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Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine released from
T-cells and macrophages. Although a detailed understanding of the biological functions of MIF
has not yet been clarified, it is known that MIF catalyzes the tautomerization of a
nonphysiological molecule, b-dopachrome. Using a structure-based computer-assisted search
of two databases of commercially available compounds, we have found 14 novel tautomerase
inhibitors of MIF whose K; values are in the range of 0.038—7.4 uM. We also have determined
the crystal structure of MIF complexed with the hit compound 1. It showed that the hit
compound is located in the active site of MIF containing the N-terminal proline which plays
an important role in the tautomerase reaction and forms several hydrogen bonds and undergoes
hydrophobic interactions. A crystallographic study also revealed that there is a hydrophobic
surface which consists of Pro-33, Tyr-36, Trp-108, and Phe-113 at the rim of the active site of
MIF, and molecular modeling studies indicated that several more potent hit compounds have
the aromatic rings which can interact with this hydrophobic surface. To our knowledge, our
compounds are the most potent tautomerase inhibitors of MIF. One of these small, drug-like
molecules has been cocrystallized with MIF and binds to the active site for tautomerase activity.
Molecular modeling also suggests that the other hit compounds can bind in a similar fashion.

Introduction

Macrophage migration inhibitory factor (MIF) is the
first identified T-cell-derived soluble lymphokine. It was
originally found to inhibit the random migration of
macrophages and activate them at inflammatory loci.12
However, recently, it was revealed that MIF is an
anterior pituitary-derived hormone, potentiating lethal
endotoxemia® and overriding the glucocorticoid-medi-
ated suppression of inflammatory and immune re-
sponses;* it also plays an essential role in the activation
of T-cells after mitogenic and antigenic stimuli.> More
recent studies showed that anti-MIF antibody is thera-
peutically beneficial in a variety of animal models of
proinflammatory diseases including sepsis,6 adult
respiratory disease syndrome,’ rheumatoid arthritis,8?°
glomerulonephritis,’® and allograft rejection.!! Gene
deletion studies with mice also confirmed an important
role for MIF in sepsis and lung inflammatory disease.'?
These findings indicate that MIF is a key molecule in
inflammation and that its specific inhibitors may lead
to an antiinflammatory therapeutic agent.

Several crystallographic studies of MIF revealed that
the monomer of MIF consists of two antiparallel a-
helices that are packed against a four-stranded f3-sheet,
and three monomers associate to form a symmetrical
trimer which is joined by intersubunit S-sheets.13-18
X-ray data also revealed that the three-dimensional
structure of MIF is not similar to that of any known
cytokine, but it is strikingly homologous to that of two
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other bacterial isomerases, 4-oxalocrotonate tautomer-
ase (4-OT) and 5-carboxylmethyl-2-hydroxymuconate
isomerase (CHMI), which catalyze the isomerization of
unsaturated ketones.!® Although the sequence align-
ment between MIF and these two enzymes shows
relatively low homology (<20%), these enzymes are both
homotrimers, as is MIF (OT is a trimer of a homodimer,
and the OT homodimer is a structure similar to the
monomers of CHMI and MIF), and the N-terminal
proline which 4-OT and CHMI utilize as a catalytic base
in the enzymatic reaction is also conserved in MIF.

Recently, Rosengren et al. discovered during the study
of melanin biosynthesis that MIF catalyzes a tautomer-
ization reaction of Dp-2-carboxy-2,3-dihydroindole-5,6-
quinone (p-dopachrome) to 5,6-dihydroxyindole-2-car-
boxylic acid (DHICA)?® (Scheme 1), and they also re-
ported that MIF catalyzes tautomerization of phenyl-
pyruvate and p-hydroxyphenylpyruvate (HPP).2! Inter-
est in the relation between the biological activities of
MIF and tautomerase activity has increased; however,
their association has not been clarified and natural
ligands for MIF also have not yet been identified.
D-dopachrome is not a physiological molecule, and
phenylpyruvate and HPP are thought not to be physi-
ological substrates because of their separate localization
from MIF and the Kinetic parameters for the tau-
tomerase reactions.?!
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Several trials have been carried out to find MIF
inhibitors in order to provide a validation tool in a
chemical approach. Bucala et al. showed that dopa-
chrome analogues inhibit the tautomerase activity of
MIF22 (the 1Csp values of their compounds were in the
range of 100—1000 «M), and recently, they discovered
small molecules, tryptophan derivatives that inhibit the
tautomerase activity of MIF.22 The ICso value of the
most potent compound they found was 5.0 M. Swope
et al. reported that S-hexylglutathione binds to the
active site of MIF with a K4 of 2.5 + 0.6 mM, using
NMR.2* They also found that S-hexylglutathione and
hexanethiol inhibit the tautomerase activity of MIF with
ICs0 values of 3.3 £ 1.6 mM and 17.4 + 4.9 uM,
respectively. Taylor et al. showed that a phenylpyruvate
tautomerase inhibitor, (E)-2-fluoro-p-hydroxycinnamate,
inhibits the tautomerase reaction of MIF with a K; of
2.6 uM.18

