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ABSTRACT The molecular structure of melanin, one of the most ubiquitous natural pigments in living organisms, is not known
and its multifaceted biological role is still debated. We examine structural models for eumelanin protomolecules, based on
tetramers consisting of four monomer units (hydroquinone, indolequinone, and its two tautomers), in arrangements that contain
an interior porphyrin ring. These models reproduce convincingly many aspects of eumelanin’s experimentally observed be-
havior. In particular, we present a plausible synthetic pathway of the tetramers and their further complexation through interlayer
stacking, or through formation of helical superstructures, into eumelanin macromolecules. The unsaturated nature of C-C bonds
in indolequinone units and the finite size of protomolecules introduce covalent bond formation between stacked layers. We
employ time-dependent density functional theory to calculate the optical absorption spectrum of each molecule along the
eumelanin synthesis pathway, which gradually develops into the characteristic broad-band adsorption of melanin pigment due
to electron delocalization. These optical spectra may serve as signatures for identifying intermediate structures.

INTRODUCTION

Melanin is a ubiquitous pigment encountered widely in hair,

skin, eye, brain, and the inner ear of the human body, and in

animals, plants, and microorganisms. It is usually classified

into two main groups, the brown-black eumelanin and the

reddish-yellow pheomelanin. Melanin synthesis in the or-

ganellemelanosome beginswith hydroxylation and oxidation

of tyrosine leading to polymerization of indole units (in

eumelanin) and benzothiazine derivatives (in pheomelanin)

through the Raper-Mason scheme (1). The biological func-

tions of melanin remain controversial (2,3). Several functions

have been proposed, the most widely accepted one being the

photoprotection of cells from solar ultraviolet radiation (4,5).

Other suggested functions include skin and feather coloration

and camouflage, thermoregulation, antioxidation, vitamin-D

synthesis regulation, drug andmetal-ion binding, and conver-

sion of optical energy to electricity and heat (2,3).Melanin has

also been implicated in Parkinson’s disease (6,7), age-related

macular degeneration (8), and malignant melanoma (9), the

most aggressive type of skin cancer. But the underlyingmech-

anisms for all these functions have not been adequately de-

scribed. The lack of detailed knowledge of the structure of

melanin, especially at the molecular level, is a factor contrib-

uting greatly to the uncertainties related to its functions. Native

melanin cannot be crystallized or dissolved in any solvent

without disrupting its structure and is therefore difficult to

isolate and study (10–12). Alternative types including syn-

thetic melanin, melanin from the ink sack of the cuttlefish

Sepia officinalis, melanin extracted from hair or uvea em-

ploying aggressive treatment with acids or bases and/or

enzymatical extraction methods, have been employed as

prototypical models (12,13).

Eumelanin is the most prevalent and important form of mel-

anin, and has been the most intensively studied (7,14). Two

qualitatively different models, the crossed-linked heteropoly-

mer model (15) and the stacked oligomer model (16,17) have

been proposed to account for the observed melanin proper-

ties, but neither of them has been firmly verified from

experimental data. However, there is increasingly more evi-

dence (18–20) in support of the finite size of melanin con-

stituent particles or protomolecules, presumably composed

of melanin oligomers. Eumelanin oligomers comprise 5,

6-dihydroxyindolequinone (DHI, or hydroquinone, denoted

in the following as HQ), 5,6-dihydroxyindole 2-carboxylic

acid (denoted as DHICA), and their derived redox forms. For

instance, indolequinone (denoted as IQ), the redox form of

HQ (21), and its tautomers (denoted generically as QIs) in-

cluding quinone-methide (MQ) and quinone-imine (NQ), are

all believed to be essential components of melanin (22–24).

These molecular units or monomers serve as the building

blocks of eumelanin. How these units are put together to

form the oligomers (also referred to as protomolecules) and

eventually the pigment structure, has not yet been established,

leaving a basic gap in our understanding of its structure.

Recent experiments have revealed new concrete facts re-

lated to the structural features of eumelanin, providing im-

portant constraints for a structural model. We summarize the

important characteristics of eumelanin observed in experi-

ments, which a realistic structural model should be able to

reproduce:

1. Melanin isolated from different types of organisms has

different DHI/DHICA ratios with DHI being dominant

(25); however, pure DHI or DHICA melanin can be syn-

thesized in laboratories (14). For clarity, we will focus on
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DHI eumelanin first and discuss related aspects of the

DHICA structure later.

2. X-ray diffraction studies (16,17) and many measurements

that followed using scanning tunneling microscopy

(STM) (18–20) on synthetic melanin and sepia melanin

provide important clues about the microscopic structure of

melanin. First, protomolecules of very small size (15–20

Å) can be inferred from x-ray data and have been isolated

and observed in STM, which were interpreted to be tet-

ramers or pentamers formed by covalently bonded mono-

mers. Second, the protomolecules appear to be stacked in

planar arrangements. On the other hand, species of molec-

ular weight ranging from ,1000 to .10,000 were ob-

tained by ultrafiltration (12). The connections between

the oligomers and these larger species are not known.

