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Isothiocyanates are a class of phytochemicals with widely
reported anti-cancer and anti-inflammatory activity. However,
knowledge of their activity at a molecular level is limited. The
objective of this study was to identify biological targets of phen-
ethyl isothiocyanate (PEITC) using an affinity purification
approach. An analogue of PEITCwas synthesized to enable con-
jugation to a solid-phase resin. The pleiotropic cytokinemacro-
phage migration inhibitory factor (MIF) was the major protein
captured from cell lysates. Site-directed mutagenesis and mass
spectrometry showed that PEITC covalently modified the
N-terminal proline residue of MIF. This resulted in complete
loss of catalytic tautomerase activity and disruption of protein
conformation, as determined by impaired recognition by a
monoclonal antibody directed to the region that receptors and
interacting proteins bind to MIF. The conformational change
was supportedby in silicomodeling.Monoclonal antibodybind-
ing to plasma MIF was disrupted in humans consuming water-
cress, amajor dietary source ofPEITC.The isothiocyanates have
significant potential for development asMIF inhibitors, and this
activity may contribute to the biological properties of these
phytochemicals.

Isothiocyanates are a class of phytochemicals with recog-
nized anti-cancer activity. They can act in a chemopreventive
capacity via inhibition of carcinogen-activating phase I
enzymes (1) and induction of phase II detoxification enzymes
(2). Isothiocyanates are also active in the post-initiation phase
of tumorigenesis and are, therefore, proposed to have chemo-
therapeutic potential (3, 4). Isothiocyanate-mediated disrup-
tion of cancer progression is achieved by a variety of mecha-
nisms including modulation of cell growth (5), inhibition of

angiogenesis (6), suppression ofmetastasis (7), and induction of
apoptosis (8, 9). Isothiocyanates can also modulate inflamma-
tory pathways via inhibition of the transcription factor nuclear
factor �B (10).
The electrophilic carbon residue in the isothiocyanate

moiety (-NACAS) is capable of reacting with biological
nucleophiles such as cysteine in proteins and the tripeptide
glutathione (11, 12). Binding of isothiocyanates to Kelch-like
ECH-associated protein 1 (Keap1) (13), transient receptor
potential channels (14), MEKK1 protein kinase (15), and tubu-
lin (16) has been demonstrated to occur via covalent modifica-
tion of cysteine. Reaction with amines to form stable thiourea
derivatives can also occur. However, this is generally consid-
ered to be a less favorable reaction at physiological pH (11).
To elucidate the major cellular targets of biologically active

isothiocyanates, we have utilized an affinity-based target iden-
tification approach. An amine linker was added to phenethyl
isothiocyanate (PEITC)3 without compromising cytotoxicity,
and the molecule was immobilized to a solid phase resin. The
pleiotropic cytokine macrophage migration inhibitory factor
(MIF) was identified as a major biological target of PEITC.
Using mass spectrometry and site-directed mutagenesis, we
identified the N-terminal proline of MIF as the target residue
and have shown that conjugation disrupts the catalytic tau-
tomerase activity of MIF and conformational integrity of the
protein in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Synthesis of Amino-PEITC—Amino-PEITC (2-(3-(2-amino-
ethyl)phenyl)ethyl isothiocyanate) was prepared from the dia-
mine precursor (1,3-bis(2-aminoethyl)benzene) (17) by selec-
tive protection as a mono-t-Boc derivative (18) followed by
reaction with thiophosgene (19) and deprotection. 1,3-Bis(2-
aminoethyl)benzene was obtained by reduction of 1,3-bis(cya-
nomethyl)benzene (20) with a nickel-modified borohydride
reagent (21). NMR spectrawere obtained on aVarianUnity 500
spectrometer.
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A solution of the bistrifluoroacetate salt of 1,3-bis(2-amino-
ethyl)benzene (17) (291mg, 0.74mmol) and triethylamine (205
�l, 1.48 mmol) in dry methanol (15 ml) was stirred at room
temperature for 10 min, then a solution of di-t-butyl dicarbon-
ate (41.3 mg, 0.19 mmol) in methanol (10 ml) was added drop-
wise over 5 min, and the solution was stirred at room temper-
ature for 24 h. The solvents were removed in vacuo, and the
yellow residuewaswashed successively with diethyl ether, ethyl
acetate, and dichloromethane (5 ml). The combined organic
extractswerewashedwith saturated aqueous sodiumbicarbon-
ate and evaporated to give the mono t-Boc amine (67 mg) as a
yellow oil. 1HNMR (500MHz, chloroform-d1) � 7.24 (1H, t, J�
7.5 Hz, ArH), 7.1-7.0 (3H, m, ArH), 3.35 (2H, m, CH2NHCO),
2.96 (2H, t, J � 7 Hz, CH2NH2), 2.78 (2H, broad t, J � 6.5 Hz,
CH2CH2NHCO), 2.73 (2H, t, J� 7Hz, CH2CH2NH2), 1.43 (9H,
s, C(CH3)3) ppm.
The crude t-Boc amine (67 mg) was dissolved in dichlo-