A potent tautomerase inhibitor is expected to be a
validation tool which can clarify the role of the enzy-
matic activity of MIF and the relation between its
biological and enzymatic activity, and there is a pos-
sibility that a tautomerase inhibitor may be used for
MIF-related disease. In this paper, we report the
discovery of a novel tautomerase inhibitor of MIF, using
a structure-based computer-assisted search. The inhibi-
tor binding site was also examined by determining the
crystal structure of MIF complexed with one of the hit
compounds. The K; values of our compounds are in the
range of 0.038—7.4 uM. To our knowledge, our com-
pounds are the most potent tautomerase inhibitors of
MIF.

Results and Discussion

Structure-Based Computer-Assisted Search and
Tautomerase Assay. Various docking methods using
the three-dimensional structures of target proteins have
been utilized for drug targets, and many discoveries of
drug leads have been reported, especially in the field of
enzyme inhibitors.2526:32-34 To identify a tautomerase
inhibitor of MIF, a structure-based computer-assisted
search in ACD and ACDSC was perfomed.

DOCK4.0.1252 was used for searching about 1 000 000
compounds in ACD and ACDSC. During the process of
selecting the compounds, we used not only simple
scoring procedures in DOCK4.0.1 but also performed
careful visual inspection. We also removed reagents,
chemically unstable compounds, and compounds which
did not satisfy the condition of the rule-of-527 using an
in-house program. The rule-of-5, which was developed
by Lipinski et al., is probably the best-known approach
to predict the absorption of the compounds and is very
useful for filtering out the compounds which were
predicated to have an absorption problem from a large
molecular database. Finally, we selected 524 compounds
and purchased them for testing in the tautomerase
inhibition assay of MIF.

The 524 compounds which were purchased from
commercial suppliers were assayed without further
purification. Fourteen hit compounds which showed K;
values below 10 uM were found, and the K; value of the
most potent compound was 38 nM. Some compounds
which do not have double ring group, such as the
benzene derivatives, were also selected in our virtual
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Figure 1. Structures of tautomerase inhibitors of MIF found
by structure-based computer-assisted search in ACD and
ACDSC.

Table 1. Crystallographic Data for the Free and Compound
1-Inhibited Human MIF Crystals

free form inhibited form
space group P2,2:21 P212:2;
cell (A) a=67.5b=675 a=67.60b=674,
c=88.3 c=87.3
molecules/asu 3 3
resolution (A) 100—-1.5 20-1.9

no. of unique reflns 566791 (>20) 27784 (>20)

completeness 86.9% 86.6%
Rmerge 0.032 0.035
Rwork 0.191 0.199
Rfree 0.215 0.240
rms bond (A) 0.013 0.014
rms angle (deg) 15 1.6

screening; however, their K; values were above 100 uM.
Other known MIF inhibitors, dophachrome analogues,
and (E)-2-fluoro-p-hydroxycinnamate did not show up,
because they are not included in the databases we used.
The tryptophan derivatives which were found by Bucala
et al. and hexanethiol were removed in the process of
the selection of the compounds, though they were
included in the databases, because they have chemically
unstable imine and reactive thiol groups, respectively.
S-Hexylglutathione, which is also included in the data-
bases, did not show a good score in our virtual screening.
It may be reasonable because its binding affinity is not
strong (Kq value is 2.5 + 0.6 mM). The structures of all
hit compounds were confirmed by 'H NMR, 13C NMR,
and HRMS. Figure 1 shows the structures of the 14 hit
compounds, and Table 2 lists their K; values.
Determination of Crystal Structures. To examine
the detailed interactions between MIF and our hit
compounds, the X-ray structure of MIF complexed with
compound 1 has been determined. Our crystallographic
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Table 2. Inhibition Constants of 14 Hit Compounds

compd Ki (uM) compd Ki (uM) compd Ki (uM)
1 7.4+£20 6 2.1+£0.15 11 0.28 £ 0.031
2 29+044 7 3.1+0.30 12 1.6 £ 0.29
3 4.3 +£0.62 8 0.47+0.041 13  0.038 & 0.0046
4 0.55 + 0.077 9 050+0.049 14 6.2 +0.53
5 5.8 £0.54 10 1.5+ 0.16

