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Background: Tautomerization of dopachrome to 5,6-dihydroxyindole-2-carboxylic acid (DHICA) is a biologically
crucial reaction relevant tomelanin synthesis, cellular antioxidation, and cross-talk among epidermal cells. Since
dopachrome spontaneously converts into 5,6-dihydroxyindole (DHI) via decarboxylation without any enzymes
at physiologically usual pH, the mechanism of how tautomerization to DHICA occurs in physiological system is a
subject of intense debate. A previous work has found that Cu(II) is an important factor to catalyze the
tautomerization of dopachrome to DHICA. However, the effect of Cu(II) on the tautomerization has not been
clarified at the atomic level.
Methods:Wepropose the reactionmechanism of the tautomerization to DHICA by Cu(II) from density functional
theory-based calculation.
Results:We clarified that the activation barriers ofα-deprotonation, β-deprotonation, and decarboxylation from
dopachrome are significantly reduced by coordination of Cu(II) to quinonoid oxygens (5,6-oxygens) of
dopachrome, with the lowest activation barrier of β-deprotonation among them. In contrast to our previous

work, in which β-deprotonation and quinonoid protonation (O5/O6-protonation) were shown to be important
to form DHI, our results show that the Cu(II) coordination to quinonoid oxygens inhibits the quinonoid
protonation, leading to the preference of proton rearrangement from β-carbon to carboxylate group but not to
the quinonoid oxygens.
Conclusion: Integrating these results, we conclude that dopachrome tautomerization first proceeds via proton
rearrangement from β-carbon to carboxylate group and subsequently undergoes α-deprotonation to form
DHICA.
General significance: This study would provide the biochemical basis of DHICA metabolism and the generalized
view of dopachrome conversion which is important to understand melanogenesis.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Melanins, one of the most important pigments in animals, are
known to have various functions that are essential for living organisms.
The biosyntheses of melanins mainly occur in the melanosomes, mem-
brane bound organelles within pigment cells such as melanocytes
which are distributed in the epidermis, the hair follicle, the inner ear,
and the eye [1–4]. Biosynthesized melanins consist of two distinct
pigments, black to brown eumelanins and yellow to reddish-brown
pheomelanins [5–10]. Especially, the photoprotective and antioxidative
effects of eumelanins have extensively been investigated as major
functions although the high photosensitizing effects of pheomelanins
: +81 6 6879 7859.
i@dyn.ap.eng.osaka-u.ac.jp
have been considered to confer cytotoxicity [11]. Neuromelanins,
melanin-like pigments which are mainly found in the neurons of
substantia nigra and locus coeruleus, have also been recognized to
play important physiological roles such as sequestration of heavy
metal ions and methylphenylpyridine (MPP+) which is known to
cause the Parkinson's disease [12,13]. Although the biological and
medical relevance ofmelanins and their biosyntheses have been subject
to controversy [14,15], it is well accepted that eumelanins have an
ability to convert absorbed light energy into heat energy [16–18] and
to detoxify reactive oxygen species (ROS) [19–21].

Eumelanins are basically recognized as stacked and aggregated
oligomers or large heteropolymers that are mainly composed of two
monomers, 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) [22–24]. The biosynthesis of DHICA is achieved
by tautomerization of dopachrome, an intermediate in melanogenesis
(Fig. 1) [25,26]. Dopachrome is a comparatively unstable molecule
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Fig. 1. Conversion of dopachrome to DHI and DHICA via decarboxylative route
and tautomerization route, respectively. Labels in this figure denote the position for
each carbon and nitrogen atom corresponding to usual chemical nomenclature.

Fig. 2. Formation of quinone methide intermediate via β-deprotonation of dopachrome.
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that slowly converts to DHI via decarboxylation without any enzymes
at physiologically usual pH (Fig. 1) [27,28]. Due to this nature of
dopachrome, eumelanin had been initially considered to consist mostly
of DHI in early research on melanin chemistry. However, this view was
reconsidered by analyses mainly based on chemical degradation that
natural eumelanins include DHI and DHICA units at a nearly equal
ratio [29].