romethane (6 ml) and partitioned with saturated aqueous
sodium bicarbonate (3 ml) at 0 °C for 5 min. Thiophosgene
(19.3 �l, 0.25 mmol) was then added to the organic layer, and
the mixture was stirred at 0 °C for 20 min. The dichlorometh-
anewas then separated and evaporated in vacuo to give a yellow
oil (69 mg) which was filtered through a column of silica gel (2
g) with 1:1 petroleum ether/diethyl ether and evaporated to
give the t-Boc isothiocyanate as a clear oil (56 mg). 1H NMR
(500MHz, chloroform-d1) � 7.28 (1H, t, J� 7.5 Hz, ArH), 7.12-
7.0 (3H,m, ArH), 3.72 (2H, t, J� 6.5 Hz, CH2NCS), 3.38 (2H,m,
CH2NHCO), 2.97 (2H, t, J � 7Hz, CH2CH2NCS), 2.81 (2H, m,
CH2CH2NHCO), 1.44 (9H, s, C(CH3)3) ppm.

The crude t-Boc isothiocyanate (56 mg) was dissolved in
dichloromethane (3 ml) and stirred with trifluoroacetic acid
(0.5 ml) for 3 h. Evaporation of the solvents at room tempera-
ture in vacuo gave the product, as the trifluoroacetate salt, in
the form of an orange oil (53mg). One peak detected at 270 nm
on a Jasco PU 980 HPLC system with a reverse phase HPLC
column (Prodigy 5-�m C18 column, 250 � 4 mm, Phenome-
nex, San José, CA) eluted with 50% acetonitrile, 50%water con-
taining 0.1% trifluoroacetic acid at a rate of 1 ml/min. 1H NMR
(500MHz, chloroform-d1) � 7.6 (3H, broad, NH3), 7.33 (1H, t, J�
7.5 Hz, ArH), 7.14 (2H, broad t, J� 8 Hz, ArH), 7.09 (1H, broad
s, ArH), 3.72 (2H, t, J � 6.5 Hz, CH2NCS), 3.30 (2H,m,
CH2NH3), 3.0 (4H, m, CH2CH2NCS � CH2CH2NH3) ppm. IR
(film) �max 2186, 2113 (NACAS). 1780 (CAO) cm�1. Elec-
trospray ionisation mass spectrometry (Bruker Daltonics
MicroTOF, positive ion) mass to charge ratio found that
207.0946 C11H15N2S requires 207.0950.
Cell Culture—The Jurkat T-lymphocyte cell line was

obtained from American Type Culture Collection (Manassas,
VA) and was maintained in RPMI 1640 containing 10% fetal
bovine serum, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin (Invitrogen). Cells were grown at 37 °C in a humidified
atmosphere with 5% CO2.
Cytotoxicity Assay—Plasma membrane integrity was moni-

tored using propidium iodide staining. After a 24-h treatment
with isothiocyanates propidium iodide (5 �g) was added to
cells, and samples were allowed to incubate in the dark for 10
min before cell fluorescence was measured using a FC500MPL
FlowCytometry system (BeckmanCoulter Inc., Fullerton, CA).

