigaku 007 HF+ X-ray source equipped with a Saturn 944+ CCD
detector at Yale. Full details of the data collection and refinement for 3a
and 3b are provided in the Supporting Information.

■ RESULTS AND DISCUSSION

In presenting the results, a sense of the progression of events will
be given. The previous report was for work through mid-2010
and included 1a.10 The triazole series were not pursued again
until early 2012, when 1b, 2a, and 3awere synthesized. However,
the assay issues and protein access discussed above, which were
needed to allow report of the carefully controlled results in Table
1, were not fully worked out until 2013.
With the present assay protocols, the parent compounds 1a,

2a, and 3a are all MIF tautomerase inhibitors. Progression from

the 3-pyridinyl (1a) to 2-pyridinyl (2a) to 2-quinolinyl (3a)
derivatives shows strong enhancement in activity from 37 to 8.8
to 0.59 μM. For comparison, (R)-ISO-1, which is reported14 to
have an IC50 of 7 μM in a MIF tautomerase assay with DOPA as
the substrate, has a Ki of 120 μM in our assay. Issues with IC50
measurements are well-known; they depend on the concen-
tration and Michaelis constant (Km) of the substrate, while Ki is
an intrinsic measure of the binding of the protein and inhibitor.27

In an independent assay of ISO-1 using DOPA, an IC50 of >100
μM was reported; the discrepancy with the 7 μM value was
suggested to arise from use of different concentrations of
rhMIF.28 We also find Orita-13 with a Ki averaging 17 μM to be
much less active than from the previously reported Ki of 0.038
μM, again in a dopachrome assay.16 Orita-13 would seem to be
the most potent MIF inhibitor in the journal literature.11 It arose
from a screening study that reported Ki values for 14 compounds
with the next most potent compound at 0.28 μM.16 There have
been no follow-up reports with the compound except for a crystal
structure29 that found it rotated 180° in the binding site from the
original X-ray study,16 and it appears not to have been assayed
again until now. Though we find Orita-13 to be 7-fold more
active than ISO-1, it is 30-fold less active than 3a.

Crystallography. To progress from this point, a recurrent
conformational issue complicated modeling efforts.10 For 3a, as
an example, four principal geometries could be constructed in the
binding site, which can be labeled 3a-ud, 3a-dd, 3a-du, and 3a-
uu. These represent two conformers that can both be rotated
180° about the long axis in the binding site. The structure
building and energy minimizations with BOMB and MCPRO
could rule out 3a-ud and 3a-uu, but the preference between 3a-
dd and 3a-du was uncertain. 3a-dd is the higher-energy
conformer in the gas-phase than 3a-du, by 6 kcal/mol according
to OPLS/CM1A calculations, owing to the added quinoline N−
triazole N3 repulsion; however, 3a-dd appeared to make better
hydrogen-bonding interactions in the binding site.

This issue was resolved by obtaining the crystal structures for
3a and 3b in complex with MIF at resolutions of 2.60 and 1.81 Å,
respectively. As illustrated in Figure 1 for 3b, the crystal
structures of both complexes showed that 3a-dd is the preferred
geometry. The inhibitor is inserted such that the phenolic
hydroxyl group is hydrogen-bonded with Asn97C (r(OO) = 2.52
Å); there is also a hydrogen bond between N2 of the triazole and
the backbone NH of Ile64A (r(NN) = 2.90 Å), and there is the
striking complexation of the ammonium group of Lys32A by the
quinoline N, triazole N3, and O of Ile64A (r(NN) = 3.33, 2.95;
r(NO) = 2.81 Å), which requires the higher-energy 3a-dd
geometry. There are also aryl−aryl interactions between the
phenolic and quinolinyl fragments of the inhibitor and Tyr95C
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and Tyr36A, respectively, and Phe113A has contacts at the
junction of the quinoline and triazole. The structure appears very
well packed with a large number of favorable intermolecular
features given the size of the inhibitor. The crystal structures for
3a and 3b are essentially the same, and it was pleasing that the
methoxyethoxy substituent of 3b was well-resolved (Figure S2).
Though the substituent would be solvent-exposed in dilute
solution, in the crystal it is in contact with an adjacent MIF
trimer. The fact that 3a and 3b show the same activity (Table 1)
is fully consistent with the crystal structures. It may also be noted
that both crystal structures only have one of the three
tautomerase sites occupied by 3a or 3b, the remaining sites
being occupied by solvent and/or glycerol.
In previously reported crystal structures, hydrogen bonding

interactions for an inhibitor with the side chains of Asn97 and
Lys32 and with the backbone NH of Ile64 have frequently been
observed along with aryl−aryl contacts involving Tyr95 and
Phe113.16,20,29 The interactions with Lys32 have typically come
from a carbonyl or carboxylate group of the inhibitor. For
example, in the 3L5R structure for Orita-13, the hydroxyl group
of the chromen-4-one is hydrogen bonded with Asn97, and the
carbonyl oxygen atom is hydrogen-bonded to both Lys32 and the
NH of Ile64.29 The present structures are particularly striking
because the triazolylquinoline substructure provides three
separate hydrogen bonds with Lys32A and Ile64A as well as an
additional aryl−aryl interaction with Tyr36A (Figure 1). It may
also be noted that, in the present structures Pro1A, the catalytic
base for the tautomerase reaction and nucleophile for formation
of covalent inhibitors11 is probably protonated. One hydrogen
atom on the nitrogen is likely pointing toward the carbonyl
oxygen atom of Tyr36A with an N−O distance of 3.22 Å, while
there is a clear hydrogen bond between this carbonyl oxygen
atom and the hydroxyl group of Tyr95C at an O−O distance of
2.51 Å. If there is a second hydrogen atom on the Pro1A nitrogen
atom, it would be pointing toward N1 of the triazole (r(NN) =
3.25 Å), and there would be favorable cation−π interactions with
the electron-rich ring.
Phenyl and Quinolinyl Substituents.Having resolved the

structural issue, FEP calculations were performed to seek
substituent modifications in the phenyl and quinolinyl fragments
that could improve potency. The results are summarized in Table
2. It should be noted that Clx and Brx refer to modeling the