In an experiment, it was demonstrated that DHICA units in
eumelanin are responsible for the antioxidative properties of the pig-
ment [30]. As well as eumelanin itself, DHICA and its methoxy metabo-
lite, 6-hydroxy-5-methoxyindole-2-carboxylic acid (6H5MICA) were
also found to exhibit considerable antioxidant activity [31]. Recently, it
was also reported that DHICA affects cross-talk among epidermal cells,
implying the pivotal roles of this molecule in skin homeostasis and
cell-protection [32]. These evidences strongly show the physiological
significance of DHICA metabolism.

Experimental works have found some key factors to tautomerize to
DHICA; divalent metal ions, especially Cu(II) [33–35], and dopachrome
tautomerase (DCT), which contains a pair of Zn(II) ions at its active
sites [36–38], can strongly catalyze the tautomerization of dopachrome.
Although the effect of Zn(II) itself on the tautomerization has shown
to be considerably weaker than that of Cu(II) [33], DCT is significant-
ly potent in catalyzing the reaction. A comparative study of the
tautomerization effect between DCT and Cu(II) revealed that DCT is
more intensive to catalyze the tautomerization than Cu(II) [39]. This
result may give us an impression that the effect of Cu(II) is not a
major factor for DHICA formation. However, although DCT expression
in human follicular melanocytes from elderly individuals had been
shown to be scarcely detectable [40], chemical degradation analyses
clarified that these samples contain a relatively high ratio of DHICA
(33–45%) [41,42]. Therefore, a reappraisal of the contribution of Cu(II)
towards the DHICA formation might afford a new understanding of
melanin synthesis.

Experimental findings mentioned above trigger us to ask further
question about the mechanisms of how these factors selectively
tautomerize dopachrome. Previously, we clarified the mechanism of
dopachrome conversion towards DHI formation based on the results
obtained from first-principles calculation [43]. In this connection, the
mechanistic difference of DHI/DHICA formation deserves attentions as
a means of obtaining the generalized view of dopachrome conversion.
A proposed mechanism of the DCT-catalyzed reaction may clearly
explain the selectivity towards the formation of DHICA over DHI.
According to the strong stereospecificity of DCT, an involvement of an
interaction between carboxylate group of dopachrome and an unidenti-
fied group of DCT in the catalysis of DCT has been suggested as well as
the participation of Zn(II) ions [38]. In this picture, the selective
formation of DHICAwill be described in terms of inhibition of decarbox-
ylation, that leads to the reduction of the DHI formation. However, the
clear pictures of themetal ions-catalyzed conversions have been poorly
established despite the biological importance. Although metal ions
are supposed to exert their catalytic activities to the tautomerization
by interacting with quinonoid oxygens (5,6-oxygens, see Fig. 1) of
dopachrome [33], the reason why such interactions could realize the
selective formation of DHICA is unclear.

To obtain the clear-cut view of the formation of DHICA catalyzed by
Cu(II), we consider a paired Cu(II)-dopachrome interacting system as a
minimal model that would result in exclusive DHICA formation from
dopachrome. Since the metal ions-catalyzed reactions are known to
proceed by first-order kinetics [33], this modeling is consistent with
the relevant experimental systems. Using this model, we present a
theoretical evaluation of dopachrome conversion catalyzed by Cu(II).
To gain a reliable description based on universally defined energy
profile along the reaction pathway, we employ a density functional
theory-based calculation.

Dopachrome conversion proceeds via three possible dissociations;
α-deprotonation, β-deprotonation, and decarboxylation (Fig. 1). As
can be understood by referencing the structures of the products,
decarboxylation and α-deprotonation are respectively associated with
the formation of DHI and DHICA. β-Deprotonation is accompanied
with a formation of quinone methide intermediate (Fig. 2). From our
calculations, we here show significant reductions of the activation
barriers of α-deprotonation, β-deprotonation, and decarboxylation
from dopachrome by coordination of Cu(II) to quinonoid oxygens
(5,6-oxygens) of dopachrome, with the lowest activation barrier of β-
deprotonation among them. As demonstrated in our previous work
[43], β-deprotonation and quinonoid protonation (O5/O6-protonation)
are important to form DHI. However, our results obtained in this work
showed that the Cu(II) coordination to quinonoid oxygens inhibits the
quinonoid protonation, leading to the preference of proton rearrange-
ment from β-carbon to carboxylate group but not to the quinonoid
oxygens. Integrating these results, we conclude that dopachrome
tautomerization first proceeds via proton rearrangement from β-
carbon to the carboxylate group and subsequently undergoes α-
deprotonation to form DHICA.