Figure 2. F, — F;simulated annealing omit electron-density
map (3.00) showing the bound compound 1 in the active site
of MIF.

studies showed that the overall structures of both the
ligand-free form of MIF and the MIF/compound 1
complex and the conformations of the residues in the
active site are almost identical to that of previously
reported structures.’318 Moreover, the crystal struc-
tures of the ligand-free form of MIF and the MIF/
compound 1 complex can be superimposed for the Ca
trace positions with an rmsd of 0.13 A, and the active
site residues in these structures (Pro-1, Met-2, Lys-32,
Tyr-36, His-62, Ser-63, lle-64, Tyr-95, Asn-97, Val-106,
and Phe-113; the residues within 4 A from compound
1) can also be superimposed for non-hydrogen atoms of
each of three active sites with rmsd of 0.22—0.53 A.
These indicate that major conformational changes do
not occur upon the binding of compound 1.

The omit electron-density map for compound 1 un-
ambiguously revealed the orientation and conformation
of the inhibitor in the active site of MIF (Figure 2). The
ethyl ester portion of compound 1 and the side chain of
neighboring Lys-32 show poor electron density, probably
because of a multiple conformation in the crystal.

Structural Basis for Tautomerase Inhibition of
MIF. Figure 3A,B shows the schematic representation
of the interactions between compound 1 and MIF, and
Figure 3C shows the stereoview of compound 1 in the
active site of MIF.

Because the active site for tautomerization is located
between two adjacent monomers, compound 1 interacts
with two subunits. The 7-hydroxyl group forms a
hydrogen bond with the carbonyl oxygen of the side
chain of Asn-97. The backbone nitrogen of lle-64 in MIF
forms a bifurcated hydrogen bond with the 1-oxygen and
the carbonyl oxygen at the 2-position of the coumarin
ring of compound 1. The hydroxyl group of Tyr-95 is too
far from the carboxyl oxygen of the ester bond to form
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a hydrogen bond interaction (4.4 A), though there may
be a weak interaction between them. The secondary
amine of Pro-1 is positioned above the ring of compound
1 which consists of O1-C4, C9, and C10, and the
coumarin ring is located in the hydrophobic pocket
which is formed by the side chains of Pro-1, Met-2, lle-
64, Tyr-95, Val-106, and Phe-113. These hydrogen bonds
and hydrophobic interactions are thought to play a role
in the binding of compound 1. Similar interactions were
also observed in the crystal structures of HPP/MIF and
(E)-2-fluoro-p-hydroxycinnamate/MIF complexes.1”18 In
their structures, the ammonium groups of Lys-32 are
located within hydrogen-bonding distance of the car-
boxyl oxygen of the ligands, but in our crystal structure,
the ammonium group of the side chain of Lys-32 was
disordered, though it was observed in the ligand-free
form of MIF.

Figure 4 shows three superimpositions of compound
1 in the MIF/compound 1 complex into water molecules
in three active sites of the ligand-free form of MIF. Good
superimposition of two oxygen atoms of the carbonyl
group at the 2-position and the 7-hydroxyl group of
compound 1 on water molecules is observed, and in the
crystal structure of the ligand-free form of MIF, the
corresponding water molecules are located within hy-
drogen-bonding distance of the side chain of Asn-97 and
the backbone amide of lle-64. All of our hit compounds,
except relatively low-potency compound 14 and com-
pound 12, have a hydroxyl group at the 7-position, and
all except compound 13 have a carbonyl group at the
2-position. It seems that the positions which these two
oxygen atoms of compound 1 occupy in the active site
may be favorable for the hydrogen-bonding interactions
to the target protein. The most potent compound,
compound 13, does not have a carbonyl group at the
2-position, but it has an oxygen atom at the 1-position
which is expected to form a hydrogen bond to the
backbone amide of Ile-64 (see below).

