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ABSTRACT: Regulation of cellular processes by dietary
nutrients is known to affect the likelihood of cancer
development. One class of cancer-preventive nutrients,
isothiocyanates (ITCs), derived from the consumption of
cruciferous vegetables, is known to have various effects on
cellular biochemistry. One target of ITCs is macrophage
migration inhibitory factor (MIF), a widely expressed protein
with known inflammatory, pro-tumorigenic, pro-angiogenic, and anti-apoptotic properties. MIF is covalently inhibited by a
variety of ITCs, which in part may explain how they exert their cancer-preventive effects. We report the crystallographic
structures of human MIF bound to phenethylisothiocyanate and to L-sulforaphane (dietary isothiocyanates derived from
watercress and broccoli, respectively) and correlate structural features of these two isothiocyanates with their second-order rate
constants for MIF inactivation. We also characterize changes in the MIF structure using nuclear magnetic resonance
heteronuclear single-quantum coherence spectra of these complexes and observe many changes at the subunit interface. While a
number of chemical shifts do not change, many of those that change do not have features similar in magnitude or direction for
the two isothiocyanates. The difference in the binding modes of these two ITCs provides a means of using structure−activity
relationships to reveal insights into MIF biological interactions. The results of this study provide a framework for the
development of therapeutics that target MIF.

Macrophage migration inhibitory factor (MIF) is a widely
expressed pro-inflammatory protein that is under

investigation as a potential target for interventions against
sepsis, autoimmune diseases, and cancer.1−3 The tautomerase
activity of MIF (EC 5.3.2.1) has been used for drug screening
and inhibitor design. Compounds that inhibit MIF tautomerase
activity have been found also to inhibit MIF biological functions
in cell-based and in vivo experiments.4,5

However, there is a continuing debate about whether
inhibition of enzymatic activity or antagonism of MIF−receptor
interactions is the mechanism that results in decreased
biological activity.6,7

Recently, proteomic studies that aimed to identify cellular
proteins modified by isothiocyanates (ITCs) revealed MIF was
specifically targeted.8−10 Isothiocyanates make up a class of
nutrients obtained through consumption of cruciferous
vegetables, having well-known cancer-preventive properties.11,12

The inhibition of MIF by these compounds provides an
explanation of some salubrious effects of ITCs that are not
explained by its other known cellular targets and activities.10

Furthermore, oil containing phenylethylisothiocyanate [also
known as phenethylisothiocyanate (PEITC)] has been found
to be active against ulcerative colitis.13 Although the target is
not known in this study, it is interesting that MIF is implicated
in colitis1 as well as other pro-inflammatory diseases, and on the

basis of the proteomics experiments, the target is likely to be
MIF.
It has been found that consumption of isothiocyanate

nutrients derived from cruciferous vegetables may reduce the
risk of having cancer.14−16 In particular, the isothiocyanates L-
sulforaphane, abundant in broccoli, and PEITC, abundant in
watercress, have anti-myeloma properties.17 The mechanism of
this protection has been found to be manifold, including
genotoxic effects on tumor cells,18 induction of redox-protective
“phase 2” enzymes,19,20 and inhibition of cytochrome P450-
mediated production of toxic carcinogenic metabolites.20 ITCs
also target tumor cells directly via glutathione depletion and
increased oxidative stress.21 Although isothiocyanates have been
found to be very beneficial nutritionally, not enough is known
about proper dosage and timing of administration for them to
be useful therapeutically. One group reported induction of
bladder tumors in rats upon treatment with an isothiocyanate
after induction of tumorigenesis via administration of a
carcinogen,22 although isothiocyanate intake prior to, or along
with, carcinogen administration reduced the cancer risk in the
same strain of rat.23 Another group reported low concen-
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trations of ITCs inhibit apoptosis while a high isothiocyanate
dosage induces apoptosis.24

