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ABSTRACT: D-Dopachrome tautomerase shares a low homologous amino acid sequence (33% homology)
with the macrophage migration inhibitory factor (MIF) and possesses similar tautomerase activity as well.
MIF is a cytokine involved in inflammatory reactions and immune responses. Whereas recent studies
have identified MIF as a pituitary hormone and immunoregulator, much less is known about the structural
basis of these physiological functions and the real significance of tautomerase activity. Therefore, interest
in the structure-function relationship betweenD-dopachrome tautomerase and MIF has increased, especially
with regard to inflammation and immune responses. We have determined the X-ray crystal structure of
humanD-dopachrome tautomerase at 1.54 Å resolution.D-Dopachrome tautomerase folds to form a
homotrimer that has extensive contact between subunits by intersubunitâ-sheets. Its overall topology and
trimeric formations are similar to those of human MIF. The N-terminal proline is located at the bottom
of a positively charged pocket in which the conformations of Lys32 and Ser63 are highly conserved.
These positively charged properties are also seen in the active site pocket of human MIF, bacterial
5-(carboxymethyl)-2-hydroxymuconate isomerase (CHMI), and 4-oxalocrotonate tautomerase (4-OT). A
detailed comparison of these structures revealed significant differences in the environment around the
potential active site, the intersubunit contacts, and charge distribution on the molecular surface. It can be
concluded that these features are related to the physiological role and tautomerase activity of MIF and
D-dopachrome tautomerase. The present structural study could be helpful for designing effective inhibitors
that modulate immunoregulatory and hormone-like effects.

An enzyme that converts 2-carboxy-2,3-dihydroindole-5,6-
quinone (D-dopachrome) into 5,6-dihydroxyindole (Scheme
1) was unexpectedly found during an investigation of
L-dopachrome tautomerization activity in melanogenesis of
cultured melanoma cells (1). This 13 kDa enzyme was
isolated from rat livers and referred to asD-dopachrome
tautomerase. The molecular cloning ofD-dopachrome tau-
tomerase cDNA has shown little amino acid sequence
homology withL-dopachrome tautomerase (TRP-1 or TRP-
2), which catalyzes isomerization ofL-dopachrome to 5,6-
dihydroxyindole-2-carboxylic acid (2, 3). Recently, there has
been great interest in the physiological role ofD-dopachrome
tautomerase. This protein was found to share a homologous
amino acid sequence with MIF1 (Figure 1), which is known
to be profoundly involved in a broad spectrum of inflam-
matory and immunological events (4).

MIF was originally identified as a cytokine released from
activated T-lymphocytes (5, 6); it plays a pivotal role in
septic shock and delayed-type hypersensitivity (7, 8). Re-
cently, this protein was rediscovered as a macrophage-derived
cytokine and as a hormone released by the anterior pituitary
gland in response to inflammatory stimuli (7, 9, 10). Calandra
et al. have shown that a significant amount of MIF is secreted
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from the pituitary gland and that this protein has the potential
to counterregulate the antiinflammatory action of glucocor-
ticoid (11). Moreover, an array of immunohistochemical
studies revealed the expression of MIF in various tissues,
including the embryonic chicken lens, which suggests that
MIF not only functions as an immunoregulatory protein but
also acts as a cell differentiation factor as well as a hormone
(12-17).

A few research groups, including ours, have presented
reports on the tertiary structure of MIF (18-21) and
demonstrated that it forms a homotrimer with threeâ-sheets
surrounded by sixR-helices. The structure shares a common
architecture with the bacterial enzymes 5-(carboxymethyl)-
2-hydroxymuconate isomerase (CHMI) and 4-oxalocrotonate
tautomerase (4-OT) (22). Although the sequence alignment
between MIF and CHMI shows relatively low homology
(18%), these two proteins have almost identical subunit
topology with two âRâ motifs linked by pseudo-2-fold
symmetry in the monomers and trimeric packing by inter-
subunitâ-sheets.

It is of interest that the N-terminal proline residue is well
conserved among MIF, CHMI, 4-OT (18), andD-dopachrome
tautomerase. Recently, MIF andD-dopachrome tautomerase
were identified as enzymes catalyzing the tautomerization
of D-dopachrome (23) (Scheme 1) and phenyl pyruvate (24),
which are unlikely to be the true substrates for MIF and
D-dopachrome tautomerase because of their low affinities
to these substrates. Although a recent report shows the
relation between cytokine activity and enzymatic reaction
(25), the physiological significance of tautomerase activity
is still under debate. Nonetheless, previous findings suggest
some functional and evolutionary relationship between
D-dopachrome tautomerase and MIF. In this context, it

appears that a comparative study of the protein structures of
these substances would be helpful in order to further
understand the biological functions of bothD-dopachrome
tautomerase and MIF.