Second Hydrophobic Region at the Rim of the
Active Site. Although the catalytic pocket of tau-
tomerase in MIF which consists of Pro-1, Met-2, lle-64,
Tyr-95, Val-106, and Phe-113 is hydrophobic, our crys-
tallographic study also revealed that there is a hydro-
phobic surface which consists of Pro-33, Tyr-36, Trp-
108, and Phe-113 at the rim of the active site of
MIF (Figure 3C). Because this second hydrophobic
region is very close to the catalytic pocket, it is expected
that the compounds which can span both the active site
and the adjacent hydrophobic surface increase the
binding affinity. The crystal structure of the MIF/
compound 1 complex indicated that the substituent at
the 3-position of the coumarin ring is thought to be
located near the second hydrophobic region, though,
unfortunately, the ethyl ester group of compound 1 was
disordered in our structure. Figure 5A shows the
docking model of compound 8 having a benzene ring at
the 3-position of the coumarin ring. This model was
obtained using DOCK4.0.12526 in which the ligand-free
form of MIF was used for the target receptor, and it
showed that the benzene ring of compound 8 is stacked
against the phenyl group of Tyr-36 in the second
hydrophilic surface, without disrupting the binding of
part of the coumarin ring. Compound 8 is a more potent
compound than compound 1 (its K; value is 0.47 uM),
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Figure 3. Schematic diagram, showing (A) the hydrogen bonds and (B) the intermolecular interactions between compound 1
and the surrounding residues of compound 1. Hydrophobic pocket is green. (C) Stereoview of compound 1 positioned in the active
site of MIF. The residues in the second hydrophobic surface at the rim of the active site are orange. Asterisk refers to an adjacent

subunit.

Figure 4. Superimposition of compound 1 in the MIF/compound 1 complex and water molecules (cyan) in each of three active

sites of the ligand-free form of MIF.

and compounds 6—11, having higher potency than
compound 1, also have aromatic rings at the 3-position
of the coumarin ring. It seems that these hydrophobic
interactions may contribute to their improved binding
affinity. The distance between the carbonyl oxygen at
the 2-position of compound 8 and the amine group of
Lys-32 of MIF is 3.1 A in our docking model, though in
the crystal structure of MIF complexed with compound

1 the side chain of Lys-32 was disordered. Hydrogen
bonding may occur between them.

Compound 13 (K; = 0.038 uM) is the most potent
tautomerase inhibitor of MIF we found. This compound
is unique among our hit compounds, because it does not
have a coumarin ring but has a chromen-4-one ring.
Figure 5B shows the docking model of compound 13.
The rmsd between non-hydrogen atoms of the coumarin
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Figure 5. Results of docking of (A) compound 8 and (B) compound 13 into the active site of MIF. Yellow lines indicate hydrogen

bonds.

ring of compound 1 in the crystal structure and the
chromen-4-one ring of compound 14 in our model was
0.46 A. As observed in the crystal structure of MIF
complexed with compound 1, the 7-hydroxyl group of
compound 13 forms a hydrogen bond with the carbonyl
oxygen of the side chain of Asn-97, and the 1-oxygen in
the chromen-4-one ring forms a hydrogen bond with the
backbone nitrogen of lle-64. The benzene ring of cath-
echol is stacked against the phenyl group of Tyr-36 in
the hydrophobic surface at the rim of the active site, as
observed in compound 8, while two hydroxyl groups of
cathechol protrude into solvent. The most different
feature of the interaction of compound 13 with the active
site is that the carbonyl oxygen at the 4-position is
located within hydrogen-bonding distance of the hy-
droxyl group of Tyr-95. (The distance between the
carbonyl oxygen at the 4-position of compound 13 and
the oxygen of the hydroxyl group of Tyr-95 of MIF is
2.5 A in our docking model.) It seems that this postu-
lated hydrogen bonding between compound 13 and the
hydroxyl group of Tyr-95 may participate in its high
affinity.

Structures of 14 Hit Compounds. On the basis of
the structures, our 14 hit compounds are classified into
four groups: (1) a 7-hydroxycoumarin group, (2) a
coumarin group, (3) a 7-hydroxychromen-4-one group,
and (4) a 7-hydroxychroman-2,4-dione group.

