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ABSTRACT

Background: Recent studies of melanin biosynthesis
have uncovered an unusual enzymatic activity which
converts the non-naturally occurring D-isomer of 2-car-
boxy-2,3-dihydroindole-5,6-quinone (dopachrome)
into 5,6-dihydroxyindole-2-carboxylic acid (DHICA).
The aim of the present investigation was to isolate and
characterize the enzyme catalyzing this tautomeriza-
tion reaction.

Materials and Methods: After we performed a tissue
survey of D-dopachrome tautomerase activity, 10 bovine
lenses were homogenized and used as a source of en-
zyme. A soluble fraction was obtained by high-speed
centrifugation and subjected to successive FPLC chroma-
tography on Phenyl-sepharose, Mono S cation-ex-
change, and Superdex gel-filtration. The isolated enzyme
was electrophoresed, blotted onto PVDF membrane, and
the N terminus analyzed by gas phase micro-sequencing.
Results: The protein catalyzing the conversion of D-
dopachrome to DHICA was purified to homogeneity in
14% vyield and showed a molecular weight of 12 kD
when analyzed by SDS-PAGE. The first 27 amino acid
residues of this protein were sequenced and found to be

identical with those of bovine macrophage migration
inhibitory factor (MIF). The catalytic activity of native
MIF was confirmed by studies of purified recombinant
human MIF, which showed the same tautomerase ac-
tivity. While L-dopachrome was not a substrate for this
reaction, the methyl esters of the L- and D-isomers were
found to be better substrates for MIF than D-dopa-
chrome.

Conclusions: MIF has been described recently to be an
anterior pituitary hormone and to be released from
immune cells stimulated by low concentrations of glu-
cocorticoids. Once secreted, MIF acts to control, or
counter-regulate, the immunosuppressive effects of
glucocorticoids on the immune system. Although the
tested substrate, D-dopachrome, does not occur natu-
rally, the observation that MIF has tautomerase activ-
ity suggests that MIF may mediate its biological effects
by an enzymatic reaction. These data also offer a po-
tential approach for the design of small molecule phar-
macological inhibitors of MIF that may modulate its
potent immunoregulatory effects in vivo.

INTRODUCTION

The mediator originally described as macrophage
migration inhibitory factor (MIF) has been re-
defined recently to be an anterior pituitary hor-
mone, a macrophage cytokine, and a critical
component of the host response to septic shock
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(1-4). MIF exists pre-formed in various cell types
and in the last few years has been fortuitously
identified in several other organ systems and
physiological contexts (5-7). The present report
describes an enzymatic activity for MIF that was
uncovered during an investigation of the bio-
chemical pathways of melanogenesis.

The late stages of melanin biosynthesis involve
the enzymatic conversion of 2-carboxy-2,3-dihy-
droindole-5,6-quinone (dopachrome) into 5,6-di-
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FIG. 1. Scheme for the conversion of
D-dopachrome catalyzed by D-dopachrome
tautomerase and by MIF

hydroxyindole-2-carboxylic acid (DHICA) (8,9).
Two melanocytic enzymes catalyze the tau-
tomerization of dopachrome to DHICA and are
specific for the naturally occurring L-dopa-
chrome stereoisomer (10-12). In a recent study of
cultured melanoma cells, however, the conversion
of D-dopachrome to 5,6-dihydroxyindole (DHI)
was observed when the D-isomer of dopachrome
was added as a control substrate (13). Subsequent
investigations led to the isolation and the cloning of
an enzyme, called D-dopachrome tautomerase,
that catalyzes the conversion of D-dopachrome to
DHI by a tautomerization and decarboxylation re-
action (14) (Fig. 1).

We report herein the isolation from the bo-
vine eye lens of a second, distinct enzyme which
catalyzes the tautomerization of D-dopachrome
to DHICA. Purification and N-terminal sequence
analysis of the protein responsible for this activ-
ity identified it to be the bovine homolog of MIF,
The enzymatic activity of purified, native MIF
was confirmed by studies of recombinant human
MIF, which also catalyzed the same tautomeriza-
tion reaction.

MATERIALS AND METHODS
Reagents

DHI and DHICA were a gift from Professor G.
Prota at the Department of Organic Chemistry,
Naples, Italy. D-Dopa methylester was obtained
from Dr. C. Hansson, Department of Dermatol-
ogy, Lund, Sweden. Phenyl-Sepharose, PD-10
Sephadex, Mono S HRS5/5, and Superdex 75
HR10/30 columns were purchased from Phar-
macia-LKB (Uppsala, Sweden). Human recombi-

nant MIF was purified from the pETIIb Esche-
richia coli plasmid expression system, denatured
by dissolution in 8 M urea and 5 mM DTT, and
carefully refolded by equilibrium dialysis (15).
All other reagents were of highest grade com-
mercially available.