Preparation of Affi-PEITC—100 �l of Affi-Gel� 10 activated
immunoaffinity support (Bio-Rad)was thoroughlywashedwith
0.1 MNaHCO3 and resuspended in 500 �l of the same solution.
TheAffi-Gel suspensionwas reactedwith 7�l of amino-PEITC
(100 mg/ml in DMSO) for 1 h at room temperature with con-
stant rotation. The remaining reactive ester groups were
blocked by the addition of 50 �l of 1 M ethanolamine, pH 8.0.
The suspension was then incubated for an additional 1 h at
room temperature with constant rotation. An unreactive resin
(blocked Affi-Gel) was prepared by incubating 100 �l of Affi-
Gel-10 in 500 �l of 0.1 M NaHCO3 containing 50 �l of 1 M

ethanolamine, pH 8.0, for 2 h with constant rotation. The
resulting Affi-PEITC and blocked Affi-Gel preparations were
thoroughly washed with binding buffer (0.1 M KCl, 20 mM

HEPES, pH7.6, 0.1 MEDTA, 0.1%Nonidet P-40, 0.25mMphen-
ylmethylsulfonyl fluoride) before use.
Identification of Intracellular Targets of PEITC—Jurkat cells

were collected and lysed in a buffer consisting of 25mMHEPES,
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl2, 1 mM

EDTA, 10% glycerol and CompleteTM protease inhibitors
(Roche Diagnostics). Protein concentration was determined
using aDc protein assay (Bio-Rad) and adjusted to 2mg/mlwith
additional buffer. Affi-PEITC and blocked Affi-Gel were incu-
bated with 1 ml of cell lysate for 1 h at room temperature with
constant rotation. After incubation, the resins were thoroughly
washed with binding buffer. Bound protein was eluted by boil-
ing the resin in the presence of 100�l of reducing sample buffer
(62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.025%
bromphenol blue, and 700 mM �-mercaptoethanol). The resin
was pelleted, and the resulting supernatant was resolved by
SDS-PAGE. Total protein was stained with SYPRO� Ruby
(Invitrogen) and visualized using aMolecular Imager� FX (Bio-
Rad). Bands of interest were excised from the gel and digested,
and the resulting peptide fragments were analyzed by MALDI-
TOF mass spectrometry (Centre for Protein Research, Univer-
sity of Otago, Dunedin, New Zealand).
Mass Spectrometry of Purified MIF—Recombinant human

MIF and MIF mutant proteins were expressed, purified, and
renatured from pET11b vector as previously described (22). 10
�g of recombinant humanMIF and mutant MIF proteins were
reacted with a 10-fold molar excess of PEITC (Sigma) for 20
min. Samples were passed through spin columns pre-equili-
brated with water and then diluted 1:1 with acetonitrile con-
taining 0.1% formic acid. Mass spectrometry was performed
using an LCQTM DECA XPplus ion trap instrument (Thermo-
Finnigan, San Jose, CA). Samples were directly infused using
a Hamilton syringe at a flow rate of 5 �l/min. A full scan for the
mass range 100–2000m/zwas monitored. Data were collected
for 1min before deconvolution using BioworksBrowser 3.1 SR1
(ThermoFinnigan, San Jose, CA).
Immunoblot Analysis of MIF—Samples were resolved by

SDS-PAGE and transferred to polyvinylidene difluoride mem-
brane. Membranes were blocked with 5% skim milk in Tris-
buffered saline containing 0.05% Tween 20 (TBST20). Blots
were probedwith goat anti-humanMIF antibody (0.2�g/ml) or
mouse anti-humanMIF antibody (clone 12302, 2 �g/ml) (R&D
Systems, Minneapolis, MN) in TBST20 containing 2% skim
milk. Proteins were visualized using horseradish peroxidase-
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conjugated secondary antibodies and the ECLTM system (GE
Healthcare). Images were obtained using a ChemiDocTM XRS
system (Bio-Rad).
Recombinant Human MIF (rhMIF) Tautomerase Activity

Assay—A L-dopachrome methyl ester solution was prepared
just before use by combining 72 �l of a sodium periodate stock
(20 mM) with 108 �l of L-3,4-dihydroxyphenylalanine methyl
ester solution (4mM) in 1620�l of sodiumphosphate buffer (10
mM sodium phosphate, 1 mM EDTA, pH 6.2). rhMIF was
diluted to 1 �M with sodium phosphate buffer, and 20-�l ali-
quots were transferred to a 96-well plate. Appropriate dilutions
of PEITC were added and incubated at room temperature
before 180 �l of dopachrome solution was added to all wells,
and the change in absorbance at 475 nm due to dopachrome
tautomerization was monitored for 2 min. A blank containing
sodium phosphate buffer was included in all experiments.
Cellular MIF Tautomerase Activity Assay—After treatment,