2. Computational methods

2.1. Density functional theory-based calculation

In this work, we performed first-principles calculations based on
density functional theory [44,45] with the Becke's three-parameter
hybrid functional [46] combined with the Lee–Yang–Parr correlation
functionals [47] (B3LYP). Calculations were carried out with 6-
31++G(d,p) basis set using the Gaussian 09 suite of programs [48].

2.2. Solvation model

To appropriately reflect the stabilization by the dielectric response of
surrounding water molecules, we use the integral equation formalism
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polarizable continuum model (IEF-PCM) [49], where the solvent mole-
cules are modeled as a continuummediumwhose dielectric constant is
equal to that of the pure bulk solvent, and the solute molecule is placed
within the cavity created in the dielectric medium. We also use the
GePol algorithm [50] to make the cavity surface of the PCM smooth
for the system including Cu(II). The reason why we use surface-
smoothed cavity is that overlappings of van derWaals spheres between
metal ion and ligands are small, giving clear difference of surface area
between smoothed and non-smoothed cavity types.

In addition to the PCM, we explicitly consider peripheral water
molecules around Cu(II) because water molecules participating the co-
ordination bondwithmetal ions could affect the electronic state directly
as described by the ligand field theory. 5-Fold coordination of Cu(II)
aqua ion has been reported as the most preferable structure in aqueous
solution [51,52]. However, considering the facts that the 5-fold
solvation shell structure does not rigidly retain its structure but rapidly
fluctuates [51], and that the out-of-plane coordination itself is weaker
than the hydrogen bond in water cluster [52], we put only two water
molecules to make a planer complex.

2.3. Coordination site for Cu(II)

We assume the quinonoid group as the major site for Cu(II) coordi-
nation although the carboxylate group may also bind with Cu(II). To
check the validity of our assumption, we compare the thermodynamic
preference of the two sites for Cu(II) coordination. Using the 4-fold
coordination model for both two cases, we obtained the slightly lower
Gibbs free energy of the quinonoid coordinated system with the free
energy difference of −0.858 kcal/mol. Although the energy difference
of two coordination systems is not significant, we do not focus on the
carboxylate-coordinated system by Cu(II) because the Cu(II) coordina-
tion to the carboxylate cannot affect the activation barriers of α-
deprotonation, β-deprotonation, as described in 3. Results and discus-
sion section. Therefore, we focus on the quinonoid coordinated system
in this paper although Cu(II) might collaterally act as a direct inhibitor
of decarboxylation by coordinating to the carboxylate. The optimized
structures of carboxyl-dissociated dopachromewith Cu(II) coordination
to quinonoid group and carboxylate group are shown in Fig. 3 and
Fig. S1 (in Supporting information), respectively.

2.4. Evaluation of activation energies

For the evaluations of activation energies of deprotonations and
decarboxylation from dopachrome, we choose the dissociating bond
length as the reaction coordinate, and assumed adiabatic relaxation of
all other degrees of freedom unless the “rapid fluctuations” of the
structure with the relaxation occur. Here, we define a rapid fluctuation
as the variation of certain degrees of freedom with respect to reaction
coordinate that cannot be reduced by reducing step size of the reaction
Fig. 3. Optimized structure (using the PCM) of carboxyl-dissociated dopachrome with
Cu(II) coordination to quinonoid group. The blue, red, yellow, and purple spheres respec-
tively represent hydrogen, oxygen, carbon, and nitrogen atom. Labels in this figure denote
each atom, but do not correspond to the numbers used in usual chemical nomenclatures.
coordinate. If the rapid fluctuations occur during evaluations of the
dissociations, we use frozen values of the degrees of freedom from be-
fore the rapid fluctuation because such fluctuations are due to artificial
error. Although such treatmentmay not satisfy the quantitative require-
ment, this assumption enables us to provide the well-defined values as
the zeroth-order approximation.

