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Abstract

We report the first reversible and selective small molecule inhibitor of pro-inflammatory protein
macrophage migration inhibitory factor-2 (also known as MIF-2 or D-DT). 4-(3-
Carboxyphenyl)-2,5pyridinedicarboxylic acid (4-CPPC) shows competitive binding with a 13fold
selectivity for human MIF-2 versus human MIF-1. The crystal structure of MIF-2 complexed with
4-CPPC reveals an induced fit mechanism that is not observed in the numerous MIF-1/inhibitor
complexes. Crystallographic analysis demonstrates the structural source of 4-CPPC binding and
selectivity for MIF-2. 4-CPPC can be employed to reveal previously unrecognized functions of
MIF-1 in biological systems in which both MIF-1 and MIF-2 are expressed, to improve our
knowledge of the MIF family of proteins, and to provide new mechanistic insights that can be
utilized for the development of potent and selective pharmacological modulators of MIF-2.
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Human MIF-1 and MIF-2 are two immunoregulatory cytokines, are members of the same
superfamily with similar structural properties, and have both overlapping and distinct
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biological functions. The crystal structure of human MIF-1 was the first to be determined in
1996 with the structure of MIF-2 determined three years later.! The biological assembly of
both proteins is homotrimeric with a solvent channel along the 3-fold axis and a conserved
catalytic base, P1, at the N-terminus. Via this catalytic residue, MIF-1 and MIF-2 catalyze
the tautomerization of natural (p-hydroxyphenylpyruvate and phenylpyruvate) and synthetic
molecules (Ddopachrome and its derivatives).>* Whether p-hydroxyphenyl-pyruvate (HPP)
or phenylpyruvate is the physiological substrate for MIFs is still under debate, though HPP
and D-dopachrome have been used as model substrates in many studies. Intriguingly, despite
sharing the same substrates, MIF-1 and MIF-2 differ in both their active site environments
and catalytic efficiencies.” Numerous small molecule inhibitors of the MIF-1 tautomerase
activity have been identified as competitive,® noncompetitive,” and covalent inhibitors.89 In
contrast, the suicide inhibitor, 4-iodo-6-phenylpyrimidine (4IPP), which covalently modifies
P1 of both MIF-1 and MIF-2, is the only known inhibitor of MIF-2.?

MIF-1 and MIF-2 are localized in the cytoplasm and exported to the extracellular space after
cell activation to bind and signal through the CD74/CD44 cell surface receptor complex.*10
Binding of MIF-1 or MIF-2 to the CD74/CD44 complex triggers the ERK1/2 MAP kinase
signaling cascade that leads to various downstream responses, including chemotaxis,
proliferation, and inhibition of apoptosis.* Experimental three-dimensional structures of
MIF-1 and MIF-2 with their receptor, CD74, have yet to be determined, though molecular
models are available for both complexes.“’12 Chemical modifications, site-directed
mutagenesis, and recent structural modeling studies indicate that CD74 activation is
dependent on residues at the interface between two subunits, outside the catalytic cavity of
the MIF proteins.®!1-13 Recent mechanistic insights into the MIF-1-induced activation of
CD74 showed that the activation process is dynamically controlled by an allosteric site that
is found on one side of the solvent channel.!* Whether a similar allosteric site exists for
MIF-2 has yet to be explored. MIF-1 also activates chemokine receptors CXCR2 and
CXCR4 leading to cell cycle arrest, integrin activation, chemotaxis, and calcium influx.13
The MIF-1 activation sites for CXCR2 and CXCR#4 are already defined.!0:17 Activation of
chemokine receptors by MIF-2 has not yet been shown.

Whereas MIF-1 is a validated clinical target with an anti-MIF antibody in clinical studies,
23-25 the precise contribution of MIF-2 to physiology and pathology is less characterized
than that of MIF-1. The functional role of MIF-1 and MIF-2 in various tissues and cell types
is not well understood and is the subject of active research. For instance, in cardiac surgery
that involves myocardial ischemia/reperfusion, MIF-1 and MIF-2 have opposite functions.!8
While increased levels of MIF-1 during cardiac surgery play an organ-protective role, high
levels of MIF-2 are associated with the development of heart dysfunction. In cancer, MIF-1
and MIF-2 were shown to share tumorigenic and pro-inflammatory properties.
Immunoneutralization of MIF-1 and MIF-2 protects from invasive cancer and lethal
systemic inflammation.*1? Gene knockdown studies suggest that the two proteins have
cooperative deleterious actions in transformed cells,*20-21 and in a study of renal cell
carcinoma, MIF-2 exhibited a pro-tumorigenic effect that was more dramatic than that of