First, the 7-hydroxycoumarin group is the major
group which consists of 11 compounds, compounds
1-11. The crystal structure of compound 1 indicated
that the hydroxyl group at the 7-position, the oxygen
at the 1-position, and the carbonyl oxygen at the
2-position are critical for hydrogen bonding, and the
coumarin ring hydrophobically interacts with the hy-
drophobic surface in the active site of MIF (Figure 3).
Among the 524 compounds which were selected through
the virtual screening approach, there were several
coumarin derivatives which have a methoxy group at
the 6- or 7-position. However, all such compounds
showed no inhibition even at a concentration of 100 M.
The coumarin derivatives which have no substituents
at the 6- and 7-positions also showed no inhibition
except for compound 12 classified in the second group.
It seems that these SARs (structure—activity relation-
ships) support the importance of hydrogen bonding of
the hydroxyl group at the 7-position. Because an amino
group can also form a hydrogen bond, the inhibition
assay of 7-aminocoumarin analogues was of interest;

however, such compounds could not be obtained from
commercial suppliers. Molecular modeling studies showed
that the aromatic ring at the 3-position of the coumarin
ring may interact with the hydrophobic surfaces at the
rim of the active site (Figure 5). Among the 7-hydroxy-
coumarin group, there is a tendency for the compounds
having an aromatic ring at the 3-position to show more
potent inhibition.

In the second group, the coumarin group consists of
compound 12. Though this compound does not have a
hydroxyl group at the 7-position, it showed a relatively
good K;j value (1.6 uM). The substituent at the 3-position
may be favorable for interaction with the hydrophobic
surface at the rim of the active site. It is expected that
the 7-hydroxycoumarin compounds having such a sub-
stituent at the 3-position would show higher inhibition,
but they were also not commercially available.

Compound 13, which belongs to the third 7-hydroxy-
chromen-4-one group, is the most potent compound (K;
= 38 nM). A molecular modeling study showed that the
oxygen at the 1-position, the carbonyl oxygen at the
4-position, and the hydroxyl group at the 7-position form
hydrogen bonds and the cathechol part interacts with
the hydrophobic surface at the rim of the active site
(Figure 5B). Characteristic hydrogen bonding between
the carbonyl oxygen at the 4-position and the hydroxyl
group of Tyr-95 was not observed in any of the other
crystal structures.”18 It seems that this hydrogen bond
may play a role in the high affinity of compound 13.

Compound 14, which belongs to the last 7-hydroxy-
chroman-2,4-dione group, does not have a hydroxyl
group at the 7-position, but it also inhibited the tau-
tomerase reaction (K; = 6.2 uM). A molecular modeling
study of compound 14 indicated that the carbonyl
oxygen at the 4-position forms a hydrogen bond to the
hydroxyl group of Tyr-95, as did compound 13 (data not
shown). This hydrogen bond may compensate for the
loss of the hydrogen bond of the hydroxyl group at the
7-position.

Catalytic Pocket of MIF. Because of the conserved
N-terminal proline and structural similarity between
MIF and two bacterial isomerases, 4-OT and CHMI, it
was suggested that these proteins are also members of
a superfamily.16:35> On the basis of the crystal structure
of 4-OT inactivated by an irreversible inhibitor, 2-oxo-
3-pentynoate (2-OP), Taylor et al. proposed the mech-
anism of the isomerization of 4-OT.36 In their mecha-
nism, the secondary amine of Pro-1 acts as the general
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Figure 6. Comparison of surfaces of the lipophilicity potential of MIF, 4-OT, and CHMI. The color ramps for lipophilicity range
from brown (highest lipophilic area of the protein) to blue (highest hydrophilic area). These surfaces were generated using SYBYL,

MOLCAD module.

base, while the reaction intermediate is postulated to
be stabilized by an ordered water molecule and the side
chain of Arg-39 as a general acid catalyst. Because
CHMI also has an arginine residue at the position
corresponding to Arg-39 of 4-OT, as well as the con-
served N-terminal proline, its isomerase mechanism is
thought to be similar to that of 4-OT.1°

The N-terminal proline is also conserved in MIF, and
in the crystal structure of MIF complexed with HPP,7
Pro-1 is located to function as a catalytic base. It was
also reported that mutation of the N-terminal proline
to glycine reduces the tautomerase activity and that the
insertion of an alanine between Pro-1 and Met-2 es-
sentially abolishes the activity.” However, MIF has a
tyrosine residue (Tyr-95) at the position corresponding
to Arg-39 of 4-OT, and in both crystal structures of MIF
complexed with HPPY” and (E)-2-fluoro-p-hydroxy-
cinnamate,’® Tyr-95 does not locate within the hydrogen-
bonding distance of a ligand. However, because there
are no other polar groups in the active site, it is thought
that Tyr-95 may participate in the catalytic reaction.8