MIF, which has been found to have pro-tumorigenic, pro-
angiogenic, and pro-inflammatory activities, is becoming widely
recognized as a potential anticancer drug target. Small molecule
inhibitors directed against MIF have been found to be useful
both in animal models of sepsis25 and in culture against cellular
proliferation and migration of lung cancer cells5 and restoration
of contact inhibition in glioblastoma cells.2 The reactivity of
isothiocyanates against MIF therefore presents a natural
nutritional targeting of an oncologically relevant protein,
adding support to the rationale for the development of anti-
MIF compounds for cancer chemotherapy. Herein, we
quantitate the kinetics of the reactions of MIF with the
nutrient isothiocyanates PEITC and sulforaphane. We also
report the crystal structures and nuclear magnetic resonance
(NMR) heteronuclear single-quantum coherence (HSQC)
spectral changes of MIF complexed with these two ITCs and
discuss their use for understanding the mechanism of MIF
inhibition and further development of MIF inhibitors.

■ EXPERIMENTAL PROCEDURES
Materials. Recombinant human MIF and [15N]MIF were

expressed and purified as described previously.25,26 L-Sulfor-
aphane (the naturally occurring R configuration) and PEITC
were purchased from Sigma-Aldrich (St. Louis, MO). [15N]-
Ammonium chloride was obtained from Cambridge Isotopes
(Andover, MA).
MIF Derivatization Kinetics. Irreversible inhibition was

observed by incubating MIF with inhibitor and diluting aliquots
into assay buffer at various times to measure tautomerase
activity as previously described for other covalently based
inhibitors.25 Kinetics of isothiocyanate derivatization of MIF
were measured using 15 μM MIF incubated with or without 15
μM inhibitor in 2.9% DMSO, 19.4 mM Tris (pH 7.5), and 19.4
mM NaCl at room temperature (approximately 23 °C).
Aliquots were assayed after incubation for 16 (±1), 90, 150,
240, 480, and 960 s. The MIF concentration during
tautomerase assays was 0.20 μM, and the temperature of the
spectrophotometer during the tautomerase assays was fairly
stable (25−26 °C when assaying the tautomerase activity of the
PEITC-derivatized MIF, 26−27 °C for sulforaphane-derivatized
MIF, and 24−25 °C for the control incubation). Experiments
were performed in triplicate for each inhibitor and for the
control. Rate constants were calculated using GraphPad Prism
4.
Crystallization. PEITC and L-sulforaphane stock solutions

were prepared in DMSO. A solution of 0.2 mM MIF, 1.0 mM
isothiocyanate, 10% DMSO, 18 mM Tris (pH 7.5), and 18 mM
NaCl was prepared and allowed to sit at ambient temperature
on the bench for 2 and 5 min for PEITC and L-sulforaphane,
respectively. The ITC/MIF solution was subjected to a few
rounds of concentration and redilution in 20 mM Tris (pH 7.5)
and 20 mM NaCl until the DMSO concentration was reduced
to approximately 1% (for PEITC−MIF) or 0.5% (for
sulforaphane−MIF). For crystallization, hanging drops were
prepared by mixing 2 μL of 0.96 mM PEITC−MIF or 2 μL of
1.2 mM L-sulforaphane−MIF with 2 μL of reservoir consisting
of 2 M (NH4)2SO4, 0.1 M Tris (pH 7.5), and 3% 2-propanol.
Pyramid-like crystals, 0.3−0.4 mm on a side, were grown at 20
°C.
Crystallographic Data Processing and Structure

Determination. Diffraction data were collected on a Rigaku

Micromax 007 X-ray generator with an R-Axis IV++ image
plate detector. The data were processed using HKL2000.27The
structure of each complex was determined by molecular
replacement with AMoRe in CCP428,29 using protein
coordinates from native MIF [Protein Data Bank (PDB)
entry 3DJH] as a search model.25 Initial models for the
inhibitors were generated using the Dundee Prodrg Server.
Refinement was performed using CNS,30 and ligand placement
and model building were performed using O and COOT.31

Refinement statistics are listed in Table 1. Coordinates and
crystallographic structure factors were deposited in the RCSB
Protein Data Bank (entry 3SMB for PEITC−MIF and entry
3SMC for sulforaphane−MIF).