halogens with an extra partial positive charge, which allows
representation of halogen bonding.30 There is little empty space
in the vicinity of the phenolic hydroxyl group. The FEP results
indicated that all replacements of the hydroxyl group would be
unfavorable, though the penalty for switching to fluorine should
not be severe. There is a trade-off between loss of hydrogen-
bonding with Asn97C and a diminished dehydration penalty. An
amino group is not favorable since only one of the two amino
hydrogens can form a hydrogen bond to Asn97C. The activity
data for 3b and 3d−3i in Table 1 are consistent with the
predictions. Only the fluoro analogue 3d showed significant
activity with a Ki of 8.9 μM, ca. 15-fold higher than that for 3b.
For 3j and 3k, a methyl or methoxy substituent adjacent to the
hydroxyl group was also considered, but as expected from the
tight packing, these additions were unfavorable.
Turning to the quinoline ring, the 3-, 4-, and 8-positions were

first considered for possible additions of small groups. Structure-
building with BOMB suggested that at least a small alkyl group
might be accommodated at C3 or C4 in the space near Tyr36A.
However, the FEP results indicated that about the only hope
would be for a methyl group at C3 (Table 2), since we have
generally observed that the computed enhancement needs to be
beyond −2 kcal/mol to have good confidence in an observed
activity increase.15 Indeed, the assay results for 3l and 3m (7.3
and 2.3 μM) showed weaker inhibition than for the parent 3a
(0.59 μM), while 3t and its 3-methyl analogue 3u showed
essentially the same activity. In view of the FEP results for the
other options, further exploration at these sites was not pursued.
Structure building at C8 then suggested that addition of an

alkoxy group or substituted phenyl might provide additional
coordination with Lys32A (Figure 1). Enticing images could be
generated as in Figure 2 showing a possible cation−π interaction
in the latter case. Such interactions require representation of
explicit polarization effects in the force fields,23 so a confident
FEP result could not be obtained with OPLS/CM1A. The FEP
calculations were executed for nine options at C8, as shown in
Table 2 with the result that chlorine might be most promising.
However, the predicted ΔΔGb values of −1.49 and −2.06 kcal/
mol are on the fringe of the−2 kcal/mol threshold. In fact, the 8-
Cl analogue 3n was found to have diminished activity. The

Figure 1. Rendering of 3b bound to humanMIF from the 1.81 Å crystal
structure (PDP ID: 4WRB). Carbon atoms of 3b are shown in yellow;
some residues have been removed for clarity. Hydrogen bonds are
highlighted with dashed lines.

Table 2. MC/FEP Results for Changes in Free Energy of
Binding to Human MIFa

H to X ΔΔGb H to Yb ΔΔGb H to Yb ΔΔGb

F −2.27 3-F 0.15 4-OMe 0.02
Cl −1.77 3-Cl −0.82 4-OH 1.64
Clx −1.06 3-Clx −0.32 8-F −0.79
Br −1.16 3-Me −2.69 8-Cl −1.49
Brx −0.62 3-Et −1.56 8-Clx −2.06
Me 2.73 3-OMe 0.23 8-Me 0.61
Et 6.26 4-F 0.46 8-Et −0.11
NH2 1.89 4-Cl 0.32 8-OMe −0.51
OMe 0.14 4-Clx 0.18 8-OEt −0.16
OH −2.70 4-Me −1.00 8-MOM 0.27

4-Et −0.34 8-CH2F 0.40
aΔΔGb is the computed change in free energy of binding (kcal/mol);
Clx and Brx include X-sites to allow halogen bonding; the statistical
uncertainty in the results (±1σ) is 0.2 kcal/mol. bWith X = OH.
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ΔΔGb for an 8-methoxy group of −0.51 kcal/mol made it likely
that this modification would also be unproductive. This was
tested with 3o that has a fluorine replacing the phenolic hydroxyl
group; its Ki of 56 μM suggests that the phenol would be 4 or 0.8
μM, if the 3d/3b or 3x/3v ratio is transferable. Though the
oxygen of the methoxy group of 3o can form a hydrogen bond
with the ammonium group of Lys32, it is replacing a water
molecule that is fulfilling this role and it requires orientation of
the oxygen toward the quinoline N, which promotes lone pair−
lone pair repulsion. In the balance, consistent with the FEP
prediction, the 8-methoxy group in 3o and the methoxyethoxy
(MOEO) group in 3p did not provide a notable activity boost.
Returning to the possibility of a phenyl substituent at C8, as

noted in Scheme 2, there were challenges in the synthesis of such
compounds. Nevertheless, there was success with the p-methoxy
analogue 3q. In spite of the attractive graphics for 8-phenyl
analogues (Figure 2), 3q only showed 21% inhibition of MIF’s
tautomerase activity at 10 μM (Table 1). Lys32 is on the surface
of MIF, and it appears difficult to substitute favorably for the
water molecules on its solvent-exposed side. The possibility of
additional coordination from the ligand with Lys32A via the 1,8-
naphthyridine 4a was also considered; the result was a
respectable Ki of 1.48 μM, but not an improvement over 3a.
Still not relenting, structures were built with BOMB with a

phenoxy group at C5, C6, C7, and C8 of the quinoline ring. A
conformational search on the 8-phenoxy analogue indicated that
it would be better preorganized for binding and interaction with
Lys32A than the 8-methoxy alternative, and perhaps the phenoxy
groups might interact with other surface residues. In fact, energy
minimizations showed that this could be the case for the C5
(Figure 3) and C8 phenoxy compounds. Thus, this notion was
pursued yielding 3r and 3s. The 8-phenoxy analogue 3r is a 3.0
μM inhibitor, while the 5-phenoxy 3s at 0.37 μM did provide an
advance over 3a and 3b (Table 1). The presumption is that the
added intermolecular contacts illustrated in Figure 3 are
beneficial for binding.
Aqueous Solubility. From the crystal structures and

modeling, it was expected that physical properties of the
compounds could be modulated by variation of substituents
that would be solvent exposed. Attachments at the 6- or 7-
positions in the quinoline ring seemed likely to be appropriate

(Figures 1−3). For illustration, aqueous solubility was
considered. Thus, polyether-containing groups were appended
at C6 with the 6-hydroxy compounds as precursors. Aqueous
solubilities were measured for a series of four compounds as
summarized in Scheme 3. The solubilities of 3a (2.2 μg/mL or