Our crystallographic study of the MIF/compound 1
complex revealed that the coumarin ring of compound
1 is located in the hydrophobic active site containing
Pro-1 and Tyr-95. Though no hydrogen bonds of the
secondary amine of Pro-1 and the hydroxyl group of Tyr-
95 to compound 1 are observed in our crystal structure,
these two hydrophobic residues seem to be important
for the binding of the hydrophobic coumarin ring (Figure
3B,C). On the other hand, our molecular modeling study
indicated that the carbonyl oxygen at the 4-position of
the most potent compound 13 is located within the
hydrogen-bonding distance of the hydroxyl group of Tyr-
95 (Figure 5B). It is expected that a crystallographic
study will reveal the existence of its hydrogen bond.

Our crystallographic study also revealed the existence
of a second hydrophobic surface which consists of Pro-
33, Tyr-36, Trp-108, and Phe-113 (Figure 3C), and our
molecular modeling studies of compounds 13 and 8,
which are more potent compounds than compound 1,
showed the possibility of hydrophobic interactions be-
tween the aromatic rings at the 3-position of the
chromen-4-one ring (coumarin ring) and the benzene
ring of Tyr-36 (Figure 5). Figure 6 shows a comparison
of the protein surfaces of MIF, OT-4, and CHMI. The
surfaces are colored according to the lipophilicity po-
tential, in which the hydrophobic regions are brown and

the hydrophilic regions are blue. This shows that MIF
has a hydrophilic surface and a second hydrophobic
surface at the rim of the active site, while a similar
hydrophobic region is not observed in both 4-OT and
CHMI. Because this hydrophobic surface is observed
only in MIF, it is expected that a specific potent inhibitor
for MIF could be designed using the interaction with
this region.

Conclusion

Through the virtual screening approach, we have
identified 14 tautomerase inhibitors of MIF whose K;
values are in the range of 0.038—7.4 uM and also
determined the crystal structure of MIF complexed with
one of the hit compounds. Several tautomerase inhibi-
tors of MIF, such as (E)-2-fluoro-p-hydroxycinnamate,8
dopachrome analogues,? tryptophan derivatives,?3 and
hexanethiol,?* have been reported, but to our knowledge,
our compounds are the most potent tautomerase inhibi-
tors. It is not clear whether the tautomerase activity of
MIF is linked to its physiological functions. However,
it is expected that our study would benefit attempts to
understand the biological functions of MIF and develop
further therapeutic approaches related to MIF.

Experimental Section

Materials. All compounds were purchased from commercial
suppliers and assayed without further purification. However,
the structures of all 14 hit compounds were confirmed by *H
NMR (400 or 500 MHz), *C NMR, and HRMS.

Docking Method and Selection of Compounds. We
used the crystal structure solved in our laboratory at high
resolution for the target receptor in the calculation of docking.
About 1000 000 compounds in the Available Chemicals
Directory (ACD, Molecular Design Ltd. Information Sys-
tems) and the Available Chemicals Directory Screening Com-
pounds (ACDSC, Molecular Design Ltd. Information Systems)
were docked into the active site of MIF using DOCK4.0.1.2526
In the calculation, we did not dock the compounds whose
number of heavy atoms is above 30, because the active site of
MIF is not very large (Heavy_atoms_maximum, a parameter
in DOCK4.0.1, was set to 30). After docking, we first selected
about 5 000 compounds with high force field scores in three
types of scoring functions of DOCKA4.0.1: DOCK energy
scoring, DOCK chemical scoring, and DOCK contact scoring.
In the following step, unfavorable compounds, such as re-
agents, chemically unstable compounds, and the compounds
which did not satisfy the condition of the rule-of-527 ((1)
molecular weight 500, (2) number of hydrogen bond acceptors
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10, (3) number of hydrogen bond donors 5, (4) calculated log P
5; three of the four conditions must be satisfied), were removed,
using an in-house program. Finally, we selected 524 com-
pounds by careful visual inspection in which the binding of
the compound to the active site without protruding into the
solvent and the hydrogen-bonding patterns were examined.