NMR HSQC Experiments. 15N-labeled MIF was covalently
modified as described above and extensively dialyzed into 20
mM sodium phosphate buffer (pH 7.0) and 0.5 mM EDTA.
Each NMR sample was prepared with 10% D2O and protein
concentrations of approximately 1 mM. All NMR experiments
were conducted at 25 °C on a Varian INOVA 600 MHz
spectrometer using a 5 mm triple-resonance probe equipped
with triple-axis pulsed magnetic field gradients and utilized
pulse sequences from the Varian BioPack User Library (Varian
Inc., Palo Alto, CA). 1H−15N HSQC NMR spectra were
processed using NMRPipe32 with subsequent display and

Table 1. Crystallographic Statistics

PEITC−MIF L-sulforaphane−MIF

Integration and Scaling
space group P212121 P3121
unit cell a = 67.49 Å, b = 67.67 Å,

c = 87.77 Å,
α = β = γ = 90°

a = b = 95.64 Å,
c = 103.52 Å,
α = β = 90°, γ = 120°

resolution (Å)
(highest shell)

90−1.6 (1.63−1.6) 110−1.8 (1.83−1.8)

no. of unique
reflections

52662 51163

completeness (%) 97.9 (98.8) 99.9 (100)
redundancy 4.4 (4.3) 10.8 (10.4)
avg I/avg σ 20.31 (4.13) 25 (4.2)
Rmerge 0.080 (0.277) 0.104 (0.502)

Refinement (F ≥ 0)
no. of reflections 52638 51159
no. of atoms in the
asymmetric unit

3074 3103

Rwork (%) 18.1 17.2
Rfree (%) 19.7 18.6
root-mean-square
deviation from
idealitya

bond
lengths (Å)

0.007 0.005

bond angles
(deg)

1.3 1.3

average B factor
(Å2)

overall 19.52 16.30
protein
(no. of
residues)

17.75 (114 × 3) 14.18 (114 × 3)

water 29.76 (434) 27.75 (446)
ions 36.52 (12) 30.67 (12)
inhibitor 17.53 (3) 23.43 (3)

aCompared to ideal bond lengths and angles as determined by Engh
and Huber.42
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analysis in Sparky33 and with chemical shifts referenced
indirectly to external 3-(trimethylsilyl)propionic-2,2,3,3-d4
acid at 0.00 ppm.

■ RESULTS

Kinetics of MIF Derivatization by PEITC and L-
Sulforaphane. MIF was incubated with an equimolar
concentration of PEITC or L-sulforaphane, and the rate of
enzyme inactivation was determined by measuring tautomerase
activity after incubation for various times. MIF is a homotrimer
with the three active sites formed by subunit interfaces. ITCs
react with the catalytic proline in MIF with a stoichiometry of
one ITC to one MIF monomer (Figure 1A,B). Therefore, the
concentration of MIF used in the experiments was calculated as
the total concentration of MIF monomeric subunits. Enzyme
activity was fit to a hyperbolic curve (Figure 1C) to determine
second-order rate constants according to eq 1,

=
+

y
A

Akt 1 (1)

where A is the initial effective free MIF concentration
(micromolar), t is the time (seconds) of MIF incubation with
the inhibitor prior to enzymatic activity being assayed, and k is
the second-order rate constant. PEITC covalently inhibits MIF
with a rate constant of (3.1 ± 0.1) × 102 M−1 s−1. The rate
constant with sulforaphane is (1.3 ± 0.06) × 102 M−1 s−1. As
these compounds have the same reactive isothiocyanate group,
the difference is due to the different R groups attached to the
functional isothiocyanate moiety (Figure 1A,B).

Structure of the PEITC−MIF Complex. The 1.6 Å
structure of the PEITC−MIF complex reveals that the
phenylethyl group of the inhibitor occupies the hydrophobic
active site of the protein (Figure 2A,B). The form of the
inhibitor−enzyme adduct was modeled as the thiocarbamoy-
lated protein (with the nitrogen of PEITC protonated and the
double bond maintained between the carbon and sulfur atoms)
based on known chemistry of isothiocyanates with amines. This
chemistry has often been employed in the Edman degrada-
tion34 and occurs not only with primary but also with
secondary amines35 and therefore is applicable to the N-
terminal proline of MIF.
The torsion angle between the inhibitor and Pro-1 is 9.7 ±

2.5° [mean ± the standard deviation among the three active
sites of the trimer (Figure 2B)]. Therefore, this represents a cis-
thiopeptide bond. Such a complex would be less likely with any
other N-terminal residue because of the stronger propensity for
proline to form a cis peptide bond. Any energetic disadvantage
of cis bond formation is evidently compensated by the affinity
of the R group of PEITC for the MIF active site, as the
hydrophobic chain is buried in the cavity.