During the evaluations of activation energies, we put some water
molecules to make hydrogen bonds with dissociating proton or carbox-
ylate ion. As shown in Fig. 4, we choose water trimer and two water
molecules for the proton and carboxylate ion, respectively. We found
that the activation barrier of decarboxylation significantly varies
depending on the presence/absence of the hydrogen bonds with the
water molecules. Without hydrogen-bonded water molecules, we eval-
uated the activation barrier of decarboxylation to be 9.720 kcal/mol.
This value is definitely smaller than that evaluated with the water
molecules, 15.952 kcal/mol as shown in Fig. 5. The reason why these
water molecules affect the activation energy can be attributed to the
intramolecular electron transfer accompanied with decarboxylation;
negative charges localized at oxygens of carboxylate are transferred to
the π-conjugated system of dopachrome during decarboxylation.
Therefore, such electron transfer will reduce the stabilization by the hy-
drogen bonds, leading to the higher activation barrier of decarboxyl-
ation than in the absence of the hydrogen bonds. We accordingly use
the two water molecules bound to carboxylate ion for the realistic
modeling. Although in this paper we compare the two cases with and
without Cu(II) based on our present and previous results, the interac-
tion betweenwater molecules and carboxylate groupwas not explicitly
considered in the previous calculations [43]. Nevertheless, we con-
firmed that inclusion of this interaction does not change the main con-
clusion because decarboxylation is still greatly activated by O5,O6-(di)
protonation.

3. Results and discussion

3.1. Effect of Cu(II) on activation energies of α-deprotonation,
β-deprotonation, and decarboxylation

First, we evaluate the activation energies of α-deprotonation, β-
deprotonation, and decarboxylation from dopachrome in the presence
of coordination of Cu(II) to quinonoid group. As described in the
Introduction section,α-deprotonation, β-deprotonation, and decarbox-
ylation are respectively associated with the formation of DHICA,
quinone methide intermediate, and DHI. Thus, the comparison of
activation energies of these dissociations will provide an essential
information to understand the reaction mechanism. To evaluate the
activation energies, we studied energy profiles along the dissociating
bond lengths. As shown in Fig. 5, the activation energies of α-
deprotonation, β-deprotonation, and decarboxylation are respectively
14.024 kcal/mol, 12.680 kcal/mol, and 15.952 kcal/mol. Note that the
activation barrier of decarboxylation is obtained by using frozen value
of dihedral angle around the cleaving C\C bond from before 1.81 Å of
the bond length because the rapid fluctuation defined in 2. Computa-
tional methods section occurs at the point. This result indicates the
kinetic preference of β-deprotonation compared with decarboxyl-
ation. All activation energies evaluated here are significantly lowered
than those of the case without Cu(II) coordination as in the previous
calculation [43]. This strong catalytic behavior of Cu(II) is consistent
with experiments [33–35]. This catalysismight be explained as the con-
sequence of stabilization of the α-deprotonated, β-deprotonated, and
decarboxylated structures. From the natural population analysis [53],
we found that eachα-deprotonation,β-deprotonation, and decarboxyl-
ation leads to relatively large amount of electron transfer to the C\O
bonds in the quinonoid group irrespective of the presence/absence of
Cu(II) coordination, as shown in Table S1, S2 (in the Supporting Infor-
mation). Since Cu(II) is positively charged, the coordination of Cu(II)
will effectively contribute to the stabilization of the α-deprotonated,
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Fig. 4. Initial structures (optimized using the PCM) for (A) α-deprotonation, (B) β-deprotonation, and (C) decarboxylation of dopachrome with Cu(II) coordination to quinonoid group.
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β-deprotonated, and the decarboxylated structures that have negative-
ly charged 5,6-oxygens, leading to the reduction of activation barriers of
these dissociations.