Tissue Preparation and Extraction

Ten bovine eyes were obtained from an abattoir
immediately after the sacrifice of the cows and
transported to the laboratory on ice. The lenses
were carefully excised, kept on ice, and Dounce
homogenized (KEBO, Stockholm, Sweden) in
20 ml of KH,PO, buffer, pH 7.2 (3 ml/lens).
The homogenate was centrifuged at 15,000 X g for
45 min and the supernatant poured off and re-
served. The sediment then was re-extracted twice
with 20 ml of KH,PO, buffer (pH 7.2) and the
extracts pooled with the supernatant.

Purification of D-Dopachrome
Tautomerase Activity

The bovine lens supernatant first was applied to
an HIC phenyl-sepharose column (15 X 50 mm)
equilibrated previously with 20 mM KH,PO,
buffer, pH 7.2. The column was washed with 50
ml of the same buffer and then eluted with 40%
ethylene glycol in 20 mM KH,PO, buffer (pH
7.2) at a flow rate of 0.3 ml/min. The fractions
which catalyzed DHICA formation from D-dopa-
chrome were pooled and concentrated with a
Centricon-10 concentrator (Amicon, Beverly,
MA, U.S.A.) following the manufacturer’s in-
structions. The buffer then was changed to 50
mM NaAc (pH 5.5) and the protein-containing
solution passed through a PD-10 Sephadex col-
umn (equilibrated previously with 50 mM so-
dium acetate buffer, pH 5.5).

The sample which eluted from the PD-10
column was applied to a Mono S HR5/5 FPLC
column equilibrated with 50 mM NaAc buffer,
pH 5.5. The column was washed with 5 ml of the
equilibration buffer and then eluted with a linear
gradient of 0.0-1.0 M Nacl in the same buffer.
The flow rate was 1 ml/min and elution contin-
ued for 25 min. The fractions catalyzing DHICA
formation were concentrated with a Centri-
con-10 concentrator and applied to a PD-10
Sephadex column where the buffer was changed
to 20 mM Tris (pH 7.1) and 50 mM NacCl.

The sample obtained after PD-10 chromatog-
raphy was applied to a Superdex 75 HR 10/30-
FPLC column equilibrated previously with a
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buffer consisting of 20 mM Tris (pH 7.1) and 50
mM NaCl. Elution was with the same buffer and
at a flow rate of 0.5 ml/min. Molecular weight
determination of the eluted proteins was with
reference to BSA (67 kD), carbonic anhydrase
(30 kD) and myoglobin (14.2 kD). All protein
concentrations were determined by the Bradford
method (16) using the Bio-Rad protein assay kit
(Munich, Germany), or with Folin-Ciocalteu’s
Phenol reagent Merck (Darmstadt, Germany) as
described by Lowry et al. (17). Bovine serum
albumin (BSA) was used as a reference standard
in both cases.

Protein Electrophoresis and N-Terminal
Amino Acid Sequence Analysis

Protein purity was assessed by SDS-PAGE as de-
scribed by Laemmli (18). Gels were stained with
Coomassie brilliant blue and the relative content
of chromatographed protein estimated by laser
densitometry after comparison with known
quantities of BSA (Personal Densitometer; SI
Molecular Dynamics, Sunnyvale, CA, U.S.A.).
For sequence analysis, proteins were electroblot-
ted onto polyvinylidene difluoride membrane
(Millipore, Bedford, MA, U.S.A.), using a semi-
dry electroblotting apparatus (JKA-Biotech,
Copenhagen, Denmark) and following the pro-
cedures of Matsudaira (19). The membrane was
stained with Coomassie Brilliant blue and the
protein bands excised and subjected to gas phase
micro-sequencing analysis at the Biomolecular
Resource Facility (Lund, Sweden). An ABI 477
protein/peptide sequencer was utilized and the
Edman degradation products were identified by
HPLC and on-line PTH detection.