Structure of L-Sulforaphane-Bound MIF. The structure
of L-sulforaphane bound to MIF was determined at 1.8 Å
resolution. In contrast to PEITC, which fills the active site cleft,
the side chain of sulforaphane extends out of the binding site
and resides at the surface of the protein (Figure 2C). This
would suggest a lower affinity for the active site cleft of the
aliphatic side chain of sulforaphane relative to that of the
aromatic side chain of PEITC and is consistent with the slower
rate constant for sulforaphane than PEITC for reacting with
MIF. The covalent modification still occurs, highlighting the
inherent reactivity of MIF with the isothiocyanate group. With
the sulforaphane extending toward the protein surface, the
bond formed with Pro-1 is in the trans conformation [ω =
171.3 ± 2.08°, mean ± SD (Figure 2C)]. One of the active sites
lacks crystal contacts. At this site, although we see most of the
sulforaphane, there is no electron density for the methylsulfinyl
group of the inhibitor, indicating its mobility at the surface of
the protein (Figure 2D). In the other two active sites, electron
density is present for the entire inhibitor, presumably because
of symmetry-related copies of the protein restricting the motion
of the sulforaphane.

Structural Changes of MIF upon Binding Isothiocya-
nates. Comparison of the X-ray structure of sulforaphane-
bound MIF to unbound MIF reveals there are no large
structural changes in the active site (Figure 3A,B) or the trimer
(Figure 4A). Although the chemical reaction pathway for the
substrate undergoing the transition to product cannot be
determined in this study, the product of this chemical reaction
suggests the sulforaphane isothiocyanate group is in an ideal
position for covalent bond formation with the amine of Pro-1

Figure 1. Kinetics of MIF reactivity with PEITC and L-sulforaphane.
(A and B) Structures of PEITC (A) and L-sulforaphane (B) and the
reactions they undergo with MIF, according to the known product of
the reaction of isothiocyanates with proteins.34 (C) MIF (15 μM) was
incubated with an equal concentration of either PEITC or L-
sulforaphane, or with vehicle (DMSO). At indicated times, the
amount of remaining unreacted MIF, “effective free MIF”, was
assessed by measuring its tautomerase activity as described in
Experimental Procedures. Data are plotted as means ± the standard
error of the mean. In some cases, the error bars are smaller than the
data symbols. The data were fit to a hyperbolic curve as described in
the text. The calculated second-order rate constants for MIF
derivatization are 3.1 × 102 M−1 s−1 with PEITC and 1.3 × 102

M−1 s−1 with L-sulforaphane.
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because there is no significant movement of Pro-1 from its
position in the apo structure. The structure of the MIF−PEITC
complex, however, reveals a movement of Pro-1 within the
active site (Figure 3B), but still no significant change in the
trimer (Figure 4B). The position of the aromatic ring within
the active site requires a conformational change in Pro-1 to
make a covalent bond with PEITC. The disadvantage of the
movement of Pro-1 and the cis conformation of the thiopeptide
is overcome by the affinity of PEITC for the active site. The
proline conformational change may explain why the kinetics of
bond formation for PEITC, which makes more contacts with
MIF in the active site and appears to have a greater affinity than
sulforaphane, is not greater than 2.4-fold relative to that of
sulforaphane.
It is also informative to compare sulforaphane and PEITC to

two other irreversible inhibitors, 4-iodophenylpyrimidine [4-
IPP (Figure 3C)] and phenylmethanesulfonyl fluoride [PMSF
(Figure 3D)].5,25 A similar Pro-1 shift attributed to PEITC is
seen when MIF binds to 4-IPP but is not seen when MIF binds
to PMSF. The difference in Pro-1 movement in PEITC and 4-
IPP complexes relative to that of PMSF is due to their larger
size and favorable contacts in the active site. Comparison of
sulforaphane and PMSF complexed to MIF reveals the ψ angle
for Pro-1 in PMSF changes to accommodate the tetrahedral
covalent bond that is formed. Neither inhibitor yields any

significant conformational change elsewhere in the protein
(Figure 4).

