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Abstract: This report is a continuation of an earlier report on the effect of L-cysteine on the synthesis of melanin-like
materials from catecholamines. We confirmed the pattern of results indicating that in the presence of L-cysteine the
appearance of dark colors during the melanogenesis reactions is delayed, but that ultimately the presence of L-cysteine
yields reaction mixtures with darker colors. The results of the current report indicate that the effect of L-cysteine is very
reproducible in the cases of DOPA or dopamine, but much more variable in the cases of norepinephrine or epinephrine.
The delays in color formation in the cases of norepinephrine and epinephrine were much longer compared to the cases
of DOPA and dopamine. In addition to L-cysteine, we tested the effect of a few amino acids on the melanogenesis
reactions. In general, we observed that the presence of the amino acids slowed, but did not delay the color formation.
Given enough reaction time, the presence of amino acids did result in reaction mixtures exhibiting darker colors. In
addition, some of the results obtained indicated a difference between o-amino acids and their corresponding primary

amines, e.g., tyrosine vs. tyramine.
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1. Introduction

Melanins (MNs) constitute a ubiquitous class of dark-colored pigments which can be found in all kingdoms of
life. It is a heterogeneous class of pigments as a wide variety of molecules can serve as precursor for these pigments
and many reviews regarding their biosynthesis, chemistry, classification and functions have been written.** Despite
many decades of intense research and computer modelling, there is no consensus on the precise chemical structure
of these biomolecules or a precise explanation for their dark colors. >® The dark colors of MNs, varying from light
brown to intense black, is exhibited by their broad-range, monotonic absorbance profile over the entire ultraviolet
and visible region of the electromagnetic spectrum. The main MN pigments found in mammalian cells are
eumelanin and pheomelanin. Eumelanin is built from L-DOPA, an oxidation product of L-tyrosine, and has a dark
brown to black color.” Pheomelanin is built from a combination of L-DOPA and L-cysteine and is typically reddish
in color.®®

Given the extraordinary significance of color in biology®*°, any factor that can influence the type of color or the
intensity of color portrayed is of importance. In addition to the more “traditional” functions attributed to
pigmentation in biology, Michaelian et al. have provided arguments that “the driving force behind the origin and

evolution of life has been the thermodynamic imperative of increasing the entropy production of the biosphere



through increasing the global solar photon dissipation rate”.*"™? This argument led to the perspective “that the origin
of life was not a scenario of organic material organization driven by natural selection leading to “better adapted”
organisms or to greater chemically stability (e.g., UV resistant organisms) but rather a scenario of the dissipative
structuring of material under the imposed UV solar photon potential leading to an organization of material in space
and time such that this provided more efficient routes to the dissipation of this imposed photon potential. Through
similar dissipative synthesis of photochemical catalysts and cofactors, more complex biosynthetic pathways were
thermodynamically selected that could produce and maintain novel pigments for dissipating not only the
fundamental UVC and UVB regions but eventually the entire short wavelength region of the solar photon spectrum
up to the red-edge (~700 nm).”* In this context, and considering the broad-range, monotonic absorbance profile
exhibited by MNs, an argument can be made that MNs, so ubiquitous in nature, would constitute an evolutionary
endpoint of pigment formation; best adapted to dissipate a broad range of the solar spectrum.

The case of pheomelanin is a prime and well-studied example of how the presence of an amino acid, L-cysteine in
this case, can alter the physic-chemical properties of MN. The reddish color of pheomelanin has been attributed to
the incorporation of L-cysteine into the MN material generated during the oxidation of L-DOPA. We have reported
on the effects of the presence of L-cysteine in the auto-oxidation reactions of catecholamines.®® In stark contrast to
the expected reddish color, we observed that the presence of L-cysteine consistently resulted in the generation of
MN-like materials with a much darker (mostly black) appearance compared to the auto-oxidation reactions in the
absence of any L-cysteine. In addition, we observed that the presence of L-cysteine consistently delayed the onset of
color formation and this effect appeared to be dependent on the concentration of L-cysteine present. In plant
biochemistry, the impact of amino acids on the oxidation chemistry of catecholic compounds is more established,
e.g., the interaction between chlorogenic acid and amino acids.**™ In addition to these extensive reports, there are
anecdotal reports of the effect of amino acids on the oxidation chemistry of catechols, e.g., the formation of a
temporary, pink-reddish color during the oxidation of catechol in the presence of proline or hydroxyl-proline.’®” We
observed a temporary greenish color in the auto-oxidation of pyrogallol in the presence of L-cysteine.”