MIF-1.22
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In this study, we describe 4-CPPC as the first reversible and selective inhibitor of MIF-2.
Binding of 4-CPPC takes place via a major conformational change of the C-terminal region
of MIF-2. This compound can provide the foundation for identifying chemical analogues
that serve as potent inhibitors of MIF-2 activity for studying the protein’s role in pathology
as well as for examining the synergistic effects of MIF-1 and MIF-2 in immune physiology.

Expression and Purification of MIF-1 and MIF-2.

Expression and purification of MIF-1 have been described elsewhere.?-2¢ Briefly, BL21
Gold (DE3) Escherichia coli cells were transformed with a pET-11b plasmid that expresses
MIF-1, grown at 37 °C to an ODg( of 0.6, and induced with isopropyl B-D-1-
thiogalactopyranoside (IPTG). For MIF-1 purification, the cells were resuspended in 20 mM
Tris (pH 7.4) and 20 mM NaCl, lysed using sonication, and purified using Q-and SP-
Sepharose columns connected in series. MIF-1 (~95% pure) was eluted in the flow through.
The small amount of contamination was removed using 16/60 Superdex 75. For MIF-2, the
pET-22b plasmid containing the cDNA of the protein was transformed in BL21 Gold (DE3)
E. coli cells. The cells were grown at 37 °C to an ODg( of 0.6, induced using IPTG at a
final concentration of 1 mM, and lysed using sonication in 20 mM Tris (pH 8.5) and 20 mM
NaCl (buffer A). The supernatant was loaded onto a Q-Sepharose column (120 mL) and
extensively washed with ~1.1 L of buffer A, and MIF-2 was eluted with 5% buffer B [20
mM Tris (pH 8.5) and 1 M NaCl]. The protein was concentrated and loaded onto an 16/60
Superdex 75 column (120 mL) using 20 mM Tris (pH 7.4) and 150 mM NaCl as the running
buffer. This step offers partial purification of the protein and also results in buffer exchange.
Finally, the Q-Sepharose step was repeated once more using a gradient elution (0-20%
buffer B).

Crystallization of the MIF-2/4-CPPC Complex and Structure Determination.

The discovery of 4-CPPC by in silico screening and its functional characterization are
described elsewhere (R. Bucala, manuscript in preparation). The crystal structure of MIF-2
in complex with 4-CPPC was obtained by soaking apo-MIF-2 crystals in 4-CPPC. Crystals
of apo-MIF-2 were obtained using the hanging drop method in 24-well trays. Two
microliters of apo-MIF-2, at 10 mg/mL, was mixed with an equal volume of the well
solution containing 28%—34% (w/ v) PEG 4000, 0.1 M sodium citrate (pH 5.8), and 0.2 M
ammonium acetate. Crystals at their maximum size were obtained from trays stored at 20 °C
within a week. For soaking experiments, apo-MIF-2 crystals were transferred to
preequilibrated drops containing 35% (w/v) PEG 4000, 0.1 M sodium citrate (pH 5.8), 0.2
M ammonium acetate, and 0.2 M 4-CPPC. After being incubated for 24 h, the soaked
crystals were flash-frozen without a cryoprotectant and tested for diffraction at the Yale
School of Medicine Macromolecular Xray Facility using a Rigaku Pilatus 200K Detector
with a Rigaku 007 rotating copper anode X-ray generator (wavelength of 1.5418 A). The
data set was collected to 1.40 A at a temperature of 100 K, integrated, and scaled using the
HKL2000 program suite.2’ The initial model of the MIF-2/4CPPC complex was obtained by
molecular replacement using the CCP4-supported program Molrep.28 The crystal structure
of apo-MIF-2 [Protein Data Bank (PDB) entry 1DPT] was used as the search model,
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resulting in a clear F, — F; map for 4-CPPC that was generated by the CCP4-supported
program FFT32 and visualized in PyMOL.2-33 The coordinates (PDB) and crystallographic
information file (CIF) of 4-CPPC were produced by PRODRG.3! Refinement of the
structure was performed using Refmac?? and COOT.3? Ramachandran analysis of the
MIF-2/4-CPPC complex demonstrated 0% outliers and 97.6% amino acids in the preferred
regions. The biological assembly of the MIF-2/4-CPPC complex was generated by PISA3*
and PyMOL. Interactions between MIF2 and 4-CPPC were analyzed by PyMOL.
Superimposition of the MIF-2/4-CPPC crystal structure on the corresponding structure of
apo-MIF-2 was performed by the CCP4-supported program SUPERPOSE,?? resulting in a
root-mean-square deviation (RMSD) of 0.28 A. The apo-MIF-1 crystal structure (PDB entry
3DJH) was aligned with the MIF-2/4-CPPC structure by PyMOL, resulting in a RMSD of
1.29 A. The MIF2/4-CPPC structure has been deposited in the PDB as entry 6C5F.