1.5� 106 Jurkat cells were collected and resuspended in 60�l of
lysis buffer consisting of 40 mM HEPES, pH 7.4, containing 50
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1.6 mg/ml CompleteTM
protease inhibitors, and 1%CHAPS (RocheDiagnostics). Insol-
ublematerial was removed by centrifugation at 15,000� g for 4
min. Cell extracts (25 �l) were transferred to a 96-well plate in
duplicate. 200 �l of dopachrome solution was added to each
well, and the change in absorbance at 475 nm was monitored
for 2 min. A blank containing lysis buffer was included in all
experiments.
The Effect of Isothiocyanate Exposure on Binding of MIF to

Affi-PEITC—Jurkat cells were treated with PEITC for 30 min
before lysis in a buffer containing 25 mM HEPES, pH 7.5, 150
mM NaCl, 1% Nonidet P-40, 10 mM MgCl2, 1 mM EDTA, 10%
glycerol and CompleteTM protease inhibitors. Protein concen-
tration was determined and adjusted to 2 mg/ml with addi-
tional buffer. Affi-PEITC or blocked Affi-Gel was incubated
with 1ml of cell lysate preparations for 1 h at room temperature
with constant rotation. After incubation the resins were thor-
oughly washed with binding buffer. Bound protein was eluted
by boiling the resin in reducing sample buffer. The resin was
pelleted, and the resulting supernatant was resolved by SDS-
PAGE and transferred to polyvinylidene difluoride membrane.
Membranes were blocked with 5% skim milk in TBST20. Blots
were probed with goat anti-human MIF antibody (0.2 �g/ml).
Proteins were visualized as previously described, and Quantity
One� software (Bio-Rad) was utilized to quantify MIF binding
to Affi-PEITC.
Molecular Modeling Studies—Isothiocyanates were built

within sybyl8.0.3 using sketcher and minimized using MMFF
forcefield with 1000 iterations of conjugate gradient method.
Modified isothiocyanate compounds were docked into an
active site of the homotrimer ofMIF covalently bound to inhib-
itor 4-iodo-6-phenylpyrimidine (PDB code 3B9S) using
GOLD4.0.1 using the covalent bond constraint.
Immunoreactivity of rhMIF and Jurkat Cell MIF by Quanti-

tative ELISA—rhMIFwas reactedwith PEITC for 10minbefore
detectable MIF levels were determined by a commercial ELISA
(R&D Systems) according to the manufacturer’s instructions.
106 Jurkat cells (106 cells/ml) were resuspended in fresh media
and incubated for 4 h at 37 °C before the addition of 15 �M

PEITC for 1 h. A control sample was prepared by resuspending
Jurkat cells inmedia and incubating for 5 h at 37 °C. After treat-
ment, cells were pelleted by centrifugation at 10,000 � g for 1
min.Media was collected and stored before cells were lysed in 1
ml of water and clarified by centrifugation at 15,000 � g for
4 min. Detectable levels of both extracellular and intracellular
MIFwere determined by commercial ELISA according toman-
ufacturer’s instructions.
Immunoreactivity ofMIF by Immunoblotting—1� 106 Jurkat

cells were treated with PEITC for 1 h before cells were lysed in
a buffer consisting of 40 mM HEPES, pH 7.4, containing 50 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 1.6 mg/ml CompleteTM pro-
tease inhibitors, and 1%CHAPS (Roche Diagnostics). Insoluble
material was removed by centrifugation at 15,000� g for 4min.
Samples were diluted in reducing sample buffer and resolved by
SDS-PAGE before immunoblot analysis as described above.
Ex Vivo Immunoreactivity of MIF after Ingestion of Wa-

tercress—Blood was obtained from healthy human volunteers
under approval of the Upper South A Regional Ethics Commit-
tee. Volunteers consumed 50 g of fresh watercress, and blood
was drawn into heparinized tubes just before and 1 and 2 h after
ingestion. Plasma was prepared by immediate centrifugation of
the blood samples at 1000 � g for 10 min and stored at �80 °C.
Plasma MIF levels were determined by a commercial ELISA
according to the manufacturer’s instructions.
Quantitative Determination of Plasma Isothiocyanate/Di-

thiocarbamate Levels—Plasma isothiocyanate and dithiocar-
bamate derivatives were determined by a cyclocondensation
reaction as previously described (23). Fractions were analyzed
using aWaters 2690 HPLC system (Waters, Milford, MA) with
a reverse phase HPLC column (Luna 5-�mC18 column, 250 �
4.6 mm, Phenomenex) and eluted with 80% methanol, 20%
water at a rate of 0.6 ml/min. The 1,3-benzodithiole-2-thione
was eluted at �12 min, and the peak was detected and inte-
grated by a Photodiode array detector (Waters Model 996) at
365 nm. The instrument was calibrated with pure 1,3-benzodi-
thiole-2-thione, and plasma samples spiked with known con-
centrations of isothiocyanates were included to ensure comple-
tion of the cyclocondensation reaction.