Although these studies cannot uniquely determine the struc-

ture, they impose strict constraints on structural models

of eumelanin. Existing atomic-scale models (17,18,26–

29) are not able to explain the finite size of the proto-

molecules. They merely randomly link the monomers to

form constructs artificially restricted to tetramers, pentamers,

hexamers, and octamers.

3. Since the QIs (MQ or NQ) are present in chemical anal-

ysis of the melanin particles (22–24), they can be also

components of the melanin protomolecules. However, in

isolated form, these tautomeric monomers are less stable

and have small to negligible concentration (13% for the

methide form and 0.1% for the imine form, relative to IQ,

at 300 K) from theoretical analysis (30,31). On the other

hand, these tautomers alone cannot constitute melanin

protomolecules, as has been shown by experiment (23).

4. Melanin can capture and release metal ions without ap-

parent morphology changes (11,32). This might suggest a

structure containing efficient ion-transport channels. The

binding of metal ions to melanin reaches a saturation point:

a maximum capacity of one ion per 3–4 monomer units

has been established for Fe31, Mg21, and Ca21 (32).

5. The most striking characteristic of melanin concerns its

optical properties. Melanin has a broad, monotonic ab-

sorption spectrum over a large wavelength range, 700–200

nm (1.7–6.2 eV), whose intensity decays exponentially

with the incident photon wavelength. This behavior might

play a central part in its photoprotection role. However,

this is puzzling, as it lacks any of the sharp features typ-

ical of all other biomolecules including proteins and nu-

cleic acids. To explain this behavior, a chemical disorder

model of eumelanin was recently proposed (33), which

hypothesizes that all or certain different kinds of melanin

oligomers-monomers, dimers, trimers, etc., may all exist

in a real melanin sample.

Recently Kaxiras et al. (34) proposed a new, detailed,

structural model for the eumelanin protomolecules, based on

the tetramer structure consisting of four basic molecular units

(HQ; IQ; and the two tautomers MQ and NQ), in arrange-

ments that contain an inner porphyrin ring. This model pro-

vides a natural explanation of the finite size of eumelanin

protomolecules and their metal-binding properties. The ex-

perimental x-ray diffraction data is also successfully re-

produced by the model. Most importantly, the broad-band

absorbance of eumelanin is reproduced by superposition of

the spectra of all likely tetramer structures in agreement with

the chemical disorder model. However, many questions still

remain to be answered concerning the actual structure of

eumelanin; for instance:

How are the tetramers formed from monomers?

How are the protomolecules connected to form the mel-

anin polymers?

How does the intrinsically featureless UV absorbance of

melanin arise from the structure of the polymers?

How do the protomolecules and polymers interact with

their environment, and in particular with metal cations?

In this work, we extend these studies to address the above

questions by using state-of-the-art, first-principles calculations

of the structural, electronic, and optical properties of the pro-

tomolecules. In particular, we focus on the structural evo-

lution from monomers to the protomolecule oligomers and

the ensuing polymerization into larger units. We present a

plausible synthetic pathway for the tetramer molecule, and

its further complexation, either through interlayer stacking or

through the formation of a long helix, which eventually form

the eumelanin macromolecules. We find that unusual inter-

layer covalent bonds start to form during the complexation

of eumelanin oligomers, due to the unsaturated nature of in-

doquinones and the finite size of the protomolecules. The

strength of these bonds depends on the HQ-IQ composition,

which might be used to tailor melanin structure to specific

needs. Moreover, our calculations show that the melanin

molecules gradually develop a broadband absorption in the

process of in-plane bonding, interlayer stacking, helix for-

mation, interlayer covalent bonding, and metal binding. The

underlying mechanism is the electronic delocalization and

band mixture. The calculated properties of these structures

are in good agreement with available experimental data, and

provide fresh insight into the variety of special properties of

the melanin pigment.

METHODS

The first-principles calculations were carried out with the SIESTA code (35)

in the framework of density functional theory (DFT). We used pseudopo-

tentials of the Troullier-Martins type (36), the local density approximation

(LDA) or the PBE version of the gradient approximation for the exchange-

correlation functional (37), and a basis of double-z polarized orbitals (13

atomic orbitals for C, N, and O; 5 orbitals for H). We will quote LDA results

unless otherwise specified. For the optical absorbance calculations within

time-dependent DFT in the linear response formulation (38), we typically

used 6107 steps in time to propagate the wavefunctions with a time step of

3.4 3 10�3 fs, which gives an energy resolution of 0.1 eV. The perturbing

external electric field is 0.1 V/Å. This computational scheme gives optical
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absorption spectra that are in good agreement with experiment for a range of

biologically relevant molecules such as DNA bases (39).