7.6 μM) and 3b (3.6 μg/mL or 9.9 μM) are surprisingly low
given the small size, percentage of heteroatoms, and the
computed octanol/water partition coefficients of 3.3 to 4.0
from ChemDraw and QikProp.31,32 When experimental data for
log S and log Po/w are analyzed,

33 a rule-of-thumb is log S = −log
Po/w − 0.2 with r2 = 0.70 and rms = 1.0 for 271 compounds with
log Po/w > 0. Thus, log S ≈ 10−4 or S ≈ 100 μM for 3a and 3b
could be expected within a factor of 10. The observed results are
at the very bottom of this range. Addition of the amino group in
3c has the expected qualitative effect, raising the solubility to 13.9
μg/mL. A further 3−4-fold boost is obtained upon replacement
of the amino group with N-morpholinyl, a well-known
solubilizing group.34,35 3v is potent with a Ki of 0.41 μM, and
its solubility of 48.5 μg/mL (1.05 × 10−4 M) is well inside the
range normally observed for oral drugs, 4−4000 μg/mL.33 The
ClogP appears to be high in this case; the pattern for the four
compounds fromQikProp seemsmore reasonable. The predicted

Figure 2. Computed structure for an analogue of 3a with a phenyl
substituent on C8 of the quinoline highlighting a possible cation−π
interaction with Lys32A. Carbon atoms of the ligand are in yellow; the
ammonium group of Lys32A is shown as a blue sphere. Some residues
have been removed for clarity.

Figure 3. Computed structure for 5-phenoxy-containing 3s bound to
human MIF illustrating surface contact and a possible aryl−aryl
interaction with Tyr36A. Carbon atoms of the ligand are in yellow. Some
residues have been removed for clarity.

Scheme 3. Experimental Solubilites (S, μg/mL) and
Computed log P
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solubility from QikProp of 0.2 × 10−4 M for 3v is also within
normal error bounds.32

Final Compounds. Given the good results for 3s and 3v,
additional analogues were synthesized to again test the impact of
replacing the phenolic hydroxyl group with fluorine (3x) and for
addition of a fluorine adjacent to the hydroxyl group (3w, 3z, 3aa,
3bb). Though methyl and methoxy groups could not be
accommodated at the meta position (3j and 3k), fluorine is
smaller and it is expected to enhance the hydrogen-bond donor
character of the hydroxyl group and strengthen the hydrogen
bond with Asn97C. This idea was fruitful, as 3w with a Ki of 0.15
μM is 3-fold more potent than 3v. The added fluorine makes 3w
somewhat less soluble with S = 27.2 μg/mL. The same idea was
then applied to the 5-phenoxy compounds. Addition of a para-
methoxyethoxy group in 3y did not change the potency from that
of 3s, since the added group is expected to be largely solvent-
exposed (Figure 3). However, again several-fold enhancements
of the potency accompanied introduction of a meta solubilizing
group along with a fluorine adjacent to the hydroxyl group
yielding the most potent compounds, 3z and 3bb, with Ki values
of 0.082 and 0.057 μM. The solubility of 3bb was also measured;
the result of 47.2 μg/mL further supports the potential value of
this compound.

■ CONCLUSION
The purpose of this work was to optimize biaryltriazoles as
inhibitors of the tautomerase activity of humanMIF. A combined
approach was taken featuring organic synthesis, enzymatic
assaying, crystallography, and modeling including FEP calcu-
lations. The acquisition of the crystal structures for 3a and 3b
bound to MIF provided important proof that the inhibitors were
bound in the tautomerase active site and a firmer structural
foundation for the modeling. Exploration of the structure−
activity relationships using a carefully optimized and controlled
tautomerase assay showed that it was challenging to improve on
the activity of 3a and 3b owing to the limited size of the binding
site and the exquisite accommodation of the inhibitors through
multiple hydrogen bonds and aryl−aryl interactions (Figure 1).
Some enticing possibilities such as introduction of an alkoxy or
phenyl substituent at the 8-position in the quinoline ring (Figure
2) did not produce more potent compounds. Additional
modeling with the BOMB program encouraged pursuit of 5-
phenoxy analogues (Figure 3), which did deliver a gain in
potency with 3s. Consideration of appendages at the 6-position
of the quinoline ring led to 3v, which is both highly soluble and
potent. Finally, addition of a meta-fluorine to enhance the

hydrogen bonding with Asn97C yielded additional gains in
potency with 3w, 3z, 3aa, and 3bb. WithKi values below 100 nM,
3z and 3bb are likely the most potent known inhibitors of the
tautomerase activity of human MIF; they are more than 1000-
fold more active than the well-studied (R)-ISO-1 and more than
200-fold more active than the chromen-4-one Orita-13.
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ABSTRACT: Aqueous solubilities and activities have been measured for 17 members
of the quinolinyltriazole series of inhibitors of human macrophage migration
inhibitory factor (MIF). Systematic variation of a solvent-exposed substituent
provided increases in solubility from 2 μg/mL for the parent compound 3a up to 867
μg/mL. The low solubility of 3a results from its near-planar structure and an
intermolecular hydrogen bond, as revealed in a small-molecule X-ray structure.
Removal of the hydrogen bond yields a 3-fold increase in solubility, but a 7-fold drop
in activity. 5b emerges as the most potent MIF inhibitor with a Ki of 14 nM and good
solubility, 47 μg/mL, while 4e has both high potency and solubility.

KEYWORDS: Aqueous solubility, MIF inhibitors, crystallography

Aqueous solubility is well-known as a critical property in the
development of drugs.1−5 Poor solubility is associated with

difficulties in the reliable performance of assays, in obtaining oral
formulations for in vivo administration, and in bioavailability. On
the other hand, high solubility may lead to poor cell permeability
and rapid excretion. The optimal range for the aqueous solubility
S of drugs intended for oral delivery is ca. 10 μM to 10 mM or,
equivalently, 4−4000 μg/mL for a compound with a molecular
weight of 400.2 Oral drugs with solubilities below 1 μM are very
rare.
Poor solubility is a common issue in drug discovery efforts,

since hydrophobic compounds bind well to target proteins for
the same reasons that proteins fold to shield their hydrophobic
groups from the aqueous environment. The problems may arise
early from poorly soluble compounds that are obtained as hits in
high-throughput screening. They often become aggravated
during lead optimization, since the most reliable way to increase
potency is to add hydrophobic substituents that fill hydrophobic
regions in the target’s binding site. Consistently, target proteins
with highly hydrophobic binding sites are particularly prone to
inhibitor designs with poor solubility. A classic example is non-
nucleoside inhibitors of HIV-1 reverse transcriptase, NNRTIs.6