RESULTS

Identification of Protein Targets of PEITC—Anovel analogue
of PEITC, amino-PEITC, containing ameta-aminoethyl group
was synthesized to enable coupling to Affi-Gel�, a solid-phase
resin containing reactive N-hydroxysuccinimide ester groups
(Fig. 1A). Amino PEITC retained cytotoxicity, albeit with
slightly reduced potency compared with PEITC (Fig. 1B). Ami-
no-PEITCwas conjugated to Affi-Gel�, and lysates from Jurkat
T-lymphoma cells were incubated with the resin. Proteins that
bound to the matrix were eluted and separated by SDS-PAGE.
A prominent band with an apparent molecular mass of 12 kDa
was consistently captured from the lysates (Fig. 2A). This band
was only faint in the whole cell lysate, indicating considerable
concentration during capture, and it was absent when lysates
were incubated with an unreactive resin (blocked Affi-Gel),
indicating that the interaction was not due to nonspecific bind-
ing to the matrix itself. MALDI-TOF mass spectrometry anal-
ysis of the excised band identified the protein as the 12.5-kDa
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pro-inflammatory and pro-tumorigenic cytokineMIF (Fig. 2B).
As confirmation, eluates were resolved by SDS-PAGE and
immunoblotted with a polyclonal anti-MIF antibody. Whereas
antibody binding was absent in the elution fraction from
blockedAffi-Gel resin (Fig. 2C),MIFwas clearly shown to asso-
ciate with the Affi-PEITC resin. Pretreatment of lysates with
PEITC before incubation with Affi-PEITC prevented the cap-
ture of MIF, indicating that isothiocyanate modification was
sufficient to inhibit subsequent binding of protein to the resin.
Pretreatment of lysates with the isothiocyanate sulforaphane
before incubation with Affi-PEITC also prevented the capture
of MIF (data not shown).
Covalent Modification of MIF by PEITC—To assess the stoi-

chiometry and site of isothiocyanate binding to MIF, rhMIF
was incubated with PEITC, and adduct formation was moni-
tored by mass spectrometry. Coincubation of rhMIF with
PEITC resulted in a species with a mass corresponding to the
addition of one PEITC (Fig. 3A). MIF has three cysteine resi-
dues (Fig. 2B), but rhMIF proteins with C57S, C60S, and C81S
mutations were still able to bind PEITC (Fig. 3B), suggesting an
alternate site of modification. In all of the isothiocyanate-
treated samples, a second peak was present with a mass 97 Da
less than the parent protein. We proposed that this resulted
from loss of proline and tested the ability of PEITC to bind
rhMIF in which the N-terminal proline was mutated to alanine
(P2A). P2A rhMIF did not bind PEITC, and the truncated prod-

uct was absent (Fig. 3C), suggesting that in native MIF the
N-terminal proline is cleaved in an Edman degradation reac-
tion. The cleavage itself is likely to be an in vitro artifact driven
by acidification in the buffer used for positive ion mass spec-
trometry. Indeed, in the absence of acid, a single peak with a
mass equivalent to PEITC-modified rhMIF was observed (see
the supplemental figure).
The Effect of Isothiocyanate Adduct Formation on MIF Tau-

tomerase Activity—MIF possesses a catalytic tautomerase
activity and can convert themethyl ester of L-dopachrome to an
indole derivative (Fig. 4A). The N-terminal proline lies within
the tautomerase active site and plays a critical role as a catalytic
residue in the tautomerase reaction (24). Coincubation of
rhMIF with PEITC resulted in a dose- and time-dependent loss
ofMIF tautomerase activity (Fig. 4B). PEITC also inhibitedMIF
tautomeraseactivity in Jurkat cells ina time-andconcentration-
dependent manner with a half-maximal inhibitory concentra-
tion (IC50) of 2 �M after a 30-min treatment (Fig. 4C). Addi-
tional naturally occurring isothiocyanates were shown to
inhibit cellularMIF tautomerase activity with IC50 values of 1.3

FIGURE 1. A, amino-PEITC, a derivative of PEITC, was synthesized and conju-
gated to a solid phase resin to generate the Affi-PEITC probe. B, cytotoxicity of
amino-PEITC and PEITC is shown. Jurkat cells were exposed to amino-PEITC or
PEITC for 24 h. Loss of cell viability was assessed by flow cytometric determi-
nation of the uptake of propidium iodide (PI). Values are the mean � S.E. from
four experiments.