Tautomerase Assays.

RESULTS

For measurement of the potency of 4-CPPC against MIF-1 or MIF-2 keto/enol HPP
enzymatic activity, a 100 mM stock solution of p-hydroxyphenylpyruvate (HPP) was freshly
prepared in 50 mM ammonium acetate (pH 6.2) and incubated overnight at room
temperature to favor formation of the HPP keto form. A mixture containing borate at a final
concentration of 0.420 M, MIF-1 or MIF-2 at a final concentration of 100 or 250 nM,
respectively, and 4-CPPC in dimethyl sulfoxide (DMSO) was transferred to an ultraviolet
transparent flat bottom 96-well plate containing HPP at final concentrations between 0 and 2
mM. The final DMSO concentration was 1%. The formation of the HPP enol-borate
complex was measured at 306 nm (&30 = 11400 M~! cm™!) for a total of 90 s. All the
experiments were performed in triplicate.

Kinetic and Structural Characterization of 4-CPPC Binding to MIF-2.

To characterize 4-CPPC, we performed the HPP inhibition assay on both MIF-1 and MIF-2.
We found that 4-CPPC inhibits MIF-1 and MIF-2 with Kj values of 431 + 37 and 33 £ 0.7
UM, respectively, with a 13-fold selectivity for MIF-2 (Figure 1). Other than 4-IPP that
inhibits both MIF-1 and MIF-2 via covalent inhibition, 4-CPPC is the first selective inhibitor
for MIF-2 with a competitive mode of binding (Figure 1).

To provide more information about the binding mode of the compound and its selectivity for
MIF-2, the crystal structure of MIF-2 in complex with 4-CPPC was determined at 1.4 A
(Figure 2). Our experimental analysis revealed that the pyridine-2,5-dicarboxylic acid
moiety of 4-CPPC is buried in the active site pocket of MIF-2 and has a critical role in
stabilizing the MIF-2/4-CPPC complex, as a result of the electrostatic, hydrogen-bond, and
hydrophobic interactions that are formed with active site residues (Figure 3 a-c). The two
carboxylate groups of pyridine-2,5-dicarboxylic acid moiety form electrostatic interactions
with K32, R36, and K109 as well as strong hydrogen-bond interactions with P1, S63, 164,
and K109 (Figure 3b,c). 4-CPPC is also stabilized via polar interactions with S63 and S104
and hydrophobic interactions with P1, F2, 164, and 1107 (Figure 3b). While most of the
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compound is found inside the catalytic pocket, the benzoic acid moiety of 4-CPPC is not,
with the third carboxylate group and part of the benzene ring exposed to solvent (Figure 3a).

Induced Fit Mode of Inhibition by 4-CPPC.