METHODS

Crystallization and Data Collection.HumanD-dopachrome
tautomerase cDNA was cloned and overexpressed inEs-
cherichia coli(26). Purification, crystallization, and prelimi-
nary crystallographic analysis ofD-dopachrome tautomerase
were performed as described previously (27). In brief, the
crystals were grown in hanging drops by mixing 3µL of
reservoir solution [23% (w/v) PEG 4000, 0.1 M sodium
citrate, pH 5.7, and 0.2 M ammonium acetate] with 3µL of
protein solution (10 mg/mL in 100 mM Tris-HCl, pH 7.8).
The crystals grew to a size of approximately 0.3× 0.3 ×
0.2 mm3 in 1 week at 18°C. They belonged to the tribunal
space groupP3 with cell constants ofa ) b ) 84.2 Å and
c ) 41.0 Å. There are three monomeric molecules in an
asymmetric unit. X-ray diffraction data of the native crystals
were collected from a single crystal at room temperature
using a Fuji imaging plate detector with a Rigaku IPR-4080
imaging scanner and a Weissenberg camera for macromo-
lecular crystallography (28) on BL-6B at the Photon Factory,
KEK, Japan. Integrated intensities were obtained with
DENZO (29) and were reduced using the CCP4 package
(30). The overall mergingR-factor was 3.6% for 104 959
observations of 43 724 reflections between 20 and 1.54 Å
resolution. The data are 90.9% complete with an〈I/σ(I)〉 of
15.4. In the highest resolution shell (1.54-1.62 Å), the data
set was 81.9% complete with a mergingR-factor of 0.276.
The Se-Met crystals were obtained by microseeding under
similar conditions, in which small crystals of the native

FIGURE 1: Sequence alignment of humanD-dopachrome tautomerase with ratD-dopachrome tautomerase, five MIF, andE. coli CHMI.
The secondary structure of humanD-dopachrome tautomerase is shown. Elements of the secondary structures are indicated byR for R-helix
andâ for a strand ofâ-sheet. The sequence identity of humanD-dopachrome tautomerase and human MIF and CHMI is 33% and 17%,
respectively. Invariant residues amongD-dopachrome tautomerase and MIF are shown in bold type. Invariant residues are marked by
asterisks.
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protein were used for seeding. Data of Se-Met crystals were
collected at room temperature on BL-6A at the Photon
Factory.

Molecular Replacement.The initial model of human
D-dopachrome tautomerase was obtained by molecular
replacement using the program AMoRe (31). A search model
was constructed from the atomic coordinates of human MIF
(19). The correct solution could not be obtained using either
the monomer or trimer of MIF or their polyalanine model
as the molecular probe. It was, however, possible to find a
solution when the search model was constructed on the basis
of sequence alignment. Thirty-three residues that were
identical in both humanD-dopachrome tautomerase and
human MIF were retained, and the others were replaced with
alanine. The rotation and translation functions were calcu-
lated using the native data (8-4 Å resolution), which yielded
three molecules in an asymmetric unit with a correlation
coefficient of 0.205 and anR-factor of 0.554. Each molecule
generated an MIF-like trimer by crystallographic 3-fold
symmetry. The refinement of the parameters on rotation and
translation by AMoRe gave a correlation coefficient of 0.689
and anR-factor of 0.466. Then the side chains of the model
were replaced to reflect those ofD-dopachrome tautomerase.
The temperature factors of atoms in MIF were kept in the
molecular probe using the SEAMAN program (32). The
solution by molecular replacement was refined as a rigid
body by the program X-PLOR (33); this was done to further
improve the orientation and positional parameters, which
resulted in anR-factor of 0.485 for the data at 8-3 Å
resolution.

Refinement.The model was submitted to simulated an-
nealing refinement (34) using slow-cool protocols (35) from
3000 to 300 K with the data at 8-2 Å. Noncrystallographic
symmetry (NCS) restraints were used for all atoms. At this
stage, the crystallographicR-factor and a freeR-factor (36)
dropped to 0.333 and 0.352, respectively. Calculation of the
2Fo - Fc map was of good quality, and the main chain traces
of residues Glu71, Phe116, and Leu117, which were not
included in the molecular probe, could be easily recognized

by inspecting 2Fo - Fc and Fo - Fc maps. Selenium D
Fourier synthesis with the phase of this model confirmed
the solution, in which the six highest peaks were in good
agreement with the expected sulfur atoms in methionine
residues of the model. Subsequent cycles of rebuilding
[manual model fitting using the program O (37)] followed
by positional refinement and thermal parameter refinement
with X-PLOR were used to improve the model, as judged
by the freeR-factor. Then the high-resolution limit of the
diffraction data was increased from 2.0 to 1.54 Å by
increments of 0.1 Å.

At the final stage of X-PLOR refinement, a slight NCS
restraint was used, and the low-resolution limit of the
diffraction data was increased from 8.0 to 20.0 Å by applying
a bulk solvent correction (38). The positions of water
molecules that were greater than 3.0σ in Fo - Fc maps were
identified automatically using PEAKMAX and WATPEAK.
The peaks that formed reasonable hydrogen bonds to protein
atoms or water molecules were included in the model by
inspection of the electron density map. Analysis of the protein
geometry was performed with the programs PROCHECK
(39) and WHAT CHECK (40). All main chain dihedral
angles were within the allowed (97.0%) or additional allowed
(3.0%) regions of the Ramachandran plot. Figure 2 shows
the final electron density map at 1.54 Å resolution super-
imposed upon the final model. The refined model included
all residues (1-117) in each chain and 248 water molecules,
yielding anR-factor of 0.164 and a freeR-factor of 0.192.
The rms deviations in bond lengths and angles were 0.008
Å and 1.4°, respectively. A summary of the refinement
statistics is given in Table 1.