NMR Studies of [15N]MIF with PEITC and Sulfor-
aphane. A previous NMR study of the reaction of MIF and
another isothiocyanate, benzyl isothiocyanate (BITC), revealed
large changes in 1H−15N peak width in the subunit interface
indicative of a major conformational change.8 We collected
analogous 1H−15N HSQC NMR peaks using the same buffer
and temperature on the covalently modified forms of MIF
presented here and compared them to those of the unliganded
protein. As can be seen in Figure 5A, both of the covalent
modifications significantly perturb the backbone amide
chemical shifts for ∼50% of the residues. However, unlike
what was reported for BITC, there were no detectable changes
in line widths. Interestingly, the chemical shift changes induced
by each of the covalent modifications were dissimilar in
magnitude and direction. For the resonances that were not
significantly perturbed by one covalent modification, they were
also not affected by the other. In general, the pattern of
backbone amide chemical shifts for the modified proteins
remains consistent with a folded structural state. The
distribution of backbone amide 1H chemical shifts, with many
values of >8 ppm, remains consistent with a high β-sheet
content. One possible explanation for all of these observations
involves rearrangement of the structural interface between MIF
monomers within the trimeric complex. We hypothesize that

Figure 2. Structures of PEITC and sulforaphane bound to MIF. In all panels, both the inhibitor and Pro-1 were omitted from the electron density
map calculations to remove crystallographic bias. (A and B) PEITC bound to Pro-1 in the active site of MIF. The 1.6 Å Fo − Fc simulated annealing
omit map is contoured at 4σ. Views were chosen to highlight the electron density of the PEITC aromatic ring (A) and the bond with Pro-1 (B). The
active site shown is representative of all three active sites. (C and D) Fo − Fc simulated annealing omit map (1.8 Å) of L-sulforaphane bound to MIF,
contoured at 3σ. The electron density in panel C is representative of two of the active sites, in which crystal contacts place the inhibitor close to other
MIF molecules in the crystal. The active site shown in panel D does not have nearby symmetry-related MIF molecules. The incomplete electron
density for the inhibitor in panel D reveals the flexibility of sulforaphane when it is bound to MIF in the absence of crystal contacts. The views in
panels B−D show the conformation of the inhibitor-protein bonds: cis when Pro-1 is bound to PEITC (B) and trans when Pro-1 is bound to
sulforaphane (C and D).
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the interface residues within the MIF trimer are able to exist in
multiple conformations, without any associated perturbations of
the overall secondary, tertiary, or quaternary structure.
Covalent modification of the N-terminus, which is located
within the interface, may alter the population distribution of
structural states for these interface residues. In the case of
BITC, the observed line broadening for interface residue
backbone amides could be explained by conformational
exchange on the NMR time scale induced by the covalent
modification, which was not observed with sulforaphane or
PEITC. Interestingly, noncovalent inhibitors at the active site
also cause chemical shift broadening and changes in the
positions of the chemical shifts.7

We used Sparky to overlay the peaks from both ITCs with
those assigned from apo-MIF to produce a qualitative
assessment of which residues moved upon formation of a
covalent bond with the ITCs. More than 10% of the peaks from
both ITCs superimposed very well with the apo-MIF peaks
(e.g., see Val-41 at 8.77 and 127.61 ppm). We also included
chemical shifts that were not perturbed significantly upon
formation of the covalent bond with ITCs, those that partially
overlapped or moved slightly relative to the apo-MIF peaks
(Table S1 of the Supporting Information). We highlighted on