RESULTS AND DISCUSSION

Tetramer model of eumelanin

The basic idea behind our model is illustrated in Fig. 1: the

four constituent eumelanin monomers IQ, HQ, MQ, and NQ,

are covalently bonded together between the C2 and C7 sites,

exclusively. An interior ring where all the N atoms reside, in

an arrangement similar to porphyrin, is thus formed. That is,

the four N atoms are separated by three successive covalently

bonded C atoms in the inner ring: these are atoms C7 and C8

of the same monomer to which a given N belongs, and atom

C2 of the next monomer, going through the inner ring in the

counterclockwise direction, as shown in Fig. 1. The long

axes of adjacent monomer units in the tetramer are perpen-

dicular to each other.

We note that both a tetramer and a pentamer can be formed

in this manner though the latter is less stable. A trimer or

hexamer would place the long axes of adjacent monomers at

an angle of 60� or 120�, respectively, creating significant

strain in the inner ring which renders both of these alternative

structures unstable. Thus, the rule for creating rings in the

manner described above naturally explains why the smallest

protomolecule consists of four or five monomers, as sug-

gested by the x-ray diffraction data (16,17) and STM images

(18,19). The lateral size of the tetramer structure is 15 Å 3
15 Å, assuming an intermolecular distance of 3 Å, which is

in excellent agreement with the presence of a peak at q ¼
0.45 Å�1 (corresponding to a length scale of 13–16 Å) in the

x-ray data (16). For simplicity, we will concentrate on the

tetramer structure for the eumelanin protomolecules.

There are many possible arrangements of the four different

monomer units in a tetramer. Our calculations indicate that

among the possible arrangements, those containing two or

three QIs have large and positive formation energy (exo-

thermic reaction), while the ones containing no QI units or

comprising solely QI units have negative formation energy

(endothermic reaction), strongly suggesting that the presence

of QI stabilizes the eumelanin protomolecules (34). The

presence of more than one type of tetramer is consistent with

the recently proposed chemical disorder model for melanin

(33). Indeed, we have shown that although each individual

tetramer has characteristic absorbance peaks, the averaged

adsorption over all dominant species gives a broad, feature-

less spectrum that is close to experimental results (34). Taken

together with the stacking of tetramer units and their ion

binding properties discussed below, these facts provide strong

evidence that the porphyrinlike protomolecule structure can

account for the basic properties of eumelanin mentioned above.

Moreover, we find that protomolecules containing MQ units

typically have a lower energy by 0.2–0.3 eV than the cor-

responding structures containing NQ units; accordingly, we

will use the former as representative structures in our dis-

cussion. In matrix-assisted laser ionization mass spectrom-

etry, tetramers are one of the dominant DHI oligomers found,

indicating their relatively high stability (40).

Formation pathway of the tetramer

An important issue is whether or not there exists a favorable

formation pathway for the tetramers, beginning with the in-

dividual monomer units, under in vivo or in vitro conditions.

It has been suggested that the C4 and C7 sites of the mono-

mer are the two most favorable positions for bonding (with a

slight preference for the C4-site), followed by the nitrogen

site and the C3 and C2 sites (14,24). First-principles cal-

culations show that among several possible dimer arrange-

ments including some nonplanar ones, the most stable

structures have a covalent bond between C2 of one DHI unit

and C7 of the next (referred to as C2-C79 binding) (41). Our
calculations confirm that this dimer structure, and the one

with C2-C49 binding, is 0.23 eV more-favorable than two

isolated IQs using an H2 molecule as the reservoir for the

removed H atoms (Fig. 2). A hydrogen bond between the

N-H and O69 groups is also formed, which further stabilizes

the structure. This dimer is very likely to be formed. All other

FIGURE 1 Monomer components of DHI-eumelanin and a tetramer

composed of them: HQ-MQ-IQ-MQ or HMIM (green, C, red, O, blue, N,
and white, H). Atoms in the IQ monomer are numbered in the standard

notation.
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dimers have low or negative formation energies. After for-

mation, we found that one IQ component in the dimer is

likely to transfer its proton from N to the O atom bonded at

C5 (or C6) forming MQ (or NQ); the resulting IQ-MQ dimer

(referred to as IM) is 0.10 eV more stable than the IQ-IQ

dimer (referred to as II). This is interesting because MQ and

NQ in the monomer form are less stable than IQ (by 0.09 eV

and 0.29 eV in our calculations, respectively). This result

suggests that the presence of QIs is important in eumelanin

synthesis, consistent with experimental findings on the

presence of QI species produced upon one-electron oxida-

tion of DHI monomers (22,23). Hereafter we will label each

dimer and oligomers by the first letters of its constituent

monomers in order, as in the cases IM (for the IQ-MQ dimer)

and II (for the IQ-IQ dimer) above.