RESULTS AND DISCUSSION

OVerall Structure.Figure 3 shows anR-carbon trace for
the humanD-dopachrome tautomerase monomer. Each of
the three monomers contained in an asymmetric unit forms
a functional trimer related by crystallographic 3-fold sym-
metry of the space groupP3. Thus, it was calculated that
three independent trimers ofD-dopachrome tautomerase exist

FIGURE 2: Final electron density [sigmaA (61) weighted 2Fo - Fc map] superimposed upon the model that had been refined to 1.54 Å. The
region around Pro1 is shown contoured at 1.2σ using program O (37).
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per unit cell (Figure 4A). In the crystal, all of the trimers
are stacked head to tail along thec-axis of the unit cell. The
three chains are essentially identical to each other in tertiary
structure. Only the surface region of the B chain is rather
different from the others, especially in the helixR1. This
deviation appeared to be due to the crystal packing. When
the cell is projected along thec-axis, the orientations of three
independent trimers are almost identical. However, the
direction of one trimer which is comprised of the B chain
opposes the other two (Figure 4A). The B chain exists in a
different packing environment. A superposition for all 117
CR atoms in the A, B, and C chains in the asymmetric unit
gives rms deviations of 0.180, 0.096, and 0.138 Å for fitting
B onto A, A onto C, and B onto C, respectively. These
deviations are approximately equal to the coordinate error
(0.14 Å), which was estimated from a Luzzati plot (41) for
the refined structure.

Figure 5A shows that each monomer is composed of two
R-helices (labeledR1 andR2) and sevenâ-strands (labeled
â1-â7). These secondary structural elements can be grouped
into three parts: (1) the central region which contains two
âRâ motifs consisting of mixed four-strandedâ-sheets with
two antiparallel helices that run almost parallel with the
3-fold axis; (2) theâ3 region (residues 46-49), flanked on
one side of the central region, joining the intersubunit
â-sheet; and (3) the C-terminal region (â6, residues 105-
108, andâ7, residues 111-113) on the opposite side of the
â3 region, also joining to another intersubunitâ-sheet. There
is a pseudo-2-fold axis in the monomer running perpendicular
to theâ-sheet.

A large hydrophobic core exits in the central part of the
monomer. A number of hydrophobic residues are located
between theâ-sheets and the twoR-helices; most of the side
chains (â1, Leu3 and Leu5;â2, Val37, Val39, and Val41;
â4, Ile59 and Ile61;â5, Ile95, Ile97, and Phe99) toward the
helices participate in hydrophobic interactions in this region.

HelicesR1 andR2 also interact tightly with the hydrophobic
residues (R1, Leu18, Leu22, Ala25, Ala26, and Ile29;R2,
Phe80, Phe81, Phe83, and Leu84). Thus, theâ-sheets and
two R-helices form the hydrophobic core, and no space has
been observed to be accessed by solvent molecules in this
region of the crystal structure.

â3, apart from the central region, is in contact via hydrogen
bonds with theâ2 of an adjacent monomer (Figure 5A). The
water molecules also contribute to the main chain conforma-
tion of theâ3 region. The water connects from N and O of
Met47 (which are located in the middle of theâ3 strand) to
Nδ2 of Asn8 (which belongs to the central part). This water
molecule has a good hydrogen-bonding geometry and
possesses a low-temperature factor. Theâ3 protrudes from
the central part of monomer and is located on the surface of
trimer molecules. These water-mediated hydrogen bonds play
a role in maintaining theâ-strand and flexible loops to make
contact with the adjacent monomer.

In addition to the intersubunit hydrogen bonds and water-
mediated hydrogen bonds, proline residues in the connecting
loops also have significance. There are seven proline residues
per monomer of humanD-dopachrome tautomerase. Gener-
ally, proline prevents the N atom from participating in
hydrogen bonding and does not allow the typical main chain
conformations in the protein; proline plays a structurally very
important role. In the present case, all of the prolines except
Pro1 are in the connecting loop and are highly conserved
among all species ofD-dopachrome tautomerase and MIF.
For this novel trimeric structure, these highly conserved
proline residues may play a key role in peptide folding with
the formation of intersubunitâ-sheets.

The C-terminal region is also separated from the central
part of the humanD-dopachrome tautomerase. The short two-
strandedâ-sheet consisting ofâ6 andâ7 with a sharpâ-turn
(Lys109-Ile-Gly-Thr112) participates in theâ-sheet of an
adjacent monomer (Figure 5A). This region is located at the
side of helixR2 of an adjacent monomer.

The crystal structure ofD-dopachrome tautomerase shows
trimer formation with exact 3-fold symmetry (Figure 5B).
Theâ-sheet in the central region of one monomer is linked
to the â3 strand of an adjacent monomer and toâ6-â7 of
another adjacent monomer. Thus, it forms seven-stranded
â-sheets within a trimer. The formation ofâ-sheets by three
monomers provides the principal contacts that stabilize the
trimer structure. The relationship among complex secondary
structure elements in the trimer is the same as that observed
in human MIF (19) (see below).