Hit compounds 1—-12 and 14 were selcted from ACDSC
(mdl number, compound 1, MFCDO00017641; compound 2,
MFCD00037480; compound 3, MFCD00037379; compound 4,
MFCD00488460; compound 5, MFCD00488326; compound 6,
MFCD00990393; compound 7, MFCD00990394; compound 8,
MFCDO00037574; compound 9, MFCD01084670; compound 10,
MFCD00842152; compound 11, MFCD00732679; compound
12, MFCDO00391941; compound 14, MFCD00498480), and hit
compound 13 was selcted from ACD (mdl number, compound
13, MFCDO00143002).

Expression and Purification. Recombinant MIF from
human thymocytes was subcloned into Ndel and Xhol sites of
the bacteriophage T7 expression plasmid pET22b (Novagen).
His-tagged MIF was expressed in Escherichia coli BL21(DE3)
(Novagen) for the crystallographic study, purified using metal
affinity column Talon (Invitrogen) equilibrated with 125 mM
sodium citrate in 10 mM Tris-HCI (pH 8.0) buffer, and eluted
by additional 90 mM imidazole. Yield: about 250 mg of
purified MIF trimer/L of growth.

Crystallization and Structure Determination. MIF was
concentrated to about 100 mg/mL in crystallization buffer (14.4
mM fS-mercaptoethanol, 0.1 mM PMSF, and 100 mM sodium
citrate (pH 5.0)). Crystals of typical size 0.2 x 0.2 x 0.2 mm
were obtained using the hanging drop vapor diffusion method
by mixing equal volumes of protein and reservoir solution
(0.6—1.5 M ammonium sulfate/0.1 M HEPES (pH 7.0)) at room
temperature. For the inhibitor—complex structure analysis,
the crystals were soaked in 10 mM compound 1, 2.0 M
ammonium sulfate, 15% glycerol and 0.1 M HEPES (pH 7.0)
for 10 days before data collection. X-ray intensity data were
collected at 100 K with synchrotron radiation at BL6B
(Tsukuba Advanced Research Alliance) in the Photon Factory,
National Laboratory for High Energy Accelerator Research
Organization. Data were processed with DENZO?® and scaled
with SCALA?° in CCP4. Crystallographic data for free-form
and inhibited-form crystals are shown in Table 1.

The crystal structure of free-form MIF was determined by
the molecular replacement method using the 2.6 A structure
of IMIF in PDB as a starting model and refined to 1.5 A
resolution. The inhibitor was fitted into the electron density
in the difference Fourier map calculated with the data for the
inhibited-form crystal. Actually, since the quality of the
inhibitor-omitted map in one binding site of MIF trimers was
better than those in the other two, one inhibitor molecule was
placed in this best site. The models of two other inhibitor
molecules were then generated by referring to the conforma-
tion of the first molecule and the corresponding electron
densities. The program X-PLOR?® was used throughout these
analysis and refinement processes, and the program O3 was
used to interpret the electron-density map. Coordinates have
been deposited in the PDB (free form, 1GDO; inhibited form,
1GC2).

Dopachrome Tautomerization Assay. For the inhibition
study of tautomerase, b-dopachrome was used as the substrate
of MIF. Fresh solutions of p-dopachrome were prepared by
mixing a solution of p-DOPA (Sigma) in 10 mM sodium
phosphate buffer (pH 6.0) containing 0.5 mM EDTA and the
required volume of a solution of potassium periodate (Nacalai)
to achieve a 1:2 molar ratio of pb-dopachrome/periodate. The
p-dopachrome solutions were prepared before the inhibition
assay because of their relative instability.

The enzymatic activity of MIF was spectrophotometrically
determined by monitoring the decrease in absorbance at 475
nm for 10 min. The total volume of the assay mixture was 200
uL, containing sodium phosphate buffer (pH 6.0) and an
aliquot of MIF solution whose final concentration was 4 ug/
mL. Each inhibitor was added to the assay mixtures with 2
uL DMSO solution (final concentration of DMSO was 1% (v/
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V)). We determined that no inhibition of enzymatic activity by
DMSO was observed at this concentration. The assay was
initiated by the addition of the substrate ranging from 0.25 to
0.5 mM. All initial rates were corrected for background by
performing an assay at the each substrate and inhibitor
concentration without MIF and subtracting the uncatalyzed
rate from the initial rate in the present of MIF. K; values were
determined using three-dimensional nonlinear regression
analysis.
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