The binding site in this case features a cluster of residues with
aliphatic and aromatic side chains, and poor solubility has
characterized many classes of NNRTIs. This is especially true for
diaminopyrimidines, including the FDA-approved drugs etravir-
ine and rilpivirine (1). In comparison to 1, we were able to
increase the solubility ca. 700-fold to 14 μg/mL for the triazine
analogue with a morpholinylpropoxy substituent (2) while
retaining excellent potency in infected T-cell assays.7 This
illustrates the basic principle for improving solubility without loss
of potency: add conformationally flexible substituents with polar
groups to a site in the inhibitor that is solvent-exposed in the
complex with the protein. The benefit of flexibility includes the
entropic gain from populating more conformers in solution than

in the crystal. A corollary is to reduce planarity for inhibitors with
multiple aromatic rings, which also leads to less tight packing in
the crystalline state.8 However, the addition of polar groups
comes with uncertainties, since they may also form stabilizing
hydrogen bonds in the crystal.

More recently, solubility has become an issue in our
development of inhibitors of the tautomerase activity of the
human macrophage migration inhibitory factor (MIF).9

Specifically, surprisingly low solubility of 2.2 μg/mL was found
for the parent quinolinyltriazole 3a (R = H), which arose from de
novo design. However, modeling indicated that substituents at
the 6- and 7-positions of the quinoline ring should be solvent
exposed. This expectation was confirmed by obtaining X-ray
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crystal structures for 3a and the R = methoxyethoxy (MOEO)
analogue 3d (Figure 1). The binding site is again seen to include

multiple residues with aromatic and aliphatic side chains. The
poor solubility of 3a in spite of its four nitrogen atoms and
hydroxyl group can be attributed to its expected near planarity,10

which has now been confirmed by a small molecule crystal
structure.11 As illustrated in Figure 2, the nearly planar
monomers are well-stacked in the crystal structure and there
are also intermolecular hydrogen bonds between the quinoline
nitrogen atoms and phenolic hydroxyl groups (2.73 Å) in
adjacent molecules (Figure 3). As expected, 3a in isolation or in
the crystal adopts a conformation with the quinoline nitrogen
atom anti to N3 of the triazole ring to minimize lone-pair
repulsion, while the conformation is syn in the complex withMIF
to provide optimal coordination of the ammonium group of
Lys32A (Figure 1).
Under the circumstances, it was decided to explore the

solubility range that could be obtained by systematic variation of
the substituent R in the 6-position of 3 and 4. Two analogues of
59 were also considered along with the deshydroxy compound 6.
Disruption of planarity by, e.g., addition of a substituent at C3 of

the quinoline is not viable, as it is accompanied by large decreases
in potency in view of the slot-like binding site (Figure 1) and
coordination of Lys32.9 In all, aqueous solubilities and inhibition
constants Ki were determined for 17 analogues with 11 different
substituents, as reported in Table 1. The aqueous solubilities
were measured with a standard shake-flask procedure.6,9,12

Saturated solutions are obtained by stirring for 2 days in Britton−
Robinson buffer (pH 6.5), followed by filtration (Acrodisc
syringe, 0.2 μm pore) and UV−vis analysis (Agilent 8453).
Piroxicam has been used as a control more than 10 times, yielding
S = 6.5± 1.7 μg/mL, which is consistent with a reference value of
6.36 ± 0.04 μg/mL.12 The inhibition constants were also
determined as before using 4-hydroxyphenylpyruvic acid (HPP)
as the substrate.9,13,14 Inhibitory activity is monitored by
measuring formation of the borate complex of the enol product
at 305 nm using a Tecan Infinite F500 plate reader. Nine of the
17 inhibitors have been reported previously;9,13 the synthetic and
spectroscopic details for the new compounds (3b, 3c, 3e, 3f, 3i,
4c, 4e, 6) are provided in the Supporting Information.
As reflected in Table 1, to improve solubility, we favor

substituents that contain alkyleneoxy linkages with hydroxy,
amino, and carboxylic acid termini. Amide and ester components
are viewed as less desirable for drug prospects, owing to their
potential decomposition by proteolytic enzymes. All compounds
showed solubility gains over the parent 3a. Among the smallest
substituents, the benefits for the hydroxyethoxy and amino-
ethoxy analogues 3b and 3c were modest, while the
carboxymethoxy analogue 3i provided a striking solubility
boost to 365 μg/mL.

Though it worked well in the present cases, in general, the impact
of addition of substituents with a carboxylic acid is uncertain,

Figure 1.Rendering from the 1.8-Å crystal structure of 3d bound toMIF
(PDB ID: 4WRB).9 Carbon atoms of 3d are colored yellow. Some
residues in front of the ligand have been removed for clarity.
Coordination of Lys32A is highlighted with dashed lines; the
methoxyethoxy group on C6 of the quinoline is solvent-exposed.

Figure 2. Illustration of the packing in the 0.84-Å crystal structure of 3a.
The space group is Pca21. The thermal ellipsoids are depicted at the 50%
probability level. The CCDC ID is 1514977.

Figure 3. Close-up of the intermolecular hydrogen bonding in the
crystal structure of 3a.
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since carboxylic acids often form hydrogen-bonded dimers in
their crystals.4,15 The purely ether-containing substituents in 3d,
3e, and 3f also just gave modest improvements for the solubility,
and it is notable that addition of a second ethyleneoxy unit in
going from 3d to 3e was not helpful. However, significant gains
were found with amino-containing substituents in 3g and 3h.16 It
is well-known that introduction of morpholine and related
heterocycles is normally successful in improving aqueous
solubility.5,7 The groups are expected to be protonated at
physiological pH, which benefits hydration, and their saturated,
nonplanar character eschews tight crystal packing.