The overall shape of the trimer structure is cylindrical
along the 3-fold axis with approximate dimensions of 50 Å
in diameter and 40 Å axial in length. There is a channel
running up the 3-fold axis. The channel narrows in the middle
and becomes wider near its edge. Both edges are surrounded
by hydrophobic residues (Phe100, Pro101, and Leu102 at
the bottom of the channel; Ala11, Val41, Pro43, and Leu45
are at the top). However, there are clusters of polar (Thr40,
Ser62, and Gln58) and charged (Glu4, Asp6, Arg42, and
Arg98) side chains in the middle of the channel. Most
contacts across the trimer interfaces are lined by hydrogen
bonds which afford theâ-sheet structure. However, the side
chains of Arg42, Leu100, and Phe101 are close to their
symmetry-related atoms in the channel. The narrowest point
is located at the side chain of Arg42, less than 2.5 Å from

Table 1: Final Refinement Statistics

parameter

program X-PLOR 3.851
resolution range (Å) 20.0-1.54
no. of reflectionsa 43,723
R-factorb 0.164
freeR-factor 0.192
no. of non-hydrogen atoms

protein 2655
water 248

averageB values (Å2)
main chain 11.39
side chain 15.25
protein, all atoms 13.21
water molecules 31.51
all atoms 14.77

bulk solvent parameters
ksol (electron/Å) 0.3226
Bsol (Å) 72.69

estimated error on atomic positionc (Å) 0.14
rms deviation from ideality

bonds (Å) 0.008
angle (deg) 1.4
dihedral angle (deg) 27.3
improper angle (deg) 0.82

a The test set that was not used in the refinement of the model was
randomly selected as 4% of data.b R ) ∑h||Fo(h)| - |Fc(h)||/∑hFo(h),
where Fo and Fc are the observed and calculated structure factor
amplitudes, respectively.c Estimated from the Luzzati plot (41).
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the 3-fold axis. Therefore, the triplet Arg42 side chain is
associated with van der Waals interactions, which would
further contribute to the stability of the trimer formation.
Although it is unlikely that any solvent molecule would be
capable of passing through the channel, more than 10 water
molecules per monomer are linked by hydrogen bonding to
the side chain of the channel. The thermostability of this
protein (42) may be due to these features, as well as to the

tightly packed hydrophobic core, which is a result of the
large number of hydrophobic residues between theâ-sheet
and helices.

Comparison with MIF.Recently, MIF was found to have
enzymatic activity, convertingD-dopachrome to 5,6-dihy-
droxyindole-2-carboxylic acid (23). This novel action gave
rise to the challenging question of whether this particular
enzyme activity is directly or indirectly involved in biological
actions described in previous reports such as immunomodu-
lation and proinflamatory effects. To investigate these
possibilities, a comparative structural study between MIF and
D-dopachrome tautomerase must have significant results. As
demonstrated in the present study, overall folding and a
subunit topology of humanD-dopachrome tautomerase are
almost identical to human MIF (19), with two âRâ motifs
related by pseudo-2-fold symmetry and similar trimeric
â-sheet packing (Figures 6 and 7). Briefly, when the
R-carbons in strandsâ1, â2, â4, andâ5 (residues 2-7, 38-
42, 57-64, and 95-102) of theD-dopachrome tautomerase
monomer are superimposed with the structurally correspond-
ing atoms (residues 2-7, 38-42, 57-64, and 94-101) of
human MIF, the rms difference is less than 0.57 Å at each
chain (Figure 6A). A superposition for triadâ-sheets in the
trimer results in an rms difference of less than 0.95 Å. The
backbone conformations of several connecting loops are also
similar to those of MIF.

The hydrophobic cores between theâ-sheets and helices
in the monomer are highly conserved in bothD-dopachrome
tautomerase and MIF. Although the relative positions of
helices are changed along the 3-fold axis and the angle
between helix R1 and R2 is different (by 9°), many
hydrophobic side chains comprise the core of this region.
Among the 19 hydrophobic residues contributing to hydro-
phobic interactions between theâ-sheets and two helices,
five of them are completely conserved and the remainder
are substituted by amino acid residues having similar
physicochemical properties.

The largest structural differences in the main chain
conformation betweenD-dopachrome tautomerase and MIF
exist in two regions. The first region is at helix 2 (R2), which
shifts toward the end of the helix along its axis. This may
be due to the insertion of Glu71 inD-dopachrome tau-
tomerase, which is located at the second residue ofR2.
However,R2 shifts only by about 1 Å, maintaining its almost
parallel direction to the 3-fold axis in the trimer. These data

FIGURE 3: Stereopair of a CR trace of the structure for the humanD-dopachrome tautomerase monomer. Every tenth CR atom is labeled.
The figure was prepared with MOLSCRIPT (62).

FIGURE 4: Crystal packing arrangement of humanD-dopachrome
tautomerase. (A) Three independent trimers ofD-dopachrome
tautomerase exist per unit cell. Each of the three monomers
contained in an asymmetric unit forms a functional trimer related
by crystallographic 3-fold symmetry. Each trimer molecule is
colored in gray (A chain), black (B chain), or dark gray (C chain).
When the cell is projected along thec-axis, the orientation of three
independent trimers is almost identical. (B) The direction of the
trimer of the B chain is opposite to the other two. In the crystal, all
of the trimers are stacked head to tail along thec-axis of the unit
cell.
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indicate that the very tight hydrophobic interaction between
the â-sheet,R1, andR2 and the direction ofR-helices are
all important in this trimeric packing.

