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els in aged rats determined at two time-points during the 
night is. Reduction of  the melatonin rhythm amplitude 
during aging does not occur only in rats, but in other 
species as well, e.g. in Syrian 19 and Djungarian 2o ham- 
sters, in gerbils 19 and even in humans 21, and is in accor- 
dance with a decline of  amplitude of  other rhythms 1. As 
the activity of  NAT, which forms the melatonin precursor 
N-acetyl-serotonin, does not change with age, the reduc- 
tion in melatonin levels may be due to the reported 
decline of  another enzyme of  the melatonin forming 
pathway during aging, i.e. of  hydroxyindole-o-methyl- 
transferase (HIOMT)  22. This suggestion is in accor- 
dance with an earlier proposal that the NAT rhythm 
drives the melatonin rhythm but the maximum melaton- 
in production may depend on H I O M T  10. 
As during the fourth cycle after the 8-h advance shift the 
NAT and melatonin rhythm were expressed in the young, 
but still abolished in the old rats, the re-entrainment of  
both rhythms in the aged animals apparently proceeded 
at a slower rate. It appears that after travel over the 
longitudes, the rhythm in serum melatonin also adjusts 
more rapidly in younger than in older humans 23. The 
slower rate of  adjustment during aging may be due to a 
change in the entrainment or in the output  pathway or to 
a change in the clock itself 2' 3. Our data are in favor of  
the conclusion that re-entrainment of  the circadian sys- 
tem proceeds more slowly in aged mammals.  As melaton- 
in itself can entrain the circadian system 24 and accelerate 
its re-entrainment 2s, 26 lOW melatonin levels and a slow 
rate of  re-entrainment of  the melatonin rhythm in old 
individuals may further slow down the course of  circadi- 
an rhythm re-entrainment in aged mammals. 
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Summary. Conformational  analysis and molecular graphics are used to model a representative melanin structure to 
estimate a chemical's in vitro affinity for melanin. The modelling data fit to a simple linear equation relative to a 
logarithmic transformation of  the experimentally-derived binding data (r -- 0.901). The goodness of  fit, as evidenced 
by the F-statistic, Fo,  14) = 60.09 (p = 0.000002), for the regression indicates that this technique gives an accurate 
representation of  the interaction of  these chemicals with melanin in vitro. 
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Knowledge of  the interactions of  compounds  with bio- 
logical macromolecules is critical to the design of  new 
drug candidates and to the prediction of  adverse reac- 
tions for those and other compounds.  However, while the 