Turning to 4a−4e, addition of the fluorine atom adjacent to
the phenolic hydroxyl group reduces solubility by factors of ca.
2−10 for the matched pairs 4a and 3g, 4b and 3h, and 4c and 3i.
This is the typical direction in view of the increase in
hydrophobicity, except in special cases where the fluorine is 2
or 3 carbon atoms removed from an oxygen.5,17 Lengthening the
linker by twomethylene units in going from 4c to 4d reduced the
solubility from 37 to 19 μg/mL; however, addition of an
ethyleneoxy group in progressing to 4e was very beneficial,
yielding a 23-fold boost to 867 μg/mL. For 5a and 5b, the
improvements with a carboxylic acid group are again apparent.
Then, with 6, removal of the intermolecular hydrogen bond in
the crystal was tested; the result of 1046 μg/mL reflects a 3-fold
increase over the solubility of 3i.
In Table 1, computed octanol/water partition coefficients,

ClogP and QPlogP, have been included as determined by
ChemDraw and QikProp.18,19 These are of interest as a measure
of hydrophobicity and since log P and log S values are known to
be correlated. The solubility equation of Yalkowsky estimates log
S = 0.5 − log P − 0.01(tm −25), where tm is the melting
point,2,5,20 and a simpler relationship is log S =−log P− 0.2 with

an rms error of 1.0 log unit.9 Thus, log S does decrease linearly
with increasing hydrophobicity, as represented by log P, but
much quantitative uncertainty is associated with the crystalline
state, as reflected in tm and other terms that have been introduced
to represent it in predictive methods.2 The log P predictions with
the present methods are in generally good accord with an average
difference of 0.62, though the discrepancies for 3c, 3h, and 4b are
greater than 1 log unit. Presently, log P is not found to be a good
predictor of log S. For 3a−3e, the log P values would suggest
solubilities in the 10−3 to 10−4 M range, while the observed values
are closer to 10−5 M, owing presumably to the π-stacking in the
crystals (Figure 2). Differences in log P are also not a good gauge
of differences in log S for the present compounds. For example,
5amight be expected to be 100-fold less soluble than 3d based on
log P, but it is more soluble; similarly, the enhanced solubility of
4e is not reflected in its log P.
Concerning the Yalkowsky equation, routine measurement of

melting points is not common today in drug discovery settings.
However, we did measure the melting points of several of the
compounds. They are 200−205 °C for 3d, 268−270 °C for 4d,
and 230−235 °C for 4e. Application of the Yalkowsky equation
using the average of the two log P values in Table 1 then yields
predicted log S values of −5.0, −5.9, and −5.0 for the three
compounds, respectively, which translate to 3.5, 0.5, and 3.9 μg/
mL. Thus, compared to the experimental solubilities in Table 1,
the prediction for 3d is accurate, but the enhanced solubilities for
4d and 4e are completely missed. Even differences in solubility
are difficult to predict, and, if solubility is an important issue,
there is no alternative but to measure it.
Finally, for the Ki results, the tautomerase assay was repeated

for all of the listed compounds in this report in order to limit
variations from the protein preparation, incubation times, and
spectrometer.13 For 3a−3i, the activities are mostly in a narrow
range of 0.2−0.4 μM, which is expected since the structural
variations are only for the solvent-exposed substituent; additional
modulation may come from interactions with residues on the
surface of MIF. For example, the greater potency for 3e may
result from the CH3O(CH2CH2O)2 appendage curling back and
making hydrophobic contacts with the rings of Pro33 and Pro34,
which are in the gray area above Lys32 in Figure 1. The presentKi
results for 3a, 3g, and 3h also agree well with Kd values that we
reported recently for these compounds from a fluorescence
polarization assay.14 As found previously,9,14 addition of the
fluorine in going from 3 to 4, e.g., 3g to 4a or 3h to 4b, enhances
the activities ca. 3-fold, owing to contact with Met101 and
enhancement of the hydrogen bond between the phenolic
hydroxyl group and Asn97. Modeling also suggested introduc-
tion of the phenoxy group at C5 of the quinoline fragment to pick
up contacts with Tyr36,9,14 which has yielded the most potent
compounds, 5a and 5b. In addition, the importance of the
hydrogen bond between the phenolic OH and Asn97 was
confirmed by the increase inKi to 1.37 μM for 6 from 0.20 μM for
3i. As an additional control, the reference MIF inhibitor (R)-
ISO-1 (7)21 was also assayed; the observed Ki of 27.3 μM is
similar to the prior average value of 24 μM from multiple
measurements.14

The principal purpose of this study was to explore systemati-
cally the effects of variations of a solvent-exposed substituent on

Table 1. Computed Octanol/Water log P’s, Experimental
Aqueous Solubility at pH 6.5 (S in μg/mL), and Ki (μM)

Cp R ClogP QPa S Ki

3a H 3.80 3.32 2.2 0.23
3b HOCH2CH2O 3.22 2.88 2.6 0.53
3cb H2NCH2CH2O 3.29 2.12 3.7 0.26
3d H3COCH2CH2O 3.98 3.49 3.6 0.20
3e H3CO(CH2CH2O)2 3.85 3.81 2.4 0.147
3f 2-THP-CH2O 4.89 4.07 3.4 0.27
3gb H2N(CH2CH2O)2 3.36 2.43 13.9 0.36
3hc 4-Mr(CH2CH2O)2 4.24 2.82 48.5 0.161
3i HOOCCH2O 3.04 2.64 365 0.20
4ab H2N(CH2CH2O)2 3.35 2.77 9.1 0.144
4b 4-Mr(CH2CH2O)2 4.24 3.16 27.2 0.074
4c HOOCCH2O 3.38 2.98 37.0 0.048
4d HOOC(CH2)3O 4.06 3.90 19.2 0.039
4e HOOCCH2OCH2CH2O 3.63 3.30 867 0.037
5a H3COCH2CH2O 5.70 5.54 6.1 0.024
5b HOOC 5.64 4.70 47.2 0.014
6d HOOCCH2O 2.48 3.32 1046 1.37
7e 27.3

aQPlogP. bTFA salt. cMr = morpholinyl. ddes-Hydroxy analogue of 3i.
e(R)-ISO-1.
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aqueous solubility in a drug-like series. The related work in the
literature is largely scattered and less extensive, though the
matched pair study of Zhang et al.4 and the study of polyether
and alcohol substituents by Zhu et al.22 are particularly notable.
The sequence of substituents in Table 1 may be of use to others
who are faced with a similar challenge, though the quantitative
outcomes will undoubtedly be different for other molecular
series. However, the present and earlier results5,7 do point to the
utility of the addition of polyether chains terminated with a
morpholine ring or surrogates for improving aqueous solubility.
In the present case, addition of polyether chains with a carboxylic
acid was also highly effective.
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Macrophage migration inhibitory factor (MIF) is a proinflamma-
tory cytokine that is implicated in the regulation of inflamma-

tion, cell proliferation, and neurological disorders. MIF is also

an enzyme that functions as a keto–enol tautomerase. Most
potent MIF tautomerase inhibitors incorporate a phenol, which

hydrogen bonds to Asn97 in the active site. Starting from a
113-mm docking hit, we report results of structure-based and

computer-aided design that have provided substituted pyra-
zoles as phenol alternatives with potencies of 60–70 nm. Crys-

tal structures of complexes of MIF with the pyrazoles highlight

the contributions of hydrogen bonding with Lys32 and Asn97,
and aryl–aryl interactions with Tyr36, Tyr95, and Phe113 to the

binding.