It is interesting that the IQ-unit in the original IM dimer

(labeled IMa in Fig. 2) can rotate by 180� around its long axis
to form a NH���N hydrogen bond with the N atom of the MQ

unit (IMb in Fig. 2), because this bond is stronger than the

NH���O bond. This lowers the energy by 0.11 eV. As a result,

the stable dimer structure would have two N atoms on the

same side. Two such dimers can form an IMIM tetramer in

the same manner, with four N atoms forming an interior ring

that resembles the porphyrin structure. Thus, we have pre-

sented a plausible pathway for the synthesis of the por-

phyrinlike tetramer structure. Other tetramers with different

monomeric components could form in a similar way or by

further modification of the already-formed tetramers through

proton transfer and chemical reactions. In the 1H NMR ex-

periment (42) on human hair melanin and sepia melanin,

signals for the hydrogen atoms at C2 and C7 sites are sig-

nificantly weaker than H at other sites, suggesting the dom-

inance of the C2-C7 linkage between monomers, consistent

with our structural model. Very recently, a similar tetramer

structure composed of two C2-C49 coupled dimers linked

through C2-C39 sites has been synthesized by peroxidase/

H2O2-induced oxidation in the presence of Zn21 ions (43).

We expect that the porphyrinlike tetramers proposed in this

work might soon be obtained under appropriate conditions.

The oligomerization of melanin monomers to form tet-

ramers results in significant changes in the electronic struc-

ture. Fig. 3 shows the absorption spectra of the IQ monomer,

various intermediate dimers, and the final tetramer. The main

feature is the overall red shift of major absorption peaks,

suggesting electron delocalization due to polymerization upon

forming the C2-C79 covalent bonds between the monomers.

The IQ monomer shows three major peaks at 274, 301, and

347 nm and a small, broad peak at;750 nm. When two IQs

combine to form an II dimer, major peaks with large intensity

in the range of 350–700 nm develop. The formation of the

IMa dimer and molecular-plane rotation leading to the IMb

dimer introduce a gradual blue shift of the first peak on the

right, from 620 nm to 510 nm, indicating that the dimer is

further stabilized (the blue shift indicates larger separation

between occupied bonding states and unoccupied antibond-

ing states). However, all dimers show the same peak at wave-

length l ¼ 350 nm, regardless of their detailed structure and

relative orientation of the dimer units. The tetramer structure

formed by combining two IMb dimers preserves the two

major peaks of the IMb dimer, at 350 nm and 480 nm, re-

spectively. Nevertheless, in the tetramer spectrum the latter

peak has a larger relative intensity and is slightly blue-shifted,

which may reflect the formation of the porphyrin ring.

These arguments are supported by the character of the

wavefunctions of the corresponding orbitals, between which

the transitions take place. Fig. 4 shows the dipole moment

directions for the two transitions and the wavefunctions of

the orbitals with which the transitions are mainly associated.

Both transitions are of p/p* type, with the transition dipole
moments strictly confined in the molecular plane. Clearly,

the transition at 480 nm has a major contribution from the

four intermonomer C2-C79 bonds. It demonstrates the de-

FIGURE 2 Proposed formation pathway of the IMIM

tetramer, as a representative example.

FIGURE 3 Evolution of optical absorbance spectrum along the proposed

formation pathway of the IMIM tetramer. These spectra are not renormalized

to each other.
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localization effect due to C2-C79 bond formation. On the

other hand, the transition at 350 nm is mainly related to in-

tramonomer bonds and transitions to the corresponding anti-

bonding states. As a result, the 480-nm transition is more

dependent on the intermonomer bonding environment in the

polymerization process while the 350-nm transition is related

to the intrinsic character of IQ monomers and is less in-

fluenced by the polymerization, consistent with the above

structural analysis.

The features in Fig. 3 could serve as fingerprints for iden-

tifying intermediate structures of the oligomers during mel-

anin synthesis. To this end, we compare our calculated spectra

with available experiments. Experimental HQ spectra show

bands at 270 and 300 nm (44). This is consistent with our

calculations for the spectra of HQ (300 nm) and IQ (274, 301,

and 347 nm) taken together, suggesting that the mea-

surements may correspond to a mixture of the two forms.

Oxidation experiments of indolic melanin have revealed the

presence of methide/imine as intermediates in the polymer-

ization process, and the dimer products are characterized by a

broad peak at 500–700 nm (23,45), consistent with our

theoretical model. Indeed, the C2-C49 (and C2-C79) forms

of dimers were successfully synthesized in solution and in

crystalline form, and were found to be dominant during

eumelanin biosynthesis, exhibiting a blue fluorescence (46,47).