binding parameters for some systems (e.g., stable 
proteins, DNA)  are readily accessible through in vitro 
binding assays, it is frequently necessary to examine 
binding in systems which are not amenable to such direct 
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experimental observation. One way to circumvent this 
problem is to model the binding site and then to use 
molecular modelling techniques to predict the natu, re of 
the interactions. This paper represents a report of an 
example, binding to melanin, in which this technique has 
been successfully applied. 
"Melanin" is a purely descriptive term which merely de- 
notes a black pigment of biological origin. Melanins oc- 
curring naturally in animals are known as "eumetanins", 
which are usually black or brown, contain nitrogen and 
are derived from tyrosine, dopa and dopamine. Typical 
examples are the black and brown pigments of skin, hair 
and eyes i ; in higher mammals, such as man, eumelanins 
are also present in the substantia nigra of the central 
nervous system. The exact structure of eumelanins re- 
mains elusive, but they appear to consist of irregularly 
structured polymers of 5,6-dioxoindole, frequently with 
conjugation to proteins. 
The observation that chronic administration of pheno- 
thiazines 2 or  long-term, high-dose chloroquine therapy 3 
produced chorioretinopathy, led to the awareness of an 
association between the toxic effects of some drugs and 
their high affinity for the pigment melanin. Since these 
early observations, melanin binding of drugs has been 
implicated not only in ocular toxicity, but also in ototox- 
icity and pigment disturbances of the skin and hair 4. To 
date, however, the nature of the interaction between 
melanin and drugs still has not been fully characterized. 
Studies have indicated that electrostatic forces play an 
important role in the binding of drugs to melanin 5. How- 
ever, these studies also suggested that non-electrostatic 
contributions must be added to form the binding sites for 
such drugs as chlorpromazine and chloroquine. 
Many previous studies have focused on the ability of a 
compound to bind to melanin in vitro as a measure of its 
affinity for melanin-containing structures in vivo. The 
experimental approach often entails the isolation of 
melanin from biologic sources or the preparation of syn- 
thetic melanin from its precursors tyrosine and/or dopa. 
Ports 6 showed that for a number of different com- 
pounds, extent of binding to both isolated and synthetic 
melanin in vitro corresponded to their in vivo affinities 
for melanin-containing structures of the eye. However, 
the poor solubility and complex structure of natural 
melanin make it difficult, if not impossible, to probe 
directly the exact nature of its interactions with other 
molecules. 
An alternative, indirect approach would involve the use 
of conformational analysis and molecular graphics to 
model a representative melanin structure produced by 
assembling a limited number of monomeric units. Then 
the structural elements involved in the interaction of a 
compound with melanin can be characterized and hy- 
potheses formulated regarding the possible biologically 
relevant conformation of drug molecules 7. In the present 
study, this method was used to estimate the in vitro 
affinity of a chemical for melanin based on 16 of the 39 

compounds compiled by Potts 6. The compounds studied 
were randomly selected so as to cover the range of melan- 
in binding from 0 % to 87 %. 

Materials and methods 
Determination of  the percentage bound to melanin in vitro. 
The experimental procedure employed by Potts is as fol- 
lows: Pigment granules, containing choroidal melanin, 
was prepared from the uvea of bovine eyes. In a 10-ml 
nylon centrifuge tube was placed the following: 1.0 ml of 
a pigment suspension containing 10 mg of pigment gran- 
ules (by dry weight); 1.0 ml of a 2.5 gmole of compound 
to be tested in an unspecified solvent; 4.0 ml water; and 
1.0 ml buffer or acid. The contents were mixed for 
15 min, centrifuged and an appropriate aliquot of the 
supernatant removed for spectrophotometric determina- 
tion of the compound's concentration. The difference 
between the amount added and the amount remaining in 
the supernatant yielded the amount of compound that is 
bound to the pigment. 
Since the experimental data of Potts includes zero (0) 
amounts bound, a factor of one was added to all the 
values in order to make a logarithmic transformation of 
the amount bound to melanin. 
Calculation of  binding energy. Binding energy was calcu- 
lated using Macromodel ~M, a molecular modelling pro- 
gram developed by Prof. C. Still of Columbia University. 
A minimized structure of a tetramer of 5,6-dioxoindole 
(melanin monomer) was obtained using the multicon- 
former mode and the MM 2 forcefield. Figure 1 illus- 
trates the lowest energy conformation calculated for the 
tetramer. 
Binding energies were then calculated by minimizations 
on the complexes, as well as the isolated molecules. 
All structures were minimized by varying suitable torsion 
angles in a batch process using a modified MM 2 force- 
field that is used in Macromodel TMS. First, each of the 
structures was allowed to interact with the tetramer 
(which was kept fixed), at a distance of 3-7 A. A search 
for a low energy, or favored, orientation was carried out 
by allowing the reactant all degrees of freedom to move 
in the X, Y and Z axes, yielding an approximate mini- 
mum energy conformation for the compound-melanin 

[ ]  H,,rogo. [ ]  Nitro e, [ ]  Ox, e. 