The second region is in the backbone conformation of the
C-terminal tail.D-dopachrome tautomerase contains two extra
residues in this region. The tail forms a small 310-helix by
three residues (Met114-Phe116), which are exposed to the
solvent although these residues have hydrophobic properties.

Furthermore, one of the greatest differences between the
two proteins is observed in the surface residues. Representa-
tion of the molecular surface of both enzymes reveals that
the overall shapes and electric properties are different,
especially when viewed from the N-terminal side along the

3-fold axis. In the case of MIF, most of the surface of the
bottom, shown in Figures 3 and 5A, including the potential
active site pockets, is positively charged, and the region
around the 3-fold axis is non- or negatively charged (Figure

FIGURE 5: Crystal structure of humanD-dopachrome tautomerase.
(A) Schematic diagram of a humanD-dopachrome tautomerase
monomer andâ-strands of an adjacent monomer. The monomer is
colored green. The core of the monomer has a pseudo-2-fold axis
running perpendicular to the plane of theâ-sheet betweenâ1 and
â4. Theâ3 strand (residues 46-50) and the C-terminalâ6 andâ7
strands are almost perpendicular to strandsâ1, â2, â4, andâ5. The
four-strandedâ-sheet in each monomer is hydrogen-bonded to an
extraâ-strand,â3, of the second monomer (purple) and toâ6-â7
of the third monomer (yellow), forming an inter-monomer seven-
strandedâ-sheet. (B) FunctionalD-dopachrome tautomerase trimer
viewed along the triad axis. This view is from the bottom side of
(A). One monomer is colored green and two adjacent monomers
related by crystallographic 3-fold symmetry are colored yellow and
purple. The inside of the trimer is created by threeâ-sheets
surrounded by sixR-helices. These figures were prepared with
MOLSCRIPT (62) and RASTER3D (63).

FIGURE 6: Structural comparison of humanD-dopachrome tau-
tomerase and several isomerases. Superposition of 27R-carbon
atoms at the four-strandedâ-sheet of humanD-dopachrome
tautomerase monomer (yellow) on (A) human MIF (blue), (B)E.
coli CHMI (green) (PDB code 1otg), and (C)Pseudomonassp.
CF600 4-OT (purple) (PDB code 1otf). The humanD-dopachrome
tautomerase monomer could be superimposed by least-squares
fitting of 27 main-chain atoms of MIF, CHMI, and 4-OT monomers
within an rms distance of 0.60, 0.88, and 0.72 Å, respectively. This
figure was prepared with SETOR (64).
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8A). On the other hand, a negatively charged surface is
widely distributed on the same side in the case ofD-
dopachrome tautomerase (Figure 8B). The relationship
between this striking difference and biological activities is
unclear at present. However, they share certain similarities
in that there are small pockets at the potential active site
and these regions are positively charged by the contribution
of surface residues, including highly conserved Lys32 and
the unconserved positively charged residue. These observa-
tions may reflect the fact that both proteins catalyze similar
tautomerization reactions of substrateD-dopachrome. The
invariant positively charged properties around the N-terminal
pocket suggest that positively charged residues on the surface
play an important role in the tautomerase reactions. The wide
distribution of positive charges on the surface of MIF and
the negative charges on that ofD-dopachrome tautomerase
must also be important for their biological actions.

The proposed active site of MIF for tautomerization is the
hydrophobic pocket close to the N-terminal proline residue.
Swope et al. reported that the P1G mutant of MIF reduces
both the cytokine activity and enzymatic activity (25),
suggesting that the N-terminal proline in the pocket must

be a key to understanding the physiological role of these
proteins. Pro1 of MIF, which may serve as a catalytic base,
is surrounded by many aromatic residues (Tyr36, Phe49,
Tyr75, Tyr95, Trp108, and Phe113) and two polar residues
(Lys32 and Ser63) (Figure 9A). The Pro1 residues are
conserved among all known homologues of MIF and
D-dopachrome tautomerase. Although there is a pocket at
the N-terminal proline ofD-dopachrome tautomerase similar
to MIF, no aromatic residue, except His76, could be found
near the cavity (Figure 9A). Most of those aromatic residues
are substituted for by nonhydrophobic amino acids in
D-dopachrome tautomerase (Figure 9B). Instead of these
aromatic residues, the side chains of Arg36, Ser50, Leu96
Lys109, and Met114 are located on the surface of the
N-terminal pockets ofD-dopachrome tautomerase. On the
other hand, Lys32 and Ser63, which are highly conserved
on sequence alignment, have similar relative positions to
Pro1, and they also have similar side chain conformations.
Other conserved residues (Ala27, Lys32, Pro33, Ser63, Ile64,
and Gly65) on the surface are also very close by the
N-terminal proline. Considering these results, the conversion
of D-dopachrome would be catalyzed in this pocket of

FIGURE 7: Ribbon representation of the (A) humanD-dopachrome tautomerase trimer, (B) human MIF trimer, (C) CHMI trimer, and (D)
4-OT hexamer, viewed along the 3-fold axis. N-Terminal prolines are shown in a ball-and-stick representation. These figures were prepared
with MOLSCRIPT (62).