FIGURE 2. A, Affi-PEITC or a non-reactive Affi-Gel resin equivalent was incu-
bated with a Jurkat cell lysate. Protein bound to the resins was eluted and
resolved by SDS-PAGE. The highlighted protein band was excised from the
gel and identified by MALDI-TOF mass spectrometry to be the 12.5-kDa cyto-
kine MIF. B, matched peptides (underlined) were identified by MALDI-TOF
mass spectrometry. A 33% coverage of the MIF sequence was positively iden-
tified. Cysteine residues and the N-terminal proline are highlighted. C, immu-
noblot detection of MIF binding to Affi-is PEITC is shown. Binding of a poly-
clonal anti-human MIF antibody to increasing amounts of a Jurkat cell lysate
(lanes 1–3), an eluate recovered from blocked Affi-Gel (lane 4), an eluate from
Affi-PEITC (lane 5), and an eluate recovered from Affi-PEITC when the lysate
was preincubated with PEITC (lane 6) is shown. All gels are representative of
results from at least three experiments.
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�M for sulforaphane and 0.6 �M for benzyl isothiocyanate (Fig.
4D). When cells were preincubated with PEITC before affinity
capture, a dose-dependent inhibition of MIF binding was
observed (Fig. 4E). The concentrations at which capture was
disrupted were very similar to the concentrations required to
inhibit tautomerase activity. Consistent with the purified sys-
tem, these results indicate that PEITC directlymodifies cellular
MIF and inhibits its tautomerase activity.
Isothiocyanate Binding and the Conformational Integrity of

MIF—Although the biological significance of inhibiting MIF
tautomerase activity is controversial, a previous study recog-
nized that covalent modification of the N-terminal proline res-
idue can disrupt the integrity of epitope(s) critical to the biolog-
ical activity of MIF (25). In silico modeling of PEITC at the
tautomerase active site highlighted a conformational change
with the catalytic proline shifting 2 Å compared with that seen

in the unmodified structure (Fig. 5). In addition, lysine 32,
which sits above the active site, shifted by 1.6 Å. This is a direct
consequence of the formation of a thiourea adduct with the
N-terminal proline where the active site must accommodate
the planar thiourea group (R2NCASNR) including the planar
(sp2 hybridization) proline nitrogen.

Covalent modification of MIF by acetaminophen metabo-
lites has previously been shown to affect immunorecognition of
MIF by a monoclonal antibody (25). In the same study loss of
immunorecognition was associated with impaired MIF biolog-
ical activity. A short incubation of rhMIF with PEITC reduced
the immunoreactivity of MIF (Fig. 6A) as measured by an
ELISA using a neutralizing monoclonal anti-MIF antibody
(clone 12302). Loss of antibody recognition is consistent with
isothiocyanate modification disrupting the conformational
integrity of MIF epitope(s) as predicted by in silico modeling.

FIGURE 3. rhMIF was reacted with a 10-fold excess of PEITC for 10 min before analysis of PEITC-adduct formation by mass spectrometry. A, shown is wild type
rhMIF before (i) and after (ii) incubation with PEITC. A peak with a mass of 12,508 Da, corresponding to MIF (12,345 Da) with the addition of 1 PEITC (163 Da)
resulted. In addition, a peak with a mass of 12,248 Da was also apparent. B, shown is rhMIF with a C60S mutation (i), a C57S mutation (ii) or a C81S mutation (iii)
(12329 Da) after incubation with PEITC. In all cases, a peak with a mass of 12,492 Da, corresponding to cysteine mutant MIF with addition of one PEITC, resulted.
In addition, a peak with a mass of 12,232 Da was also formed. C, shown is P2A rhMIF before (i) and after (ii) incubation with PEITC. Only the mass of the parent
protein (12,319 Da) was observed.
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The immunoreactivity of cellular MIF was also compromised
when Jurkat cells were treated with PEITC as observed by
immunoblotting with the monoclonal anti-MIF antibody (Fig.
6B). No change in total MIF protein levels, as determined by
binding of a polyclonal anti-MIF antibody, was observed. Dis-
ruption ofMIF immunoreactivitywas confirmedbyELISAwith
both intracellular and secreted (extracellular) MIF being sus-
ceptible to isothiocyanate modification (Fig. 6C).