Figure 1. Computer-drawn plot of the low-energy conformation of the 
melanin tetramer. 
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complex. Convergence was judged to have been reached 
when the changes in energy after successive minimization 
steps were less than 0.25 kJoules. This first step gives the 
approximate energy associated with the interaction. The 
energy associated with this favored orientation was then 
further minimized using the MM 2 forcefield. Each com- 
pound was then moved to a distance of 15 * ,  where the 
interaction with the tetramer would be negligible; this 
process yields the conformati0nal energy associated with 
the two isolated structures. The binding energy is defined 
as the energy of the compound-melanin complex minus 
the sum of the melanin tetramer and chemical energies in 
isolation. 

Results and discussion 
The binding energies presented in the table represent the 
affinities of the 16 test compounds for the melanin te- 
trainer, in the absence of other competitive binding 
molecules or biological processes, as calculated by 
Macromodel TM. Figure 2 presents these data graphically 
relative to experimentally-derived data of Potts 6 on 
melanin-binding of these compounds in vitro, and in- 
cludes a computer-fit of the data by a simple linear equa- 
tion ( R  2 = 0 .811;  p _< 0.000002). The goodness of fit, as 
evidenced by the F statistic, F(1,14l = 60.09, for the ex- 
pression indicates that this molecular modelling tech- 
nique can be considered a significant predictor of the 
interaction of these compounds with melanin in vitro. 
The curve shape for the fitted function is similar to that 
observed in studies of the binding of drugs to receptors. 
The primary assumption in studies of the combination of 
drug with receptor is that the fraction of maximum effect 
elicited is proportional to the number of receptor sites 
occupied, at a given concentration of drug, and that the 

The calculated binding energies for selected compounds whose percent- 
age bound to melanin in vitro is known 

Binding energy Percentage bound 
calculated from to melanin 
molecular granules in vitro b 
modelling" 

Compound 

Phenol -10,0 0.0 
Pyridine -10.0 0.0 
Glucose -11.0 0.0 
Amitriptyline -16.0 11.0 
SKF-6270A ~ -24.0 25.0 
Aniline -16.8 26.0 
Quinine -27.0 31.0 
KS-24-S ~ -20.1 33.0 
BP-400-S ~ -20.4 34.0 
Tetramethyl-p-phenylenediamine -19.0 39.0 
Bromophenol Blue -21.0 40.0 
TZ-11-S r -24.0 43.0 
Prochlorperazine -22.0 50.0 
Chlorpromazine -21.5 52.0 
Chloroquine -28.0 82.0 
Methylene Blue -30.0 87.0 

Binding energy is the difference between the energy associated with 
interaction of melanin and compound indicated and the energy of the 
individual compound in isolation, b Percentage bound to melanin in 
vitro as determined by Potts 6. ~ Structures are of substituted phenothi- 
azines 6. 
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Figure 2. The relationship between percentage binding of 13 different 
chemicals to melanin in vitro and their binding energies as calculated by 
molecular modelling: 
Binding Energy = - 35.47 (+_4.58)*X + - 11.35 (+_ 1.32) 

r = 0.901 R 2 = 0.811 
F(1, ~4) = 60.09 p = 0.000002 

percentage occupancy is determined by the affinity of the 
reactant for the receptor 9. This occupancy theory of 
Clarke can be expressed mathematically as follows: 

Effect [Drug] 

Emax Kd + [Drugtotal] 