D-Dopachrome Tautomerase Assay

D-dopachrome conversion to DHI or DHICA was
measured in 1 ml sample cuvettes as previously
described (12,20). L-dopachrome was used as a
control substrate. The substrate specificity of MIF
was determined spectrophotometrically by mea-
suring the rate of the decrease of the imino-
chrome absorbance at 475 nm. The reactions
were analyzed at room temperature in a Varian
spectrophotometer with 0.42 mM substrate and
1.4 ug of human rMIF in 10 mM sodium phos-
phate buffer, pH 6.0, containing 0.1 mM EDTA.
The substrates were prepared from the corre-
sponding catecholic compounds by oxidation
with sodium periodate (12,20).
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FIG. 2. Representative HPLC tracing of fluoro-
phores formed by crude bovine lens homoge-
nate after the addition of D-dopachrome as de-
scribed in Materials and Methods

The mobile phase consisted of 20 mM KH,PO,
buffer (pH 4.0) and 15% methanol. The flow rate
was 1.2 ml min~'. Fluorimetric detection was at
295/345 nm and is expressed in arbitrary units. Re-
tention time: DHI 5.4 min, DHICA 7.8 min.

RESULTS

Crude bovine lens homogenates catalyzed the
conversion of D-dopachrome but not L-dopa-
chrome into two products which were identified
by chromatographic comparison with authentic
compounds to be DHI and DHICA (Fig. 2) (12).
DHI and DHICA formed at a rate of 22 and
7.5 wmol/min respectively, from a homogenate
prepared from 10 lenses. Treatment by boiling or
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TABLE 1. Purification scheme for the protein catalyzing the conversion of D-dopachrome into DHICA

Total protein Enzyme Activity Specific Activity Yield
Step (mg) (umol DHICA min~") (umol DHICA min~! mg™") (%)
Homogenate 6980 7.5 0.001 100
High-speed supernatant - 3770 6.6 0.002 88
Phenyl-sepharose 200 2.9 0.014 39
Mono S 0.90 1.6 1.8 22
Superdex 0.28 1.1 4.0 14
SDS-PAGE 0.10 — — —

The total starting material was a homogenate of 10 bovine lenses.

by adding subtilopeptidase A eliminated the cat-
alytic activities. The formation of DHI was attrib-
uted to D-dopachrome tautomerase, the enzyme
which catalyzes both tautomerization and decar-
boxylation (13), and the factor responsible for
producing DHICA was investigated further by
protein purification.

The protein catalyzing DHICA formation
from D-dopachrome was found to be soluble and
was recovered in the supernatant obtained by
high-speed centrifugation of the crude lens ho-
mogenate (Table 1). Importantly, this catalytic
activity was retained by Phenyl-Sepharose under
conditions (20 mM KH,PO, buffer, pH 7.2)
which eluted D-dopachrome tautomerase. The
protein catalyzing DHICA formation was subse-
quently eluted in 20 mM KH,PO, buffer (pH 7.1)
containing 40% ethylene glycol. Further purifi-
cation was achieved by FPLC with Mono S, fol-
lowed by Superdex 75. When analyzed by gel-
filtration, the active enzyme had a molecular
weight of approximately 25 kD.

The purity and homogeneity of the bovine
lens enzyme were established by SDS-PAGE
(Fig. 3). Under reducing conditions, a single
polypeptide of molecular weight 12 kD was ob-
served. A 27-amino acid N-terminal sequence
was obtained and identified this protein to be the
bovine homolog of MIF (Fig. 4) (6).

A procedure for the preparation of pure, bio-
active recombinant MIF was recently described
(15). The ability of native MIF to catalyze the
tautomerization of D-dopachrome to DHICA
thus was confirmed by demonstrating an identi-
cal enzymatic activity for human recombinant
MIF (Fig. 5). As expected, this catalytic activity
was specific for the D-stereoisomer of dopa-

chrome. There was no detectable activity with
dopaminochrome, which lacks a 2-carboxy
group. Esterification of the 2-carboxy group was
found to increase reaction velocity by almost
50-fold compared with D-dopachrome. Esterifi-
cation also minimized the stereoselectivity of the
reaction as the L-dopachrome carboxy ester was
almost as effective a substrate as the D-dopa-

A B kD
— 94
B — 67
- — 43

— 20.7

—— — 14.4

FIG. 3. SDS-PAGE analysis of the protein iso-
lated from bovine lens catalyzing the conver-
sion of D-dopachrome into DHICA (Lane A)
and protein molecular weight markers which
ranged in size from 14.4 to 94 kD (Lane B)
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FIG. 4. N-terminal amino acid sequence of the purified bovine lens protein catalyzing the tautomer-
ization of D-dopachrome into DHICA (1.), and of bovine MIF (IL)

chrome methyl ester. The highest reaction velocity
was 0.3 mmoles min~! per mg protein and was
achieved with D-dopachrome methyl ester as sub-
strate (0.4 mM, pH 6.0, 25°C). Substrate inhibition
was observed at higher substrate concentrations.