To probe changes upon binding of 4-CPPC, we superimposed the apoMIF-2 and MIF-2/4-
CPPC crystal structures. Despite the high level of superposition agreement between the two
structures (RMSD of 0.28 A) (Figure 4a), close examination of the active site region
demonstrated distinct differences that provide insights into 4-CPPC binding. Through an
induced fit mechanism, C-terminal residues V113-L117 of MIF-2 become flexible moving
from their original apo-MIF-2 position to create an open conformation for accommodating
4-CPPC in the active site pocket. In the presence of 4-CPPC, V113 was found to be
significantly shifted from its apo-form position while electron densities for residues
M114-L117 were not detected, indicating the increased mobility of this region (Figure 4a).
Further analysis shows that the position of M114 in the apo structure, which faces the
catalytic residue P1, would clash with the position of 4-CPPC (Figure 4a). Consequently,
residues become dynamic when 4-CPPC interacts with the active site pocket. The currently
described induced fit mechanism with disordered residues for MIF-2 inhibition by 4-CPPC
is not observed in the crystal structure of the MIF-2/4IPP or MIF-2/ tartrate complex (Figure
4b) or in the large number of MIF-1 structures complexed with competitive (e.g., ISO-1),0
noncompetitive (e.g., AV41 1),7 and covalent inhibitors (e. g., MIF1)? as well as an N-
terminal insertion, three alanine residues inserted between P1 and M2 (PA3zM). The
polyalanine insertion has increased the mobility relative to that of wildtype MIF-1 and is
located close to the C-terminal region.” Even in the case of p425, an allosteric inhibitor that
binds on the surface of MIF-1 and interacts directly with the C-terminal region,3> there are
no conformational changes.

4-CPPC Selectivity for MIF-2.

We are also interested in understanding the structural basis of 4-CPPC selectivity for MIF-2
versus MIF-1. To explain the kinetic data, we aligned the MIF-2/4-CPPC crystal structure
with that of MIF-1 (PDB entry 3DJH) and compared the two active site residues within a 5
A radius around the inhibitor. One of the first conclusions had to do with the dissimilar
amino acid composition of the two active sites. Only three active site residues (P1, K32, and
164) were found to be common for both proteins. The MIF-1 active site is less polar and has
more aromatic residues (Y36, Y95, W108, and F113) in the corresponding positions where
MIF-2 has R36, .96, K109, and V113 (Figure 5a). These differences in amino acid
composition influence the shape and polarity of the two active sites. Molecules with
negatively charged moieties, like 4-CPPC, favor binding to the MIF-2 active site because of
its electropositive potential. Crystallographic analysis demonstrates that binding of 4-CPPC
in the active site of MIF-1 is partly obstructed by three residues. F113 clashes with the
benzoic acid moiety of 4-CPPC, while Y36 and Y95 are closer to 4-CPPC than van der
Waals interactions allow (Figure 5b). These three residues are bulky, affecting the
orientation and binding of 4-CPPC in the active site pocket of MIF-1. From these findings, it
is apparent that pharmacophores with negative charges can be used for the development of
more selective MIF-2 inhibitors.
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DISCUSSION

Upregulation of the human MIF protein family, MIF-1 and MIF-2, plays a role in various
disorders.!8-36-39 Characterization of the compound 4-IPP against both MIF-1 and MIF-2
indicated there are substantial differences in how this compound interacts with each protein.
3 For example, the kinetics of covalent formation is 2-fold faster with complete inactivation
of MIF-1 as opposed to MIF-2 where total inactivation does not occur. In addition, structural
studies indicated that the 6-phenylpyrimidine (6-PP) adduct occupies the active site of
MIF-1, whereas 6-PP, in MIF-2, is tethered by the covalent bond to P1 to occupy a site
outside the catalytic cavity. Despite these differences, 4-IPP lacks specificity and therefore
cannot serve as a tool for studying the distinct effects of MIF-1 or MIF-2. It is therefore
important to develop reagents that can be used to decipher the contribution of each protein in
physiology or disease.