where Ema x is the maximum effect or response, and Kd is 
the dissociation constant for the interaction of the drug 
with the receptor. When examined graphically, this equa- 
tion describes a rectangular hyperbolic function, A loga- 
rithmic transformation of the x-axis of such a plot yields 
a sigmoidal function, which has a linear region where 
changes in drug concentration are related to changes in 
effect. In the case of melanin, the calculated binding 
energy serves as a gauge of each chemical's in vitro phar- 
macodynamic binding capacity, as does the ratio of 
Effect/Ema x in the above equation. Thus, it seems rea- 
sonable that the analysis of binding energy, as calcu- 
lated from conformational analysis, versus the Log 
[1 + Amount Bound] should yield a similar relationship. 
In fact, the statistical analysis shows that there is a 
linear relationship between binding energy and the log 
[1 + Amount Bound], suggesting that the data fall within 
the linear region of the sigmoidal curve. The true test of 
the power of  this approach would be to increase the 
number of compounds modelled and to measure their in 
vitro binding. 
Molecular modelling methods do not take into account 
the solvation factors; and, it is not possible to include 
solvation factors at the present stage in the program's 
development. This is one of the biggest limitations on 
molecular modelling as normally used. Most of  the 
parameters for modelling are obtained from the gas 
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Figure 3. Conventional structure of the low-energy conformation of the 
melanin tetramer showing the sites for hydrogen bonding. 

phase, whereas the results of Potts 6 are the result of 
solid-liquid interaction. It is likely that solvation energies 
play a minor role at the low end of the binding energies, 
for compounds like aniline and phenol, and also for com- 
pounds that are strongly bound, like chloroquine and 
methylene blue; and, our binding energies bear that out. 
Nonetheless, the ability to predict strongly bound com- 
pounds or those lacking significant binding is important 
to both the pharmaceutical industry and various drug 
regulatory agencies when questions arise concerning the 
safety in humans of a new drug entity. The solvation 
energies are critical when we are dealing with compounds 
that bind in the intermediate range and also when they 
are structurally similar. This is one reason why there is a 
good deal of variation in the intermediate range. Addi- 
tionally, the paper by Potts does not detail into what 
solvents each of the compounds were dissolved. Finally, 
it must be pointed out that since melanin is a polymer, it 
will swell to different degrees in different solvents; and, 
this in turn will effect the binding. 
The molecular graphics of the chemical-melanin complex 
indicates that an important spatial arrangement in the 
interactions is the ability of a compound to hydrogen- 
bond with the quinone or with the pyrrole elements in the 
melanin tetramer shown in figure 3. As a result of these 
dual structural features, it allows both strongly cationic 
and anionic compounds to associate with melanin in vit- 
ro. However, Lybrand and KoUman lo have suggested 
that ligands which interact with biomolecules via specific 
group-group interactions, such as hydrogen bonds, can 
be modelled with fewer problems because strong, specific 
interactions tend to overshadow weaker non-specific in- 
teractions such as van der Waals forces. Hence, correla- 
tions of modelling results to experimentally-derived re- 
sults may not be as good in the absence of these strong 
interactions. 

Two general limitations exist in the molecular modelling 
procedure used: 

1) The energy calculations do not take into account sol- 
vation and entropy factors involved in binding, and the 
exclusion of these factors may limit the utility of this 
method in describing other biologic interactions. Howev- 
er, extension of the method to use of the Amber force- 
field 12, which accounts for more of the factors involved 
in the interactions of chemicals with biomolecules, may 
give a more accurate representation of both in vitro and 
in vivo situations and, therefore, expand the utility of this 
approach. 

2) The method does not take into account the ability of 
the compounds to reach melanin-containing structures in 
vivo. Discrepancies may occur between computed and in 
vivo results due to lack of access of the compound to 
melanin-containing structures. 

Despite these limitations, however, the present investiga- 
tion shows that computational conformational analysis 
can be used to examine properties which may not be 
amenable to direct experimental observation. It also il- 
lustrates the ability to construct useful models of 
biomolecules from their known precursors when only 
limited information exists on their actual conformations. 
There are, at present, limitations to the usefulness of 
energy calculations as applied to ligand-biomacro- 
molecule interactions. Even with these limitations, how- 
ever, molecular modelling allows the exploration of the 
molecular basis for the behavior of complex biologic 
systems. The ultimate goal of conformational analysis 
and molecular graphics, such as has been used in the 
calculation of binding energies here, is to reveal three-di- 
mensional structural elements that might be involved in 
the interaction of chemicals with the biologic organism. 
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