MIF as an in Vivo Target of Isothiocyanates—To determine
whether MIF is a biologically relevant target of dietary isothio-
cyanates, a pilot study was designed tomeasure the immunore-
activity of plasma MIF in three human volunteers after inges-
tion of watercress (Nasturtium officinale), a rich dietary source
of PEITC (27). Consumption of 50 g (wet weight) of watercress
led to a time-dependent increase in plasma levels of isothiocya-
nates and their corresponding thiocarbonyl derivatives (dithio-

FIGURE 4. A, MIF catalyzes the tautomerization of the chromogenic substrate dopachrome methyl ester to a colorless indole derivative. B, the time course of the
inhibition of rhMIF tautomerase activity by 10 �M (F), 20 �M (E), and 30 �M (Œ) PEITC is shown. Results are representative of three experiments. C, time course
of the inhibition of cellular MIF tautomerase activity by 1 �M (F), 2 �M (E), and 4 �M (Œ) PEITC is shown. Values are the mean � S.E. of three experiments.
D, concentration dependence of the inhibition of cellular MIF tautomerase activity after a 30-min exposure to PEITC (E), sulforaphane (�), or benzyl isothio-
cyanate (ƒ) is shown. Values are the mean � S.E. of at least three experiments. E, Jurkat cells were treated with increasing concentrations of PEITC for 30 min.
Cell lysates were prepared, and the ability of MIF to bind Affi-PEITC was measured. A representative gel is shown.
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carbamates) and a concomitant decrease in immunoreactive
plasma MIF (Fig. 7). Two hours after ingestion, plasma immu-
noreactive MIF had decreased by �45%, indicating that iso-
thiocyanates can target MIF in complex biological systems and
at physiologically achievable concentrations.

DISCUSSION

Modification of proteins is recognized as a key mechanism
underlying the biological activity of isothiocyanates, but knowl-
edge of the major intracellular binding targets of these phyto-
chemicals is lacking. We have used an affinity-based approach
to identify targets of PEITC. A derivative of PEITC, amino-
PEITC, was synthesized and retained biological activity. When
coupled to a solid phase matrix, amino-PEITC permitted the
identification of MIF as the most prominent intracellular bind-
ing target of isothiocyanates. PEITCwas shown to bindMIF via
a proline residue at the N terminus of the protein.Modification
resulted in inhibition ofMIF tautomerase activity and also trig-
gered conformational changes.
MIF was originally identified as a lymphocyte-derived factor

with cytokine-like activity (28, 29).MIFhas since been shown to
be constitutively expressed in numerous tissues and cell types
(30) and have a variety of biological activities, including pivotal
roles in the regulation of immune and inflammatory responses
and promotion of tumorigenesis (31). Elevated levels of MIF
have been observed in a number of disease states including
cardiovascular disease (32), arthritis (33), diabetes (34), sepsis
(35), andmany cancer types (36, 37). Furthermore, genetic abla-
tion of MIF has been shown to attenuate various disease states
in murine models (38–40). Although details surrounding the
mechanisms of MIF action are still in question, the clinical sig-
nificance ofMIF expression is such that targeted approaches to
inhibit the biological activities of MIF are currently in develop-
ment (41, 42). At least some of the biological activities of MIF
aremediated by binding to, and downstream signaling from the
extracellular receptors CD74, CXCR2, and CXCR4 (43, 44).
However, MIF also possesses two distinct catalytic activities,
thiol protein oxidoreductase activity (45) and the ability to cat-
alyze a tautomerase reaction (46, 47). Whether or not either of
these catalytic reactions is essential for MIF biological activity

remains controversial, although some of the proinflammatory
activities of MIF are impaired by mutations that affect enzy-
matic activity (22, 46, 48).
MIF has three cysteine residues, two of which (Cys-57 and