3274 Biochemistry, Vol. 38, No. 11, 1999 Sugimoto et al.



D-dopachrome tautomerase as it is in MIF. The N-terminal
proline and other conservative residues would thus be
profoundly involved in the mechanism ofD-dopachrome
tautomerization. However, some significant substitutions,
namely, K66V and Y36R, are also observed at the active
site. Furthermore, residues Trp108 and Phe113 in the
C-terminal region of MIF, which are included in the cluster
of aromatic residues and form a structural element that faces
toward the active site pocket, are also changed to Lys109
and Met114, respectively. Rosengren et al. reported that MIF
is less active thanD-dopachrome tautomerase in catalyzing
the conversion ofD-dopachrome. However, MIF shows more
activity when convertingD-dopachrome methyl ester (23).
The substitutions mentioned above may be related to the
determination of specificity and affinity to the substrates.
For a precise speculation of theD-dopachrome tautomeriza-
tion mechanism, we must await results from studies that
address the tertiary structure of the protein-substrate com-
plex.

The C-terminal region in the crystal structure of rat MIF
is disordered (18), and the C-terminal-truncated mutants of
human MIF lose the capacity for macrophage activation,
suggesting that this region of human MIF andD-dopachrome
tautomerase may have a flexible nature and may significantly
affect cytokine activity and/or enzymatic reactions (19).
However, the C-terminal region of humanD-dopachrome
tautomerase is tightly linked to the adjacent monomer by
hydrogen bonds (Figure 5A). In the refined structure of
humanD-dopachrome tautomerase, the average temperature
factors of the main chain and side chain atoms of residues
104-114, which comprise the twoâ-strands with a short
hairpin, are 9.75 and 13.36 Å2, respectively; these values
are lower than the average value for all atoms of the protein
(14.77 Å2). Similarly, this region of human MIF has a normal
temperature factor, and there is little difference between the
three chains. Considering these results, this region does not
appear to have significant flexibility in the C-terminal

residues of humanD-dopachrome tautomerase and MIF.
However, in all of the cases discussed here, the structure of
human MIF andD-dopachrome tautomerase reveals that
many of the residues in this region are solvent accessible
and some of the residues are located toward the active site
pocket. Therefore, further study is necessary to clarify the
role of C-terminal residues.

Comparison with CHMI and 4-OT.The monomer of
D-dopachrome tautomerase, which is comprised of a two-
layerR-â sandwich, somewhat resembles dimeric interleukin
8-like chemokines and the peptide binding domain of MHC
(43, 44). The barrel structure, which has 3-fold symmetry,
is also observed in interleukin 1â, fibroblast growth factor,
and tumor necrosis factor (45-49). However, the folding
topology of MIF andD-dopachrome tautomerase, namely,
two âRâ units with 2-fold symmetry in a single polypeptide
chain, is unlike that of any cytokine or hormones. The
â-sheets pack around the 3-fold axis and do not form a barrel;
the mixedâ-sheet forms a trimer with three closely packed
â-sheets.

MIF and D-dopachrome tautomerase show striking struc-
tural similarities to the bacterial enzymes CHMI and 4-OT
(22). Both enzymes are involved in the degradation of
aromatic compounds and catalyze keto-enol isomerization.
Although in the primary sequence alignment CHMI shows
only very limited homology with MIF andD-dopachrome
tautomerase (Figure 1) and no significant homology with
4-OT, these four proteins have an almost identical subunit
topology with the twoâRâ motifs related by pseudo-2-fold
symmetry and trimericâ-sheet packing (Figures 6 and 7).
While CHMI exists as a homotrimer, 4-OT is a hexamer.
The 4-OT monomer is composed of 62 amino acids and is
dimerized by 2-fold symmetry to form a structure similar to
that of theD-dopachrome tautomerase monomer. Therefore,
4-OT is a trimer of the homodimer that shows 32 symmetry;
its overall tertiary structure is very similar to the trimer
structure of MIF,D-dopachrome tautomerase, and CHMI.

FIGURE 8: Electrostatic surface potential inD-dopachrome tautomerase and the human MIF trimer, as calculated by GRASP (65). Positively
and negatively charged potentials are represented in blue and red, respectively. The two molecules are drawn in the same direction and
viewed along the triad axis. Yellow arrows represent the potential active sites in N-terminal pockets. The orientations of these molecules
are identical to those shown in Figure 7A,B. (A) Most of the surface on the portrayed side of MIF, including the potential active site, is
positively charged. The regions around the 3-fold axis are noncharged. (B) On the other hand, a negatively charged surface ofD-dopachrome
tautomerase is widely distributed on the same side of MIF. Only the regions around the potential active site (yellow arrows) are positively
charged, as in MIF.
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CHMI and 4-OT possess active site pockets on the surface
near the N-terminal proline, which are utilized as a catalytic
base in their isomerization reactions. There are only 19
identical residues (17%) betweenD-dopachrome tautomerase
and CHMI. 4-OT shows no primary sequence homology with
MIF and D-dopachrome tautomerase.