Herein, we report the first selective inhibitor for MIF-2, which is characterized by an in vitro
kinetic assay and X-ray crystallography analysis. Binding of 4-CPPC occurs via an induced
fit mechanism, in which C-terminal residues V113— L117 of MIF-2 undergo major
conformational changes to accommodate binding of 4-CPPC in the catalytic pocket.
Inspection of a large number of human MIF-1/inhibitor cocrystal structures shows that the
C-terminal region of MIF-1 does not undergo a conformational change resulting in dynamic
motion. The strong hydrogen bonds made between 4-CPPC and MIF-2 contrast with the
lower potency of the compound. The induced fit model of MIF-2 inhibition might explain
the low potency of 4-CPPC with an increase in energy to “displace” four C-terminal
residues. 4-CPPC demonstrates selectivity for MIF-2 and can be used for understanding the
function of MIF2. In addition, our study provides insight for increasing the affinity and
selectivity of 4-CPPC for MIF-2 to design a better reagent. Examination of the residues that
surround 4-CPPC in the active site of MIF-2 indicates a number of modifications that could
optimize the potency of this compound. As discussed above, the pyridine-2,5-dicarboxylic
acid moiety forms hydrogen bonds and electrostatic interactions with active site residues,
while the benzoic acid moiety of 4-CPPC faces toward the solvent, does not interact with the
protein, and probably has a minimal impact. Therefore, structure—activity relationships and
structure-based design on the benzoic acid group of 4-CPPC can increase the potency and
selectivity of the inhibitor.
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Space group Pa
Cell dimensions
a,b,c(A) 83.94,83.94, 40.48
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Resolution (A) 50.00-1.40 (1.42-1.40) *
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1ol 80.3 (13.8)
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Refinement
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No. atoms
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o Water 3
A /—\f b R.m.s, deviations
\ . ' Bond lengths (A) 0.025
J

Bond angles (°) 2,010
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Figure 2.
Crystallographic analysis of the MIF-2/4-CPPC complex obtained at 1.4 A. On the left side,

the unbiased F;, — F; electron density map of 4-CPPC (green) is observed at 3. P1 and 4-
CPPC are shown as gray and blue sticks, respectively. The X-ray crystallographic statistics
of the MIF-2/4-CPPC complex are given in the table.
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pocket -

Figure 3.
Crystallographic analyses of 4-CPPC binding in the active site of MIF-2. (a)

Crystallographic studies reveal the binding motif of 4-CPPC in the active site of MIF-2. P1
and 4-CPPC are shown as gray and blue sticks, respectively. The active site pocket is
illustrated as a gray cavity in the 90 °C rotation at the right. (b) 4-CPPC forms electrostatic
interactions with K32, R36, and K109 (orange sticks for carbon atoms), polar interactions
with S63 and S104 (yellow sticks), and hydrophobic interactions with P1, F2, 164, and 1107
(cyan lines). (c) 4-CPPC forms strong hydrogen-bond interactions with P1, S63, 164, and
K109 (gray sticks).
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Figure 4.

Induced fit mechanism of MIF-2 inhibition by 4-CPPC. (a) The induced fit mechanism of 4-
CPPC binding involves major conformational changes of C-terminal residues V113-L117,
with no electron density for residues M114-L117, indicating that this region becomes
flexible when 4CPPC binds to the active site of MIF-2. The superposed crystal structures of
the apo-MIF-2 and MIF-2/4-CPPC complexes are colored cyan and gray, respectively, while
4-CPPC is shown as blue sticks. In the apo-MIF-2 crystal structure, the V113-L117 loop is
colored red. In the MIF-2/4CPPC structure, V113 is the last residue with complete electron
density but its side chain orientation is different from that of apo-MIF-2; V113 is shown as
gray and red sticks for MIF-2/4-CPPC and apo-MIF-2, respectively. M114 of the apo-MIF-2
crystal structure is shown as black sticks. In the presence of 4-CPPC, M114 in the apo-
MIF-2 conformation would clash. P1 is also shown as sticks. (b) Comparison of the
MIF-2/4-CPPC crystal structure (gray) with the corresponding structures of apo-MIF-2
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(cyan), MIF-2/4-1PP (brown), and MIF-2/tartrate (orange). Residues M114-L117 are
colored red, while ligands and P1 are shown as sticks.
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V113

4-CPPC

Figureb.
Structural basis of 4-CPPC selectivity for MIF-2 vs MIF-1. (a) Comparison between the

aligned apo-MIF-1 (yellow) and MIF-2/4-CPPC (gray) crystal structures reveals major
differences in the shape and polarity of the two active sites. Y36, Y95, W108, and F113 of
MIF-1 and the corresponding residues of MIF-2 (R36, L96, K109, and V113, respectively)
are shown as sticks. (b) Selectivity of 4-CPPC for MIF-2 over MIF-1 is derived from residue
F113 of MIF-1, which clashes with the compound, while Y36 and Y95 are located in the
proximity. Y36, Y95, and F113 of the crystal structure of apo-MIF-1 are presented as yellow
sticks. 4-CPPC of the crystal structure of the MIF-2/4-CPPC complex is displayed as blue
sticks.
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