3.2. Cu(II) coordination to carboxylate group

As mentioned in 2. Computational methods section, we also exam-
ined the case of Cu(II) coordination to carboxylate group. We show the
energy profiles along α-deprotonation and β-deprotonation with the
carboxylate coordination of Cu(II) in Fig. 6. From Fig. 6, it can be seen
that the energy profiles donot exhibit obvious transition state but exhibit
plateau region similar to the cases in the absence of Cu(II) coordination,
which were shown in our previous work [43]. The energy difference be-
tween the α-deprotonated and β-deprotonated structures compared
with the initial structures can be estimated to 23.148 kcal/mol and
23.031 kcal/mol, respectively. Therefore, we can conclude that the car-
boxylate coordinationof Cu(II) does not catalyze dopachromeconversion.

3.3. Proton rearrangement from β-carbon to other sites

From our results of the activation energies of α-deprotonation, β-
deprotonation, and decarboxylation, we are able to see the prefer-
ence of β-deprotonation compared withα-deprotonation and decar-
boxylation, indicating that the Cu(II)-catalyzed tautomerization
of dopachrome also proceeds via the formation of quinonemethide in-
termediate. To understand the second step of the tautomerization after
β-deprotonation, we next examine the stabilities of possible intermedi-
ates. As the preferable sites for reprotonation after β-deprotonation, we
consider the 5,6-oxygens of the quinonoid group and the carboxylate
oxygen. In Table 1, we show the comparison of energetic stability for
the each reprotonated structure in the presence/absence of Cu(II) coor-
dination to the quinonoid group whose structures are shown in
Supporting information Fig. S2. As shown in Table 1, we can see that
Fig. 5. Energy profiles for (A) α-deprotonation, (B) β-deprotonation, and (C) decarboxylation
C show the fully unrestricted relaxed potential energy curve for all degrees of freedom except
along the frozen dihedral angle around the cleaving C\C bond axis from before the non-smoo
the Cu(II)-coordinated quinone methide prefers to be protonated at
the carboxylate but not at the 5/6-oxygen, in contrast to the case with-
out Cu(II). These results clearly indicate that the Cu(II) coordination
significantly inhibits O5/O6-protonation. This inhibition can be attribut-
ed to weakening the coordination between Cu(II) and the quinonoid
oxygen by the protonation. Asmentioned above, the unstable electronic
structure formed by β-deprotonation would be stabilized by electro-
static attraction with negative charges of the quinonoid oxygens and
positive charge of the Cu(II). This stabilization will be weakened by
protonation to the quinonoid oxygen because protonation reduces the
electron density localized around the oxygen nuclear by forming the
O\H bond. Thus, we are able to see the clear difference between the
two cases of with and without Cu(II) in dopachrome conversion. As
the general implication for dopachrome conversion, it should be em-
phasized that the protection of quinonoid oxygens from protonations
is important to form DHICA. Interestingly, this view is also applicable
to the attempt to explain the preference of DHICA formation at strongly
basic pH,whichwas experimentally confirmed [28]. Since basic pH con-
ditionswould contribute to inhibition of O6-protonation to the quinone
methide intermediate as well as acceleration of α-deprotonation, we
still can see the importance of the protection from quinonoid proton-
ations in the discussion on the effect of pH.

3.4. Subsequent α-deprotonation to form DHICA

The carboxylate-protonated quinone methide, which is obtained by
the inhibition of O5/O6-protonation by the Cu(II) coordination, must
undergo α-deprotonation to form DHICA because decarboxylation is
strongly blocked; the decarboxylation requires the dissociation of the
carboxyl proton that would result in significant destabilization. This is
our proposed mechanism of the selective formation of DHICA catalyzed
by Cu(II). As shown in Fig. 7, we also confirm that the subsequent α-
deprotonation from the carboxylate-protonated quinone methide
of dopachrome with Cu(II) coordination to quinonoid group. The diamonds in this figure
for the distance of the cleaving C\C bond. The squares show the potential energy curve
thly changing point.
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Fig. 6. Energy profiles for (A) α-deprotonation, (B) β-deprotonation of dopachrome with Cu(II) coordination to carboxylate group.
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requires a comparatively low activation energy (9.832 kcal/mol)
with respect to that of β-deprotonation. This low barrier indicates
that β-deprotonation is the rate-limiting step in the dopachrome
tautomerization to DHICA. As described in our previous work [43], β-
deprotonation is rate-limiting also in the absence of Cu(II) coordination.
Since deprotonations must be a base-catalyzed reaction, we can
conclude that basic pH promotes dopachrome conversion both in the
presence and in the absence of Cu(II). This conclusion is consistent
with a recent experiment [35].