A recent study (44) further demonstrated that among the three

dominant dimer forms, dimers coupled at C2-C79 have the

highest formation yield (12% molar yield, three times higher

than that of the C2-C49 coupling) in the organic solvents. The
resulting transient absorption spectra upon pulse radiolytic

one-electron oxidation show peaks at 380 nm and 530 nm, in

agreement with our results. Excitation spectra show peak

maxima at 275 nm and 330–370 nm in the range of 250–450

nm for eumelanin species of molecular weight , 1000 (48);

the corresponding emission shows peaks at 414 nm and 500

nm (48). All these features are consistent with the calculated

optical properties of the tetramer species (molecular weight¼
580), with peaks at 277, 350, and 480 nm as shown in Fig. 3.

It should be noted that the present ab initio calculations do

not include solvent effects. In real melanin synthesis in vivo

and in vitro, solvent molecules are very important to act as

hydrogen reservoirs, to disrupt hydrogen-bonding patterns

around melanin oligomers, and to assist excited-state proton

transfer (49); all may have a significant effect on the stability

of various oligomers and the formation pathway. In addition,

the solvent interactions may drive important features such

as the proportion of various redox states (44), the extent of

protomolecular sheet, and even the aggregate size (12) (given

that the aggregate size and shape may be determined by the

entropic need to minimize the surface energy in poor sol-

vents). However, inclusion of solvent molecules explicitly is

very challenging given the current capabilities of ab initio

calculations and existing computational resources, due to the

long simulation time required to fully account for the dy-

namical effects of the solvated structure and the very large

system size. Our calculations represent a realistic model of

possible melanin structures in vacuum, with the main focus

on the structural features arising from strong covalent bonds.

We also discuss the resulting electronic and optical proper-

ties of these models, which are only marginally affected by

the solvents. The general agreement between our results and

existing experimental evidence justifies our choice to focus

on these structural features, at least as a first attempt to

address the large scale structure of melanin.

FIGURE 4 (a) Dipole moment directions for transitions at 480 nm and

350 nm in the IMIM tetramer. (b) The wavefunctions corresponding to states

between which the transitions take place. (c) Total density of states (DOS) of

IMIM; the Fermi level is set to zero and the 480 nm and 350 nm transitions

between states are indicated by horizontal arrows.
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Planar stacking

Beyond the finite lateral size of 15–20 Å for melanin pro-

tomolecules, x-ray diffraction experiments also found evi-

dence for aromatic stacking of 3–4 layers of planar oligomers

(17). STM measurements determined a height variation of

;10 Å when imaging melanin protomolecules (18). Our

tetramer molecules can be easily stacked to form layered

structures (Fig. 5). The main feature is the van der Waals

interaction between neighboring layers. As a result, the

average interlayer distance is ;3.0–3.3 Å, typical in DFT/

LDA modeling of van der Waals systems. However, we find

that additional covalent bonds form at certain sites between

two neighboring tetramers when they are stacked. Such

bonds would further stabilize the stacked structure. For

example, when two planar HMHM tetramers are stacked,

each retains its basic planar structure, but the C4 atom of

each MQ unit deviates from the plane to form two covalent

bonds between the MQs belonging to the upper and lower

tetramers as shown in Fig. 5, a and b. Stacking and formation

of these interlayer bonds lower the total energy of the

HMHM-HMHM octamer by 1.75 eV relative to the two

isolated tetramers. This energy comprises both interlayer

covalent bonding and the van der Waals interaction energy;

the latter is known to be underestimated significantly in DFT/

LDA. The interlayer C-C bond has a length of 1.65 Å,

significantly longer than typical C-C bonds in graphite (1.42

Å) and diamond (1.54 Å), and its strength is much weaker

than those bonds: the atomization energy is 4.95 eV/bond in

graphite for comparison. Analysis of the equilibrium struc-

tural parameters reveals that the interlayer distance averaged

over all heavy atoms except those forming interlayer bonds

is 3.06 Å for the MQ-MQ pairs (where the interlayer bonds

are formed), and 3.35 Å for the HQ-HQ pairs (where no

interlayer bonds form). The latter value is identical to the

interlayer distance in graphite. This fact suggests that the

formation of interlayer covalent bonds leads to the com-

pression of interlayer spacing to the lower limit of the typical

aromatic stacking distance, thus increasing the stability of

the aggregate structure. We have also calculated the prop-

erties of other stacked-tetramer structures. In the IMIM-IMIM

structure, four interlayer C-C bonds are formed, all on the C4

sites of each monomer, resulting in a net gain in energy of

3.58 eV due to stacking (including covalent bonding and van

der Waals interaction). In the HMIM-HMIM structure, only

three interlayer covalent bonds are formed, with a total

stacking energy of 2.99 eV.

This result seems to suggest that IQ-IQ and MQ-MQ

stacking will likely lead to covalent bond formation between

these pairs of monomers while stacking of HQ-HQ will not.