In regard to the main chain structure, CHMI monomers
and 4-OT dimers are less similar to humanD-dopachrome
tautomerase monomers than is MIF. When the 27R-carbon
atoms in strandsâ1, â2, â4, andâ5 (residues 2-7, 38-42,
57-64, and 95-102) of the D-dopachrome tautomerase
monomer and 3× 27 R-carbons of the trimer are superim-
posed with the structurally corresponding atoms (residues
3-8, 41-45, 62-69, and 103-110) in the CHMI monomer
and trimer, the rms difference is less than 0.88 and 1.32 Å,
respectively (Figure 6B). The greatest difference between
the structures is found in the loop regions (particularlyâ1-
R1, â3-â4, andR2-â5 and the C-terminal loop). Because of
several insertion residues in CHMI, the orientation of the
two R-helices with respect to that of theâ-sheet is different

between the two molecules. The surface shape of the active
site pocket is also quite different from that ofD-dopachrome
tautomerase.

A superposition of 27R-carbon atoms in theD-dopachrome
tautomerase monomer on the 4-OT dimer (residues 3-8,
40-44, 2-9, and 39-46) and 3 × 27 atoms in the
D-dopachrome tautomerase trimer on the 4-OT hexamer
results in rms differences of 0.72 and 1.11 Å (Figure 6C),
respectively. These values are not much larger than those
existing betweenD-dopachrome tautomerase and MIF.

Subramanya et al. analyzed crystal structures and proposed
a mechanism for reactions that are catalyzed by CHMI and
4-OT. These enzymes appear to operate via an analogous
one-base mechanism having chemically similar unsaturated
ketones as a substrate. In brief, the substrate [5-(carboxym-
ethyl)-2-hydroxymuconate] for CHMI binds to the active site
pocket such that the carboxylate group of substrate interacts
with the side chains of Arg41 and Arg72 (Figure 9C). Then
the N-terminal proline could remove the proton from the
carbon with an electronic rearrangement of the substrate. In

FIGURE 9: Putative active sites at the N-terminal proline. The main chains are represented by tubes. The side chains around the active site
are shown in a ball-and-stick representation. (A) The N-terminal proline of human MIF is surrounded by a large number of aromatic
residues (Tyr36, Phe49, Tyr75, Tyr95, Trp108, and Phe113). (B) The conversion ofD-dopachrome would be catalyzed in this pocket in
D-dopachrome tautomerase. Although there are pockets at the N-terminal proline, no aromatic residue, except His76, could be found around
the pockets. Most of the residues located on the surface of the N-terminal cavity were nonaromatic amino acids, Arg36, Ser50, Leu96,
Lys109, and Met114, inD-dopachrome tautomerase. However, the relative positions of the highly conserved side chains, Pro1, Lys32, and
Ser63, and their torsion angles are very similar to those shown in (A). (C) Three Arg residues exist in the catalytic pocket of CHMI (PDB
code 1otg). (D) The catalytic pocket of 4-OT (PDB code 1otf). The side chains of Arg39, Arg61, and Arg61 and backbone atom of Ser37
are involved in the interaction with the adduct 2-OP. These figures were prepared with MOLSCRIPT (62) and RASTER3D (63).
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4-OT, the two arginine residues correspond to Arg39 and
Arg11 and locate at similar positions in the N-terminal pocket
(Figure 9D). The crystal structure of 4-OT fromPseudomo-
nas putidamt-2, which is inactivated by 2-oxo-3-pentynoate
(2-OP), shows a covalent bond between C-4 of the adduct
and Pro1 (50). In the complex structure, the Nε and Nη atoms
of Arg39 from the neighboring dimer interact with the
carbonyl and carboxylate oxygens in the adduct, respectively.
The Nη atom of Arg61 from the same dimer also interacts
with this carboxylate oxygen in the adduct. The Nε atom of
the Arg61 side chain interacts with the other carboxylate
oxygen. In addition to these side chains, a water molecule
bridges from the backbone atom of Ser37 and side chain of
Arg39 to the C-2 keto group of the adduct by a hydrogen
bond. These residues connect to the substrate for stabilization.
However, Arg11 does not interact with the adduct. A
comparison of the 2-OP-4-OT structure with other proteins
provides an insight into the reaction mechanisms that are
catalyzed by MIF andD-dopachrome tautomerase, because
the enzymatic activity of not only 4-OT but also MIF is
interrupted by an analogous 3-bromopyruvate (3-BP) that
would be attached to Pro1 (51, 52). When a detailed
structural comparison of catalytic pockets is made, all of
these proteins (D-dopachrome tautomerase, MIF, CHMI, and
4-OT) show positively charged properties in the active site
pockets; they each have at least two positively charged
residues on the pocket (Figure 9). However, it should be
noted that these residues are not necessarily conserved. The
Arg39 and Arg61 that form hydrogen bonds with an adduct
in the crystal structure of 4-OT correspond to the Arg 41
and Lys117 in CHMI. While Arg36 and Lys109 ofD-
dopachrome tautomerase might serve as the Arg39 and
Arg61 of 4-OT, only aromatic clusters are found in this
region of MIF. In turn, Lys32 or/and Lys66 might play a
role of substrate binding of MIF. Since the side chain
environment of the catalytic pocket inD-dopachrome tau-
tomerase is more similar to that of 4-OT than of MIF, we
could presume that it can potentially interact with 3-BP or
2-OP. Some space remains left for those adducts between
side chains of Arg36 and Lys109 in the catalytic pocket of
D-dopachrome tautomerase (Figure 9B).