Human macrophage migration inhibitory factor (MIF) is a

proinflammatory cytokine that is implicated in the pathogene-

sis of numerous inflammatory diseases,[1] neurological disor-
ders,[2] and cancer.[3] MIF is expressed in many cell types and its

tissue distribution is wide-spread. Upon activation of cells such
as macrophages, monocytes and T-cells, expression of MIF in

turn activates release of inflammatory cytokines including in-
terleukins, interferon, and TNFa. Complex signaling pathways

are invoked when MIF binds to its membrane-bound receptors

CD74 and CXCR4, leading to leukocyte chemotaxis, inflamma-
tory response, and potential tissue damage.[3] Strong correla-

tion is observed between MIF expression and the severity of
many inflammatory and autoimmune diseases including

asthma, sepsis, lupus, and rheumatoid arthritis.[4] For cancer,
the AKT pathway may be activated by MIF binding causing

suppression of apoptosis by inhibition of the normal action of
BAD, BAX, and p53.[3] However, MIF’s role in cancer is multifac-
eted with undesirable effects also on cell proliferation, angio-

genesis, and metastasis ;[3, 4] MIF is over-expressed in most
human cancer cells.[5]

Interestingly, MIF also shows enzymatic activity as a keto-
enol tautomerase. MIF is a toroid-shaped, trimeric protein con-

sisting of 342 amino acid residues with three identical active
sites occurring at the interfaces of the monomer subunits.[6]

The active sites are small, relatively cylindrical and open to the

surface of the protein in the vicinity of Pro1, which serves as
the catalytic base. The resultant strategy for interference with

the binding of MIF to its receptor CD74 is then to find tauto-
merase inhibitors that change the surface characteristics of

MIF.[6] Indeed, numerous studies have shown a correlation be-
tween inhibition of the enzymatic and biological activities of

MIF by measuring tautomerase activity, and, for example, MIF/

CD74 binding, protein phosphorylation in inflamed cells, pro-
duction of interleukins, and glucocorticoid overriding ability.[6, 7]

Though many MIF tautomerase inhibitors have been discov-
ered through screening of compound libraries,[6, 8] lead optimi-

zation to give inhibitors with nanomolar potency has been lim-
ited. In fact we have tested the most promising compounds

from the literature in a tautomerase inhibition assay[9] and only

found compounds from one patent[10] and our biaryltriazole
series[11] to have sub-micromolar Ki values. The results were

confirmed by measurement of Kd values in a fluorescence po-
larization assay.[12] Exemplary potent compounds are 1 (NVS-

2[10]) and 2[11] with Ki values of ~0.03 mm, which are ~1000-fold
lower than for well-known MIF inhibitors such as 3 ((R,S)-ISO-
1[13]) and the chromen-4-one 4[6a] (Figure 1).

A feature, which is addressed here, is that 1–4 and many
other noncovalent MIF tautomerase inhibitors and substrates

contain a phenol subunit, which lodges in the back of the
active site and forms hydrogen bonds with the side chain of

Asn97 (Figure 2).[6, 11, 12] Though there are more than 125 ap-
proved drugs that contain a phenolic group including, for ex-

Figure 1. Examples of MIF tautomerase inhibitors with Ki data from Ref. [12] .
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ample, acetaminophen, albuterol, amoxicillin, raloxifene, and
doxycycline, the oral bioavailability of phenols is well-known to

often be unacceptably low owing to metabolic glucoronida-
tion[14] and/or sulfation.[15] Thus, we set out to find a phenol-

free series of MIF tautomerase inhibitors with low-nanomolar

potencies.
Success in the past has come from exchange of the phenol

for a 6:5 fused heteroaromatic incorporating a pyrrole or pyra-
zole that retains the hydrogen-bond donating character of

phenol.[16] However, the MIF active site is too constricted near
Asn97 for this approach to be viable; addition of a methyl

group ortho to the hydroxy group for the compound in

Figure 2 leads to a ~100-fold loss in activity.[11a] Instead, our in-
terest has focused on replacement of the phenol by a pyrazole.

Owing to the geometrical differences, this requires exploration
of new series with a pyrazole core. Fortunately, in the initial vir-

tual screening study[8a] 11 compounds were found to be active
in an assay that measured interference of binding between

MIF and immobilized CD74 ecto-

domain; and, one contained a pyr-
azole with the expected hydrogen
bonds to Asn97 in the docked
structure. This compound, 5
(Figure 3), gave an IC50 of 15 mm in
the binding assay; however, it

showed little activity in a tauto-
merase assay using 4-hydroxyphe-

nylpyruvate (HPP) as the substrate, with a maximum of 30 %
inhibition at 50 mm.[8a] Thus, we pursued alternative series from
the virtual screening and from de novo design, which provided

the biaryltriazoles including 2.[11] However, our interest in 5
was renewed because in another phenol-containing inhibitor

series[7b] rapid metabolic glucoronidation and sulfation were

observed. It was decided to retest 5 in an HPP tautomerase
assay using optimized protocols in our laboratory.[9] Though

the Ki for 5 from this assay was only 113 mm, in view of its low
molecular weight and possibilities for substitution in the

phenyl ring, we were encouraged to perform structure-based,
computer-aided lead optimization.[17] As detailed here, this has

been successful in providing pyrazole derivatives with ~2000-
fold greater potency.