DISCUSSION

The present study demonstrates MIF to be a tau-
tomerase that can convert D-dopachrome to
DHICA. The enzymatic tautomerization of
D-dopachrome first was observed in studies of
cultured melanoma cells in which the D-isomer
was utilized as a control for the conversion of the
naturally occurring substrate, L-dopachrome.
The liver manifests a high level of D-dopachrome
tautomerization activity (13), a result that is con-
sistent with recent immunohistochemical data
showing hepatocytes to be an abundant source
of pre-formed MIF protein (M. Bacher et al,,
unpublished observations). Although D-dopa-
chrome does not occur naturally, the strict sub-
strate requirements for the MIF-catalyzed con-
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FIG. 5. D-dopachrome tautomerase activity of
human recombinant MIF

Changes in absorption at 475 nm after incubation of
the indicated iminochromes (0.42 mM) with MIF
(1.4 pg). A, D-dopachrome carboxy methyl ester; B,
L-dopachrome carboxy methyl ester; C, D-dopa-
chrome; D, L-dopachrome; E, dopaminochrome.

version of D-dopachrome to DHICA nevertheless
suggest that MIF may mediate its biological ef-
fects by an enzymatic reaction. Identification of
the true biological substrate for MIF is likely to
provide important information about the mech-
anism of action of this immunoregulatory
mediator.

MIF exhibits an extremely high sequence
conservation among the various species which
have been examined so far (1,6,7,15). The
mouse and human MIF sequences show 90%
identity at the amino acid level, which among
cytokines is the highest mouse to human homol-
ogy described to date. Interestingly, MIF and D-
dopachrome tautomerase, the enzyme catalyzing
the tautomerization and decarboxylation of D-
dopachrome to DHI, share a low level of struc-
tural homology. The two proteins are 117 and
115 amino acids in length, respectively, show
conservation in the position of a cysteine residue
(Cys’®), and exhibit an overall 27% sequence
identity at the amino acid level (14). If conser-
vative amino acid substitutions are considered,
the overall sequence homology between the two
proteins rises to 54%. Neither MIF nor D-dopa-
chrome tautomerase share any apparent structural
similarities with the membrane-bound, melano-
cytic enzymes that catalyze the conversion of L-
dopachrome into DHICA (11,12,21-23).

D-dopachrome remains the only substrate
known for D-dopachrome tautomerase (13)
which shows a maximum velocity of 0.5 mmoles
min~! per mg protein. MIF is less active than
D-dopachrome tautomerase in catalyzing the
conversion of D-dopachrome, but is more active
than this enzyme in converting D-dopachrome
methyl ester. In the case of MIF, a reaction ve-
locity of 0.3 mmoles min~' per mg protein was
observed. Dopachrome conversion to indoles
may occur by two routes (24). The first proceeds
via the initial conversion of dopachrome to in-
dolenine and subsequent rearrangement to an
indole. The second route, by contrast, involves
the formation of a quinone methide intermedi-
ate which then is transformed further into an
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indole. Whether the natural substrate for MIF
proceeds through similar intermediates is worthy
of consideration and may assist in the search of
the true in vivo substrate of the MIF-catalyzed
reaction.

The observation that MIF can act as an en-
zyme potentially opens a new dimension in our
understanding of this mediator, which appears to
function physiologically as a counter-regulator of
glucocorticoid action within the immune system.
In addition to being secreted by the anterior pi-
tuitary, MIF is released from immune cells by
both pro-inflammatory stimuli and by glucocor-
ticoids (1-4). Once released, MIF overrides the
immunosuppressive effects of glucocorticoids on
inflammatory cytokine production and acts to
modulate the potent anti-inflammatory proper-
ties of glucocorticoids which are necessarily pro-
duced as part of the host response to infection
and tissue invasion. The finding that MIF, a sol-
uble immunoregulatory mediator, also exhibits
an isomerization activity is reminiscent of the
protein cyclophilin, which is secreted in response
to pro-inflammatory stimuli (25), but which also
functions intracellularly as a peptidyl-prolyl cis-
trans isomerase and is a target for the powerful
immunosuppressant drug cyclosporin (26).

In conclusion, this study identifies MIF to
have tautomerase activity and suggests that elu-
cidation of its true substrate may offer important
insight into the mechanism of action of this po-
tent, immunoregulatory protein. These data also
provide an approach for the rational design of
small molecule, pharmacological inhibitors of
MIF that can act in an anti-inflammatory capac-
ity by increasing the therapeutic efficacy of glu-
cocorticoids.
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