Biological Aspects.On the basis of their sequence homol-
ogy and similar enzyme activity, it has been speculated that
interesting structural features might be discovered between
D-dopachrome tautomerase and the trimeric structure of MIF;
however, the precise structure ofD-dopachrome tautomerase
has been unclear to this point. In the present study, we
determined the high-resolution structure of humanD-dopach-
rome tautomerase, which clearly shows that although there
are similarities in the overall main chain structure, there
remain several significant differences between the two
proteins. A precise comparison is expected to provide a major
clue in the investigation of the potential ofD-dopachrome
tautomerase as a cytokine or a pluripotent bioactive molecule.

It has been reported that MIF secreted from immune cells
plays an important role in the initialization of inflammatory
reactions and cytokine production and is secreted from the
pituitary gland, much like a hormone, in response to LPS
stimulation (7, 9, 10). In cases of infection,D-dopachrome
tautomerase may function in concert with MIF. A report by
Esumi et al. presents evidence that the genes forD-
dopachrome tautomerase and MIF are closely linked and that

they have a conserved structure (53). Northern blot analysis
has demonstrated that mRNA ofD-dopachrome tautomerase
is expressed in large amounts in the liver and to a lesser
extent in other organs, including the heart and spleen (26).
In contrast, MIF mRNA is largely expressed in the brain
and kidneys and to an even lesser extent in the liver. This
indicates that the biological action ofD-dopachrome tau-
tomerase might be limited mainly, or completely, to the liver,
in contrast to the broad spectrum of functions performed by
MIF. In any case, further evaluation of the action of
D-dopachrome tautomerase is necessary. Wistow et al.
reported that epithelial cells of chicken embryonic lens
expressed this protein (12). We found that MIF is abundantly
expressed in the proliferative basal cell layers of the
epidermis and also in the endothelial and epithelial cells of
the cornea, suggesting that MIF might be involved in cell
growth or differentiation. From these findings, we are
currently investigating the actual biological functions of
D-dopachrome tautomerase in the events of immune re-
sponses as well as cell proliferation and differentiation.

Furthermore, MIF is also reported to exhibit enzymatic
oxidoreductase activity in the presence of GSH as a reducing
agent (54). It is also reported that the mutant C59S is
completely inactive and that C56S is partly active in both
the oxidoreductase and the macrophage-activating functions
(55). It is not clear whetherD-dopachrome tautomerase also
possesses oxidoreductase activity. In the crystal structure of
MIF, the residue Cys59, the putative catalytic center of
oxidoreductase, is buried in the hydrophobic core between
helices and theâ-sheet, and Cys56 is not completely buried.
In contrast, Cys59 is substituted to Leu inD-dopachrome
tautomerase, and Cys56 is buried in the side chains of the
surrounding residues. These results indicate thatD-dopach-
rome tautomerase is unlikely to possess the same enzymatic
oxidoreductase activity as does MIF.

In addition to its roles asD-dopachrome tautomerase,
phenylpyruvate tautomerase, and oxidoreductase, MIF has
an affinity for S-hexylglutathione and is reported to show
GST activity as well (56, 57). D-Dopachrome tautomerase
is not retained byS-hexylglutathione-agarose as MIF. MIF
and GST share no structural similarities. In addition,
evolutionary relationships are improbable. However, it is of
note thatD-dopachrome tautomerase and Theta-class GST
genes have been shown by Coggan et al. to be duplicated in
an inverted repeat (58).

The biological importance of isomerase activity remains
unknown. Recently, it has been reported that MIF catalyzes
isomerization of a phenyl pyruvate other thanD-dopachrome;
however, due to its low affinity to the enzyme, this molecule
may not be the true substrate. In regard to the role of cytokine
activity in relation to isomerase activity, it is known that
cyclophilin, a cyclosporin-binding protein, possesses pepti-
dyl-prolyl cis-trans isomerase activity (59). Cyclophilin is
a soluble cytosolic protein and is present in high concentra-
tions in many mammalian tissues. It is of interest that
cyclophilin is secreted by macrophages in response to
endotoxin in a manner similar to MIF and that it exhibits
proinflammatory activity (60). In this context, it is thought
that such isomerase activity is critical for immune responses.
Therefore, it is still possible thatD-dopachrome tautomerase
and MIF might both be involved in the immune response
through isomerization of certain other substrates. A recent
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report about a MIF mutant also reveals the significance of
Pro1 in both enzymatic reactions and neutrophile activation
(25). Accordingly, the roles of the N-terminal pocket and
Pro1 in catalysis and cytokine activity clearly need to be
determined for further understanding of the biological
function of MIF andD-dopachrome tautomerase. The present
structural analysis ofD-dopachrome tautomerase offers a
novel approach for the design of inhibitors that modulate
immunoregulatory and hormone-like effects. This study
would also benefit attempts to develop further therapeutic
approaches.
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