the ribbon structure of apo-MIF all other residues correspond-
ing to chemical shifts due to ITC covalent bond formation that
were significantly perturbed or were absent relative to the apo-
MIF peaks (Figure 5B). More than half the residues are
perturbed and are mostly located around the active site at the
subunit interface. These residues include the β-sheet and the
hydrophobic residues from the α-helices that abut the β-sheet.
A large portion of the C-terminal region, for example,
interdigitates into the adjacent subunit and contributes one of
the six strands in the β-sheet for each monomer. Perturbation
of these C-terminal β-strands results in changes to the
hydrophobic residues of the helix (helix II, residues 69−87)
in the adjacent subunit. The lower half of other helix (helix I,
residues 18−29) is perturbed because it is adjacent to β-strand
I, directly following Pro-1. The loop (residues 30−37) that
connects helix I to β-strand II possesses residues that are part of
the active site and is also perturbed. The absence of chemical
shift changes for more than half of the solvent-exposed helical
residues distal to Pro-1 is an indication that the secondary and
tertiary structure remains similar to those of the apo-MIF
structure. The absence of chemical shift changes at this location
also indicates that a large number of chemical shifts are due to
subtle effects that are observed because of the sensitivity of
NMR. However, this does not exclude changes in the
conformation of MIF side chains due to covalent binding of
the two ITCs.

■ DISCUSSION
The well-studied cancer-preventive effects of isothiocyanates
are consistent with inhibition of the pro-inflammatory, pro-
tumorigenic, and pro-angiogenic protein MIF. Covalent
modification by ITCs obtained through the diet represents a
natural mechanism for curtailing MIF-mediated cellular
proliferation. Our observation that MIF is covalently modified
by an ITC such as sulforaphane that extends out of the pocket
is consistent with previous studies demonstrating that MIF is
inhibited by a wide variety of ITCs, some containing aromatic

Figure 3. Effects of ITCs on MIF active site residues. All overlays were
performed using a least-squares superposition of α-carbon atoms
corresponding to residues 3−27, 37−50, 52−65, and 67−114. (A)
Sulforaphane-derivatized MIF overlaid upon unliganded MIF (PDB
entry 3DJH) reveals that there are no major conformational changes in
the protein backbone. There are two conformations for Met-2 in the
unliganded MIF. The side chain conformational difference seen in
Tyr-36 is due to crystal contacts made by Tyr-36 in the active site of
the sulforaphane−MIF complex. These Tyr-36 crystal contacts are not
present in the unliganded MIF crystal form shown in the figure, which
crystallized in a different space group. (B) Superposition of the
sulforaphane−MIF complex onto the PEITC−MIF complex shows
that PEITC displaces Pro-1 from its native position. (C) The Pro-1
displacement observed in the PEITC−MIF complex is similar to that
observed upon reaction of MIF with 4-IPP [which leaves 4-
phenylpyrimidine (4-PP) bound to the protein].5 (D) ITC
derivatization of MIF produces a planar proline imine (PDB entry
3B9S) nitrogen and therefore does not cause the bending in Pro-1 that
is observed when MIF reacts with PMSF [which leaves a phenyl-
methylsulfonyl group (PMS) attached to the protein] that yields a
tetrahedral imine (PDB entry 3CE4).

Figure 4. Binding to ITCs does not cause a conformational change in
MIF. Superposition of sulforaphane−MIF (A) and PEITC−MIF (B)
complexes onto unliganded MIF is shown. The top panels show the
full trimeric protein, and the bottom panels show a close-up view of a
representative active site, highlighting Lys-32. The position and
orientation of Lys-32 do not undergo large changes upon ITC binding,
and the global MIF tertiary structure remains unchanged. Overlays
were performed as described in the legend of Figure 3.
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rings that are commonly seen binding in the MIF binding
pocket and others that do not contain such moieties. This
supports the theory that MIF inhibition plays a relevant role in
the antitumorigenic effects of ITCs.11,12 The more efficient in
vitro derivatization of MIF by PEITC relative to sulforaphane
contrasts with previously reported cellular activities. Cross et al.
working with HeLa cells and Brown et al. working with Jurkat
cells found sulforaphane inhibited tautomerase activity at lower
concentrations than PEITC did when added to cells.8,9 In these
previously reported experiments, exogenous MIF was not
added to the cells, and it is suggested that intracellular MIF was
inhibited, as only lysates were assayed. The relative membrane