In working with 5, it was noted that it had high solubility in
polar media. This motivated successful pursuit of a crystal

structure with MIF in spite of the modest Ki (Figure 4). There

are two copies of 5 in each MIF trimer. The expected hydrogen

bonds with Asn97 have average N@O and N@N lengths of 3.0
and 3.1 a, while Lys32 has hydrogen bonds with the carboxyl-

ate group of 5 (3.0 and 2.7 a) and the oxygen atom of Ile64

(2.7 a). The NH of Ile64 also forms one with the carboxylate
(2.9 a), and the phenyl ring of 5 is well packed between Pro1,

Tyr95, and Phe113. From this structure and model building
with the BOMB program,[17b] substitution para to the pyrazolyl

group seemed likely to yield beneficial interactions with Tyr36
and possibly Phe113. Thus, constructs 6–8 were pursued
where R1 was mostly an aryl group (Figure 5).

The syntheses of 6–8 are detailed in the Supporting Informa-
tion. As summarized in Scheme 1, the key steps started from

the commercially available phenyl iodide 9, which underwent
Pd- or Cu-mediated coupling to yield phenylaryl, arylanilinyl, or

biaryl ether derivatives 10–12. Installation of the pyrazole was

then achieved by a Suzuki coupling to yield esters 13–15,
which were hydrolyzed under mild conditions to provide the

desired carboxylic acids.
The compounds reported here are listed in Table 1 along

with the results from the tautomerase assay. The identity of as-
sayed compounds was confirmed by 1H and 13C NMR and

Figure 2. Rendering from a 1.8-a crystal structure of an analogue of com-
pound 2 bound to MIF.[11a] Carbon atoms of the inhibitor are colored yellow.
Hydrogen bonds are indicated with dashed lines.

Figure 3. Docking hit 5.[8a]

Figure 4. Rendering from the 2.0-a crystal structure of compound 5 bound
to MIF. Details as in Figure 2.

Figure 5. Designs for pyrazole-based MIF inhibitors.
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high-resolution mass spectrometry; HPLC analyses established
purity as >95 %. As in prior studies, the inhibition constants Ki

were determined using HPP as the substrate.[9, 11] Inhibitory ac-

tivity is measured from formation of the borate complex of the
enol product at 305 nm using a plate reader. Absorbance is

measured in triplicate on two occasions. The average Ki results
are reported; the standard error is typically 10–20 % of the Ki

value. In addition, the aqueous solubilities of several com-
pounds were determined with a shake-flask procedure.[11, 12, 18]

Saturated solutions are filtered and analyzed by UV-vis spec-

troscopy.
Consistent with the modeling, addition of an aryl group in 6

did provide a significant boost over 5, bringing the Ki values
down to ~20 mm for a phenyl or 1-naphthyl group and to

5 mm for 2-naphthyl (6 c). The analogous anilinyl and phenoxy
compounds, 7 a and 8 a, were prepared, and the greater activi-

ty and pharmacological desirability of diaryl ethers placed the
subsequent focus on the latter series. A 2.3-a crystal structure
for the complex of 8 a with MIF was also obtained (Figure 6),

which does show aryl–aryl contacts between the phenoxy
phenyl group and both Tyr36 and Phe113. A basic SAR (struc-

ture–activity relationship) study was then carried out with 8 b–
8 f, which revealed a small activity range for addition of a

methyl or fluoro substituent, with para-substitution the least

favored. Consistent with this guidance, the 2-naphthyl ana-
logue 8 g was found to show good activity at 4.3 mm ; the

BOMB modeling indicated increased contact with Phe113 pro-
jecting to the right in Figure 6. Modeling further indicated that

still larger hydrophobic groups could be accommodated in
this region at the entrance of the MIF active site. This was

Scheme 1. Synthesis of pyrazole-based MIF inhibitors.

Table 1. Experimental inhibition constants.

Compd R1[a] R2 Z X Ki [mm]

5 H – – – 113
6 a Ph – – – 20.6
6 b 1-Np – – – 19.5
6 c 2-Np – – – 5.4
7 a Ph H – – 12.7
7 b 2-Np Me – – 4.2
8 a Ph – COOH H 6.8
8 b o-MePh – COOH H 4.3
8 c m-MePh – COOH H 3.8
8 d p-MePh – COOH H 7.0
8 e m-FPh – COOH H 1.7
8 f p-FPh – COOH H 4.6
8 g 2-Np – COOH H 4.3
8 h 2-Np – SO2Me H 6.4
8 i 2-Np – SO2NH2 H 5.6
8 j 9-phenanthryl – COOH H 2.3
8 k 2-adamantyl – COOH H 2.6
8 l 4-Acen – COOH H 1.1
8 m 1-Np – COOH F 0.48
8 n 2-Np – COOH F 0.51
8 o 4-Et-2-Np – COOH F 0.15
8 p 5-Et-2-Np – COOH F 0.17
8 q 7-Et-2-Np – COOH F 0.14
8 r 4-cPr-2-Np – COOH F 0.11
8 s 4-cPr,7-Et-2-Np – COOH F 0.066
8 t p-Bp – COOH F 0.35
8 u m-Bp – COOH F 0.13
8 v 3,5-diMe-m-Bp – COOH F 0.24
8 w 4-OEt-m-Bp – COOH F 0.075
8 x 4-MrPrO-m-Bp – COOH F 0.067

[a] Np = naphthyl ; Acen = 1,2-dihydroacenaphthyl ; cPr = cyclopropyl ; Bp =

biphenyl ; MrPrO = N-morpholinylpropoxy.
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borne out by Ki values of 1–3 mm obtained for phen-

anthryl, adamantyl, and acenaphthyl analogues, 8 j–
8 l (Figure 7). However, the project seemed stalled at
this point without reaching the desired low-nanomo-

lar range and with increasing concerns about solubili-
ty.