Our calculations of two individual monomers stacked on top

of each other indeed confirm this: two IQs form strong

covalent bonds between C4-C49 and C7-C79 sites with a total
binding energy of 1.94 eV. Similarly, two MQs also form

interlayer bonds with energy gain of 1.38 eV, while two HQs

do not form covalent bonds when stacked, with the van der

Waals energy gain in this case being only 0.20 eV. It is also

possible that bonds between stacked IQ and MQ, or IQ and

HQ, will be formed. These results suggest that the tendency

of forming interlayer bonds is in the order of IQ.MQ(NQ).
HQ, with a tunable strength depending on the chemical com-

position. The interlayer covalent bonds in melanin-layered

structures are unusual and may explain the finite size of

planar and stacked melanin protomolecules. Interlayer bonds

at C4 sites, whose bond-formation tendency is as high as C7

sites, block further lateral polymerization at this site. After

forming two interlayer bonds between two HMHM tetra-

mers, the capacity of the molecules to form covalent bonds is

saturated and further increase in the size of the oligomer is

inhibited, as confirmed from our calculations on the three-

layered structure. Thicker stacks could be formed by alter-

nating interlayer bond formation. The formation of covalent

bonds between layers in melanin was first postulated by Cheun

et al. (10), but was subsequently considered to be unlikely

(11). The interlayer bond formation at specific sites makes

the bonded and stacked structures of melanin protomolecules

more stable than the regular van der Waals stacking, and

could be responsible for the insolubility of melanin in any

solvent without disturbing its structure (12).

Helical stacking

Instead of the planar stacking, it is possible to construct an

arrangement of the tetramer protomolecules which maintains

the essential features of stacking in what concerns the in-

FIGURE 5 Stacking structures of two tetramers: (a) top and (b) side views

of the planar stacking of the HMHM-HMHM structure; (c) top and (d) side
views of the helical stacking of an IMIM-IMIM structure.
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termolecule spacing. This alternative structure consists of a

helix, shown in Fig. 5, c and d, formed by connecting

successive tetramer units through bonding of the C7 site of

the first monomer in a tetramer to the C2 site of the fourth

monomer in the next tetramer. The plane of each monomer is

tilted by;10�, so that the fourth monomer does not close the

tetramer ring to form a planar structure as in Fig. 1, but the

chain of monomers continues to grow, with the fifth mono-

mer situated directly above the first, forming a helix. In

principle, this can be continued indefinitely; we show in Fig.

5 only a short segment containing a total of eight monomers

(equivalent in size to the two planar stacked tetramers). In

close analogy to the planar stacking between tetramers,

interlayer bonds between monomer units directly above each

other are also formed in the helical structure. In the (IM)4
helix shown in Fig. 5, c and d, there is one interlayer bond at
the C4 site per monomer. The stacking distance in the helix

averaged over all heavy atoms except those bonded by the

interlayer bonds is 3.03 Å; this value is slightly larger, 3.16

Å, if only the 16 atoms sitting on the inner porphyrin ring are

considered. Both numbers are almost identical to those of the

planar stacked IMIM-IMIM octamers, 3.05 Å and 3.16 Å,

respectively. Accordingly, the two stacking pathways would

probably lead to indistinguishable structural parameters and

images in experimental observations. Other helices such as

(HM)4 and (HMIM)2 exhibit the same behavior as the planar

stacked tetramers, that is, covalent bonds form between the

IQ-IQ and MQ-MQ units that are situated above each other.

The energies of the helical structures are comparable to the

corresponding planar stacked structures. For instance, the

energy difference between two planar stacked tetramers and

the corresponding helical structure is only 0.09 eV for two

HMHM tetramers, 0.15 eV for two HMIM tetramers and

1.36 eV for two IMIM tetramers, respectively, with the

planar stacking always favored. Both types of stacking could

be viable candidates for a hierarchy of structures formed in

eumelanin synthesis. Experimentally, one-dimensional nano-

filaments with a width of 15–50 nm and a height of 3–6 nm

spreading over several microns in length are observed in

atomic force microscopy images of sepia eumelanin formed

from species with molecular weight of 1000–3000 (12). This

is consistent with the helical structure we propose here, which

could be the basic unit of nanofilaments. The linear con-

nection between monomers in a helix also agrees with the

dominant molecular weights of 444, 591, and 738 observed

in laser ionization mass spectrometry, which correspond to

three, four, and five DHI molecules linearly connected plus

an extra H1 (40).