permeabilities of sulforaphane and PEITC are not known and
could explain the difference between the in vitro and cellular
results, with sulforaphane penetrating the cellular membrane
more efficiently than PEITC. There are other possible
explanations that have yet to be studied. Among them are
binding to other proteins with aromatic sites that sequester
PEITC without any covalent modification and the half-life of
PEITC and sulforaphane in cells.
ITCs demonstrate a kinetic profile similar to that of MIF

inhibition by PMSF25 except that the rates of covalent complex
formation are much faster. (PMSF is so slow in modifying Pro-
1 that a second-order rate constant would have been difficult to
calculate, so pseudo-first-order kinetics.) PMSF binds within
the active site, whereas sulforaphane extends outward. There-
fore, the improved kinetics of sulforaphane versus that of PMSF
must be due to the greater reactivity toward MIF of the ITC
functional group relative to a fluorinated sulfonyl moiety. The
MIF-binding R group of PEITC in the active site allows faster
condensation with Pro-1 after the required proline movement is
achieved relative to sulforaphane.
Condensation of an isothiocyanate with the N-terminus of a

protein is the first step in the Edman degradation. However,
Edman performed his original procedure at pH 8.6 to
deprotonate the free amino terminus to allow the protein to
react.34 PEITC, however, reacts with MIF at near-neutral pH
values. The complex was formed in pH 7.5 buffer in both the
crystallization and kinetic experiments. The irreversible
inhibition of MIF by PEITC is therefore dependent on the
uniquely low pKa of Pro-1,

36 which makes this protein a specific
target of covalent ITC modification. Cross et al. found that
MIF is the predominant protein modified by PEITC in HeLa
cells by using a whole-cell proteomic labeling method.9

Likewise, Brown et al. discovered that MIF is uniquely targeted
by PEITC in Jurkat T-cells using a similar whole-cell lysate
proteomic pull-down study.8

It is surprising that no large regional or global conformational
changes were observed in the crystal structures upon binding of
these two isothiocyanates. NMR HSQC experiments for
probing changes upon MIF binding to BITC found changes
in peak width due to exchange between multiple conforma-
tional species that are observed on the NMR time scale that
mapped to a large region of the subunit−subunit interface
indicative of a conformational change.10 It also must be
mentioned that other noncovalent inhibitors at the active site
also had major HSQC changes but their X-ray structures were
never determined.7 The HSQC changes of PEITC and
sulforaphane were examined under similar conditions. Although
the NMR experiments with these two compounds did not lead
to changes in peak width, most of the chemical shifts indicated
a change in the subunit interface with no detectable changes in
the secondary, tertiary, or quaternary structure of MIF (Figure
5). Given the sensitive nature of NMR experiments, these
changes may not lead to a large rearrangement of the MIF
structure but may indicate the existence of other, subtly
different conformational states captured by each isothiocyanate
in solution.
Although there are no major global changes of MIF modified

by either ITC examined in this study, the structure of the
PEITC-derivatized MIF indicates a local conformational change
in Pro-1 (Figure 4). In silico modeling by Brown et al.
suggested a change in backbone conformation in the vicinity of
Pro-1 and Lys-32 in the presence of PEITC.8 There is a
movement of Pro-1 in the crystal structure but not nearly as

Figure 5. Analysis of NMR HSQC data. (A) Overlaid 1H−15N HSQC
NMR spectra of [15N]MIF (black contours) and L-sulforaphane-
derivatized (blue contours) and PEITC-derivatized [15N]MIF (red
contours). All spectra were collected on a 600 MHz Varian Inova
NMR spectrometer at 25 °C as described in Experimental Procedures.
The dispersion of peaks in all three spectra is indicative of a high-β-
sheet content protein, while the observed peak shifts upon
derivatization are consistent with changes in the subunit interfaces
of MIF. Unchanged NMR peak widths suggest a paucity of
conformational and quaternary structural changes upon derivatization
with PEITC and sulforaphane. (B) Ribbon diagram of the MIF trimer
with backbone chemical shifts that are perturbed (magenta) or not
perturbed (green), relative to the assigned apo-MIF chemical shifts,
upon formation of a covalent bond with both sulforaphane and PEITC
based on NMR HSQC experiments. Pro-1 and the C-terminus of the
same subunit are labeled.
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large as that predicted by modeling. There are no significant
changes in Lys-32. Brown et al. found that PEITC reduced the
affinity of a monoclonal antibody for MIF, which was
interpreted as evidence of a protein conformational change
even though the exact epitope was not known.8 The same
study, however, found a polyclonal serum to recognize PEITC-
derivatized MIF and free MIF equally well. In light of our
results, the epitope recognized by the monoclonal antibody
could include the subunit interface or active site, which is
modified by PEITC and thereby alters the epitope.
It was determined by Ouertatani-Sakouhi et al. that various