4. Conclusions

In this paper, we describe the mechanism of dopachrome
tautomerization towardsDHICA catalyzedbyCu(II) in aqueous solution.
Despite the biological significance of this reaction and the existence of
experimental data suggesting the strong catalytic behavior of Cu(II),
the reaction mechanism of dopachrome tautomerization in the pres-
ence of Cu(II) has not been clarified. Our thoroughly examined model,
in which Cu(II) is coordinated to quinonoid oxygens (5,6-oxygens) of
dopachrome and two water molecules, enables us to give a simple
but realistic view of the tautomerization at the atomic level. Based on
numerical results from density functional theory-based calculation, we
show that α-deprotonation, β-deprotonation, and decarboxylation,
that are the important elementary steps to form DHICA, quinone
methide intermediate, and DHI, respectively, are significantly activated
by Cu(II) coordination to the quinonoid oxygens, corresponding
to the catalytic behavior of Cu(II). In all three dissociations, the activa-
tion energy of β-deprotonation is evaluated to be the lowest value,
Table 1
Comparison of stability for each possible tautomer formed by a proton rearrangement
from β-carbon of carboxyl-dissociated dopachrome in the presence/absence of Cu(II)
coordination to quinonoid group.

Tautomer (Cu+/−)a Reprotonated
siteb

Energy/
kcal∙mol−1c

Gibbs free energy/
kcal mol−1d

Initial structure (Cu+) β-Carbon 0.000 0.000
A (Cu+) Carboxylate −12.483 −12.451
B (Cu+) O5 3.289 2.744
C (Cu+) O6 8.302 7.088
Initial structure (Cu−) β-Carbon 0.000 0.000
A (Cu−) Carboxylate 11.282 11.384
B (Cu−) O5 −5.695 −5.129
C (Cu−) O6 1.822 1.929

a Symbols for tautomers formed by proton rearrangement from β-carbon of carboxyl-
dissociated dopachrome. The presence and absence of Cu(II) coordination to quinonoid
group are respectively denoted as (Cu+) and (Cu−).

b Numbers in this column correspond to the labels in Fig. 1 that follow usual chemical
nomenclatures.

c Origins of energies evaluatedwith andwithout Cu(II) are respectively set to the values
of carboxyl-dissociated dopachrome with and without Cu(II) before β-deprotonation.

d Origins of free energies evaluated with and without Cu(II) are respectively set to
the values of carboxyl-dissociated dopachrome with and without Cu(II) before β-
deprotonation. Temperature was set to 309.5 K as a condition of human body.
indicating that the Cu(II)-catalyzed tautomerization of dopachrome
also proceeds via the formation of quinone methide intermediate. Un-
like the dopachrome conversion in the absence of Cu(II) which was in-
vestigated in our previous study [43], the quinone methide formed by
β-deprotonation exhibits the preference of carboxylate protonation
over quinonoid protonation, implying the inhibition of quinonoid
protonation by the Cu(II) coordination. This inhibition can be attributed
to weakening the coordination between Cu(II) and the quinonoid
oxygen by the protonation. The subsequent α-deprotonation after
proton rearrangement from β-carbon to carboxylate oxygen requires
comparatively low activation energy with respect to that of β-
deprotonation, indicating that β-deprotonation is the rate-limiting
step in the dopachrome tautomerization to DHICA. We believe that
these findings obtained here will be a guide for future studies towards
unified understanding of dopachrome tautomerization to form DHICA
which describes the details of the reaction catalyzed by not only Cu(II)
but also other metal ions or DCT.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2014.10.024.
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