When the tetramers are stacked, either in the planar or in

the helical structure, we expect the electrons to be more

delocalized. Correspondingly, the optical absorption spectra

of both planar-stacked and helical protomolecules should

have fewer sharp features. This expectation is borne out by

our calculations, the results of which are shown in Fig. 6. For

example, instead of the four to five sharp peaks as for the

IMIM tetramer, only a single broad peak at 400 nm is present

in the range l . 200 nm for the two stacked tetramers. This

is a good indication that stacking of tetramers is a realistic

representation of the eumelanin structure, which has a broad

and featureless absorption band. The characteristic features

of the spectra in Fig. 6 are very similar to the diminishing

single absorption peak at 330 nm during DHICA-melanin

synthesis (33). Human iris melanin also shows a single ab-

sorption peak at 340 nm (4). Indeed, although dependent on

excitation wavelength, the emission of various eumelanin

materials all show a peak at ;400–500 nm (48,50), sug-

gesting that stacked tetramers may be dominant in a variety

of protomolecules.

Dipole moment strength

Riesz et al. (51) recently measured the transition dipole

strength during eumelanin polymerization in DHICA solu-

tion and found;20% hyperchroism of eumelanin relative to

its DHICA monomer. In addition, the dipole strength first

increases rapidly by 26% then decreases slowly by a small

amount (;5%) during polymerization. Integrating the ab-

sorbance spectra in Figs. 3 and 6, we obtain the transition

dipole strength for each melanin species that can be directly

compared to the experimental measurements of Riesz et al.

We observed exactly the same behavior during the proposed

polymerization and stacking process described in Figs. 3 and

6. The calculated dipole strength for the IQ monomer, the

IMb dimer, the IMIM tetramer, and the planar and helical

stacked two-tetramer structures, is 13.9, 38.4, 50.2, 47.7, and

45.4 Debye2 per monomer unit, respectively, in the 250–600

nm wavelength range. Experimental data in the same UV-vis

range are 31 Debye2 for DHICA and 37 Debye2 per mono-

mer for eumelanin (assuming averaged DHI and DHICA

molar weight as the monomer weight). The measured dipole

strength for DHICA is larger than our calculated value for

the DHI monomer, but close to that for the IM dimer. The

FIGURE 6 Optical absorbance spectrum of two stacked IMIM tetramers

in the planar and helical arrangements. The spectrum of constituent IMIM

tetramer (magnified by a factor of 2) is also shown for comparison.
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calculated dipole strength for oligomers ranging from the

dimer to the helical or planar stacked octamer is generally in

good agreement with the measured values for eumelanin.

More importantly, the theoretical values follow the same

trend as in experiment, i.e., going from the monomer to the

tetramer, the dipole strength increases by 20; 30% because

of polymerization, and then it decreases by 5 ; 10% due to

stacking. This is additional evidence in support of the pro-

posed oligomer structures and the polymerization pathway.

Metal ion binding

Our model also accounts naturally for the capture and release

of metal ions by melanin, without any apparent change in

structure. The inner ring of the tetramer structure we propose

is identical to that in porphyrin, especially if the tetramer

contains exactly two QIs that are not adjacent. It is well

known that porphyrin can capture and release a variety of

metal ions without being affected in structure. Consequently,

the tetramers in our proposed model, which have H atoms in

the same positions as porphyrin, should exhibit similar be-

havior. Three tetramers, HMHM, HMIM, and IMIM, satisfy

this condition. We note that some of the porphyrin-type

tetramers are actually the ones with the highest formation

energy, and thus may be found in higher proportion. This

provides a natural explanation of the number-4 characteristic

of melanin discussed earlier (see Introduction). Indeed, the

binding capacity of one ion per 3–4 monomer units is in

agreement with our model (32).

We performed calculations to investigate the ion binding

properties of the porphyrinlike tetramers. Our results show

that the most favorable site for ion chelation is the inner N

ring, just as expected by analogy to the behavior of porphyrin

(Fig. 7). For example, the binding energy for a Fe atom at the

inner ring of HMHM, HMIM, and IMIM tetramers is 3.98,

4.32, and 4.42 eV (using the PBE exchange-correlation

functional), respectively, with the reference configuration

being the isolated tetramer, a free Fe atom, and H2 molecules

as the reservoir for the removed H atoms from the NH

groups. Attaching Fe at the catechol sites of HQ, MQ, and IQ

components gives binding energies of 0.90, 1.67, and 3.14

eV, respectively, which are less stable. Experiments show

evidence for amine groups as the possible ion-binding sites

besides the carboxyl and catechol sites (for DHICA-

containing melanin) (52). Our calculations also show that

after iron binding, the absorbance is enhanced in the long

wavelength region 500 nm . l . 900 nm and decreased in

the short wavelength region 200 nm . l . 500 nm,

resulting in a more broad, featureless adsorption spectrum

(Fig. 7), in agreement with experiment (53).