For the biaryltriazoles series, it was recalled that
placement of a fluorine adjacent to the hydroxy

group in compounds like 2 provided a ~3-fold in-

crease in activity.[11] The effect was attributed to en-
hancing the acidity of the phenol, which increases

the strength of the hydrogen bond with Asn97, and
also to hydrophobic contact of the fluorine with the

side chain of Met 101 (Figure 2). For the pyrazoles, the en-
hanced hydrogen bonding could be envisioned for a fluorine

at the 3-position; however, the fluorine would project more

toward the side chain of Ile64 rather than Met101 with uncer-
tain outcome (Figure 4). Still, a potential additional benefit

might arise from the influence of the fluorine on the tautomer-
ic equilibrium for the pyrazole. Reliable quantum mechanical

calculations (MP2/6-311 + + G**) show that the N1-H tautomer
is favored by 3.6 kcal mol@1 over the N2-H tautomer with a flu-

orine in the 3-position (Figure 8).[19] From the present crystal
structures the hydrogen bonds are expected to be more linear

for the N1-H tautomer as implied by the alignment of the side-
chain oxygen atom of Asn97 and N1 in Figures 4 and 6.

Preparation of the fluorinated pyrazole for the Suzuki cou-
pling in Scheme 1 proved difficult. Multiple routes were at-
tempted, but success was only achieved using a SEM [2-(trime-
thylsilyl)ethoxymethyl] protecting group; the yield was still

low, but sufficient to proceed (Scheme 2).

The effort was highly fruitful yielding a nearly 10-fold in-
crease in potency in progressing from the parent 2-naphthyl

inhibitor 8 g (4.3 mm) to its fluorinated analogue 8 n (0.51 mm).

It was also possible to obtain a crystal structure for this com-
pound in complex with MIF at 2.0-a resolution (Figure 9). The

structure confirmed the positioning of the fluorine between
the side chains of Ile64 and Met101. There is one copy of the

inhibitor in each MIF trimer in this case; the N@O and N@N hy-
drogen bond lengths with Asn97 are 2.87 and 3.12 a. There
are also close-packed aryl–aryl interactions between the naph-

thyl group of 8 n and Tyr36 and Phe113.
Though the exact positioning of the naphthyl group may be

influenced by crystal packing, the structure and BOMB model-
ing indicated that additional gains in activity could arise from
alkyl-substitution at the 4-, and 5-positions of the naphthyl
group to achieve further contact with Phe113 or at the 7-posi-
tion for contact with Ile64. This was shown to be correct with

the ethyl analogues 8 o, 8 p, and 8 q, which each provided a 3-
fold lowering of the Ki relative to 8 n. Addition of a cyclopropyl

group at the 4-position also appeared promising for interac-
tion with the front edge of Phe113; this was realized with 8 r
bringing the Ki to 0.11 mm. Combining this with the 7-ethyl
substitution provided the very potent 8 s with a Ki of 0.066 mm.

Scheme 2. Synthesis of fluorinated pyrazoles.

Figure 6. Rendering from the 2.3-a crystal structure of compound 8 a bound
to MIF. Details as in Figure 2.

Figure 7. Some pyrazole-based MIF inhibitors reported herein.

Figure 8. Shift in the tautomeric equilibrium with a fluorine atom.[19]
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From the structures for 8 a and 8 n (Figures 6 and 9) and mod-
eling, it was also clear that it should be possible to expand to

a biphenyl at either the para or meta position of 8 a. Thus, 8 t
and 8 u were synthesized and provided significantly lower Ki

values (0.35 and 0.13 mm) than the unsubstituted naphthyl an-

alogues, 8 m and 8 n. Substantial activity gains could be ex-
pected by judicious substitution for the biphenyls; however,

only a few derivatives were prepared with 8 w and 8 x
(Figure 7) demonstrating ~0.07 mm potency and that large

groups can be extended into the solvent from the terminal 4-
position.

Two additional items are worth noting. First, the results for

8 g, 8 h, and 8 i show that the carboxylic acid group may be re-
placed by a methylsulfone or sulfonamide with little impact on

potency. This is relevant if one wished to explore these com-
pounds as potential neurological agents,[2] as sulfones are ex-

pected to exhibit better penetration of the blood–brain barrier
than carboxylic acids or sulfonamides.[20] Secondly, it is always
important to monitor aqueous solubilities for compounds of

interest for oral administration.[11, 17, 21] Most oral drugs are ob-
served to have aqueous solubilities of 4 to 4000 mg mL@1,

which translates to 10 mm to 10 mm for a drug with a molecu-
lar weight of 400.[21] The solubilities of several of the present
compounds were measured in Britton-Robinson buffer at
pH 6.5.[18] As noted, the solubility of the starting compound 5
is very high (927:88 mg mL@1). The solubility of the parent 2-
naphthyl analogue 8 g is also high (739:32 mg mL@1) ; it is af-
fected little by addition of the fluorine in 8 n (681:
59 mg mL@1), while switch to the sulfonamide 8 i yields a signifi-
cant decrease (55.2:4.8 mg mL@1). Given these results, it was

surprising to find in the biphenyl series that the solubility of
8 w is only 1.7:0.7 mg mL@1. However, this is readily remedied

by attachment of solvent-exposed, solubilizing groups[11b] as in

8 x (34.6:4.8 mg mL@1, or 67 mm).
To facilitate further study of the in vitro and in vivo biology

of MIF, series of potent MIF tautomerase inhibitors have been
pursued. Starting from a 113-mm docking hit, a novel series,

which features a pyrazole instead of a phenol, was optimized
to yield compounds with Ki values as low as 60–70 nm. The op-

timization was greatly facilitated by molecular modeling and
the ability to obtain multiple high-resolution crystal structures,
which guided the effective selection and placement of sub-
stituents. Recognition of the potential benefit of addition of a

fluorine in the pyrazole ring also provided an essential boost
along with a synthetic challenge. Current efforts are being di-

rected at testing the influence of the inhibitors on suppressing
MIF-stimulated cell proliferation and at preclinical studies for

off-target activity and metabolism.

Experimental Section

Recombinant expression and purification of human MIF was car-
ried out as previously reported.[11] Crystallization of MIF in complex
with 5 and 8 g was achieved by soaking with apo-MIF crystals,
while for the complexes of 8 a and 8 n, co-crystallization was per-
formed via sitting drop vapor diffusion at 20 8C. The structures
were determined in-house using a Rigaku 007 HF + diffractometer
and Saturn 944 + CCD detector at T = 100 K. The crystal structures
have been deposited in the RSCB Protein Data Bank with PDB IDs
6CBG (5), 6CBF (8 a), 6CB5 (8 g), and 6CBH (8 n). The Supporting In-
formation contains the synthetic procedures, NMR and HRMS spec-
tral data for all new compounds, and details for the crystallography
and solubility measurements (72 pages).
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