Cys-60) are critical to the thiol protein oxidoreductase activity
of MIF, whereas a third cysteine residue (Cys-81) is believed to
play a role in maintenance of protein conformation (50).When
we initially identified MIF as an isothiocyanate target, these
cysteines were considered prime candidates for direct modifi-
cation based on the known reactivity of isothiocyanates with
thiols. Usingmutant rhMIF in which the cysteine residues were
isosterically mutated to serine, we have shown that PEITC does
not directly react with any of these thiols. Instead, the N-termi-
nal proline was identified as the binding site of PEITC. The

FIGURE 5. In silico model of PEITC bound to the tautomerase active site of
MIF via covalent modification of the N-terminal proline residue. The MIF
homotrimer is shown with PEITC (yellow) docked in one of the tautomerase
active sites. MIF without PEITC bound is shown in magenta (PDB code 3B9S).
Conformational shifts of the catalytic proline by 2 Å (arrow 1) and lysine 32 by
1.6 Å (arrow 2) are highlighted. A zoom image of the highlighted region in A is
shown in B.

FIGURE 6. A, shown is immunoreactivity of rhMIF after a 10-min exposure to
20 �M PEITC as measured by a commercial ELISA. Values are the mean � S.E.
of three experiments. B, immunobinding of MIF monoclonal (mAb) and poly-
clonal (pAb) antibodies to extracts prepared from Jurkat cells treated with
increasing concentrations of PEITC for 60 min. Images are representative of
results from three experiments. C, cells were treated with 15 �M PEITC for 1 h
before detectable levels of extracellular (black bars) and intracellular MIF (gray
bars) were measured using a commercial ELISA. Values are the mean � S.E.
from three experiments.
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sensitivity of the proline to attack by isothiocyanates can partly
be explained by its unusually low pKa of 5.6, a value that is
almost four pH units less than the pKa of free proline (48).
The increased nucleophilicity of the N-terminal proline
allows it to function as a general base catalyst in the tau-
tomerase reaction (51) and favors reactivity with electro-
philes such as isothiocyanates.
Not surprisingly, isothiocyanate binding to this proline

inhibited MIF tautomerase activity. Because of the lack of an
identified physiological substrate, whether tautomerase activity
is a biologically relevant function of MIF is a matter of debate.
On the negative side, P2 mutants retain MIF-like activity in
assays of its proinflammatory action (52). However, others
argue that the tautomerase active site may be critical for per-
mitting and regulating interactions of MIF with receptors or
binding proteins, including CD74 (41). Multiple sequence
alignment analysis has revealed that many of the invariant res-
idues in 11 MIF homologues cluster around the N-terminal
proline, indicating an evolutionary pressure to preserve this site
(48). Indeed, there is evidence that the interaction of MIF with
CD74 occurs near the tautomerase active site and that inhibi-
tion of tautomerase activity correlates with inhibition of CD74
binding (41). We have shown that PEITC disrupts monoclonal
antibody binding to MIF, clearly indicating that crucial
epitopes are disturbed upon binding of the isothiocyanate.
Results from the in vivo study indicate that ingested isothiocya-
nates can also bind MIF in the complex milieu of human
plasma. As MIF is both proinflammatory and protumorigenic,
we propose that its inhibition in plasma could contribute to the
strong correlation between increased dietary intake of isothio-
cyanates and decreased risk of many types of cancer including
lung, breast, and prostate cancers (53).
The probe used in this study proved to be effective at captur-

ing a major target of isothiocyanates. Previously characterized

target proteins, including Keap1 (13, 54), MEKK1 protein
kinase (15), and tubulin (16) interact with isothiocyanates via
formation of covalent adducts with cysteine. In contrast, our
study indicates formation of a thiourea derivative with the
N-terminal proline of MIF. Furthermore, it shows that this
reaction must be favorable in biological systems. Modification
of amines by isothiocyanates has been previously observed on
the N-terminal glycine and phenylalanine residues in insulin,
theN-terminal aspartic acid residue in epidermal growth factor
(26), and a lysine residue in the transient receptor potential-A1
channel (49). However, modification of amines has not previ-
ously been shown to occur either in cells or in vivo. Although
the current protocol favored the identification of irreversibly
bound targets, detection of reversible modifications such as
dithiocarbamate formation with cysteinemight be possible uti-
lizing the current approach with minor modifications.
In summary, this study has led to the discovery of MIF as a

major target of isothiocyanates. This provides a foundation for
the development of novelMIF inhibitors to be used in the treat-
ment of cancer and inflammatory diseases and identifies a pre-
viously uncharacterized mechanism through which naturally
occurring isothiocyanates can influence biological systems.
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