Incorporation of DHICA

The preceding discussion was based on the tetramer structure

built from the DHI component together with its redox forms

(IQ, MQ, and NQ). It is also possible to construct tetramer

structures which incorporate a mixture of the DHI and the

DHICA components. Fig. 8 shows two such structures with

DHI/DHICA ratios of 3:1 and 1:1, respectively. In this

construction, the COOH group in the DHICA units forms a

peptide bond with the NH group in the DHI units and

releases a H2O molecule. The four-atom inner ring of the

tetramer structure is maintained but some N atoms are re-

placed by C atoms. In the molecule which has DHI-DHICA¼
1:1, it is also possible to form a six-membered sugar ring

between adjacent units by eliminating a H atom, as shown in

the third structure of Fig. 8; this structure is slightly more

favorable energetically by 0.65 eV. The three molecules with

DHICA components also exhibit characteristic absorption

peaks in the range of 300 nm , l , 900 nm, as shown in

Fig. 8. These structures are offered as plausible models for

the DHICA-containing melanin, which follows the same

structural pattern as the tetramer model for DHI-melanin.

Other structures such as a DHICA chain (54) may also be

possible, and direct experimental measurements are neces-

sary to establish their validity.

CONCLUSIONS

To explore the microscopic structure and the structure-

function relationship of the melanin pigment, we have

focused on two basic questions of fundamental importance:

1. How are melanin macromolecules formed starting from

monomer polymerization?

FIGURE 7 The effect of Fe binding on the optical absorption of the

HMHM tetramer: (a) molecular structure; (b) optical spectra.
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2. From what source do the characteristic broad-band

absorption features arise?

To answer these questions, we have introduced a model for

the structure of eumelanin protomolecules, based on the

premise that they contain an inner ring resembling the

structure of porphyrin. This leads directly to the tetramer

structure that we discussed in detail, including a plausible

formation pathway and the structural and optical properties of

intermediate and final structures for the protomolecules, with

an ultimate planar or helical stacking character. This model

provides a natural explanation for a variety of experimental

observations on the properties ofmelanin, including structural

features deduced from x-ray studies, the presence of the

tautomers of indolequinone (which are energetically disfa-

vored but detected to be present duringmelanin synthesis), the

insolubility of protomolecules, the ability to capture and

release metal ions, and the different DHI/DHICA ratios in

natural melanin. The calculated dipole strength during this

process agrees with observed trends in a recent experiment:

first, there is hyperchroism due to polymerization, and then,

slight hypochroism due to stacking.

As far as the broad-band optical absorption is concerned,

we conclude that two major factors are responsible:

1. We have shown that electron delocalization and elec-

tronic band mixture during the in-plane polymerization

of monomers to form oligomers, formation of stacked

layers or helices (especially through interlayer covalent

bonding), and metal binding, all lead to the extension of

absorption spectrum to longer wavelengths and the soften-

ing of strong absorption bands. As a result, a smooth

broader adsorption spectrum develops.

2. The possibility of constructing oligomers, including pro-

totype tetramers in a variety of ways starting with hydro-

quinone and its three redox forms, suggests a featureless

spectrum when an average is taken over the many pos-

sible structures (34). Additional smaller variations in the

overall structure due to stacking of the protomolecules

and interaction with different metal ions will further

contribute to the absence of any features in the absorption

spectrum.

Two key notions, presented here for the first time to our

knowledge, are crucial for understanding the protomolecule

structure of eumelanin: the possibility of a helical structure to

account for the apparent stacking of protomolecules, and the

fact that strong covalent bonds exist between the stacked

monomers. The stacking of monomers in the helical structure

is indistinguishable from that in planar stacking of tetramers,

and thus consistent with experimental structural studies. The

strong covalent bonds between the stacked monomers, which

are identical in the planar-stacked and the helical structures,

may explain the inertness and insolubility of the resulting

units; it may also account for the finite size of these units, as

opposed to infinitely extended structures. Because these

interlayer bonds are much weaker than the in-plane graphitic

bonds and their strength is tunable depending on the relative

HQ/IQ composition, they can be easily modified under

different conditions in vivo, introducing further structural

variability or even tailoring melanin structures to satisfy the

needs in different circumstances and organisms (25).

While our model explains a range of melanin properties, it

is probably a rather simplified version of the actual structure

of this important substance, because the presence of proteins,

water molecules, and other factors may also contribute in

important ways to the structure that exists in the biological

environment. In this sense, our model may constitute the first

step toward the construction of a complete picture which

could explain the full range of properties and biological

functions of melanin.

We are grateful to G. Zonios, P. Meredith, and J. Riesz for many useful

discussions on the experimentally observed properties of melanin.

FIGURE 8 Incorporation of DHICA

component in the tetramer model of

eumelanin, in the DHI/DHICA 3:1 ratio

(left panel) and 1:1 ratio (middle and

right panels). The middle and right

panels differ only by the presence of

two sugar rings in the latter structure.

The optical absorbance for individual

molecules is also shown under each

structure.
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