ITCs interfere with binding of MIF to CD74.10 This was
attributed to the conformational change in MIF upon binding
of BITC. Another possibility is that ITCs interfere with MIF−
CD74 binding due to the covalent inhibitor physically blocking
a portion of the CD74 binding site. This demonstrates the
importance of the MIF tautomerase active site in its interaction
with CD74, whether it is caused by direct binding to the active
site or to other residues in the subunit interface that are affected
by the binding of an inhibitor to the active site.
The efficiency with which isothiocyanate groups react with

the active site of MIF provides a useful tool for deciphering
structure−activity relationships (SAR). ITCs can be used to
investigate how inhibitors with different functional groups affect
MIF activity. Namely, inhibition of MIF biological activity
conferred by ITCs that protrude from the active site can be
compared to functional inhibition derived from those that bind
in the active site. Such SAR data would provide information
about how MIF interacts with receptors. One MIF-interacting
compound has already been reported to enhance MIF
biological activity.37 Another example has to do with a parasitic
(Ancylostoma ceylanicum) MIF (AceMIF) that interacts with
human CD74.38,39 Characterization of inhibitors identified by
targeting the AceMIF active site revealed that the diuretic drug
furosemide also inhibits AceMIF−CD74 interactions. Removal
of furosemide’s sulfonamide and chloride groups protruding
out of the active site and making no interactions with the
protein allows the maintenance of a similar inhibition of
tautomerase activity but fails to block AceMIF−CD74
interactions. These examples involve compounds that interact
with MIF noncovalently. An advantage of covalent inhibitors,
such as ITCs, is that R groups can be modified while still
maintaining irreversible binding to MIF. Once complete
derivatization is achieved, any difference in receptor interaction
of MIF modified by one ITC versus another is likely due to
their respective effects on MIF−receptor interactions. The ITC
scaffold therefore provides a convenient tool for attachment of
various chemical moieties that extend into or out of the active
site to different degrees and in different conformations. These
potential reagents can be used to determine the range of
enhancement or inhibition of binding and signaling of MIF
receptors CD74, CXCR2, and CXCR4.40 Therefore, this
structural manipulation of the tautomerase active site, and
presumably the subunit interface, can lead to insights regarding
the nature of ligand−receptor interactions in MIF signaling.
Although we focus on the MIF interactions with cell surface

receptors, there is substantial evidence that MIF is also an
intracellular enzyme with an unknown substrate and product. It
is ubiquitously expressed in every nucleated human cell and
resides in the cytosol until the cell is stressed and exported in a
signal sequence-independent pathway.41 Proteins that have
∼30% identical sequences to human MIF are found in
organisms such as Arabidopsis thaliana, Caenorhabditis elegens,

and the marine cyanobacterium Perkinsus marinus and certainly
do not express any of the known MIF receptors. Among the
30% identical residues are Pro-1 and some of the other human
active site residues. All of this points to an enzymatic activity
that may contribute to MIF’s known biology. The modification
of Pro-1 by isothiocyanates will certainly disrupt any enzymatic
activity.
The NMR studies highlight the change in conformational

states at the subunit interface upon inhibitor binding. The
structural and kinetic aspects of this study underscore that MIF
inhibition can be optimized for the design of more effective
covalent inhibitors. The reactive ITC moiety can be coupled to
MIF active site-binding groups that have increased affinity,
thereby increasing potency and selectivity for covalent
inhibitors. Structures of competitive inhibitors complexed to
the active site may provide further insight into the design of
more effective R groups.
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