Thus, building on our earlier work™ we expanded our studies on the effect of L-cysteine on the melanogenesis
from the four catecholamines, DOPA, dopamine, norepinephrine and epinephrine (see Figure 1). In addition, we

began preliminary explorations on the effects of other amino acids on these reactions.
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Figure 1: Chemical structures of DOPA (1), dopamine (2), norepinephrine (3) and epinephrine (4).
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2. Materials and Methods

2.1 Materials and solutions

Dopamine.HCI and L-cysteine.HCI were obtained from Alfa Aesar (Tewksbury, MA, USA). Epinephrine.HCI,
norepinephrine.HCI, DOPA and all other amino acids used were obtained from Sigma-Aldrich (St Louis, MO,
USA). All other chemicals used were of analytical grade. Catecholamine stock solutions and dilutions were prepared
in 100mM Na-acetate buffer (pH=6.5). L-cysteine and other amino acid stock solutions and dilutions were prepared
in 50mM Na,CO; solution.

2.2 Kinetic and other experiments

Mixtures containing 0.25mM catechol and various concentrations of L-cysteine or other amino acids were kept in
wells of a microplate and the absorbance at 250, 280, 315, 350 and 400nm was monitored for three hours at 37°C. At
the end of this three hour reaction time, a full UV-Vis spectrum (between 230 and 900nm) was recorded. Separately,
mixtures containing 0.25mM catechol and L-cysteine or other amino acids at a fixed concentration were kept in test
tubes in a water bath at 37°C. Aliquots from these mixtures were diluted with SEC solvent at the start of the reaction

and at various time intervals. The diluted aliquots were analyzed using SEC.

2.3. UV-Vis spectroscopy
UV-Vis spectroscopic measurements were made in wells of a 96-well microplate using the SynergyHT microplate
reader from Biotek (Winooski, VT). For measurements involving absorbance readings below 350nm, UV-

transparent microplates were used.

2.4 Size exclusion chromatography (SEC)

SEC analyses were performed on a Breeze 2 HPLC system equipped with two 1500 series HPLC pumps and a
model 2998 Photodiode array detector from Waters, Co (Milford, MA). Analyses were performed using an
Ultrahydrogel 500 column (300 X 7.8 mm) obtained from Waters, Co (Milford, MA) in isocratic fashion using a
mixture of 25mM Na-acetate:methanol:acetic acid (90:10:0.05% v/v) as solvent. The pH of this solvent was

measured to be 5.3.



3. Results

3.1 UV-Vis kinetic experiments involving L-cysteine.
Figure 2, panels A through D, illustrate some of the results obtained for the triplicate kinetic experiments
involving DOPA.
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Figure 2: Results of the kinetic experiments of the auto-oxidation of DOPA (0.25mM) in the presence of L-cysteine (between 0 and 0.93mM).
The panels illustrate the change in absorbance at 280nm (panel A), 315nm (panel B) or 350nm (panel C) as a function of reaction time; the
correlation between the L-cysteine concentration and the lag time between the start of the reaction and the observed increase in absorbance at
280nm (panel D); and the UV-Vis spectra of the reaction mixtures after three hours of reaction. All experiments were performed in triplicate and
the individual results obtained are shown in panels A through C, however, panel E shows only one set of data as a representation of the overall
results.



A number of observations can be made from the kinetic profiles and results shown in Figure 2:

1)

2)

3)

4)

5)

6)

For all experiments performed, the absorbance changed in a reproducible manner as the reactions
progressed.

In the presence of L-cysteine, there was a significant delay or lag time between the start of the reaction
and the observed changes in absorbance. The length of this lag time was independent of the
wavelength monitored, but was dependent on the concentration of L-cysteine present. The relationship
between the concentration of L-cysteine and this lag time is shown in panel D for the absorbance
measurements at 280nm.

The changes in absorbance at 280nm shown in panel A indicate a fast increase followed by a plateau.
Despite the fact that DOPA has a strong absorbance band at 280nm, no decline in absorbance at 280nm
is to be observed. This is probably due to two facts. First, the MN-like material typically generated
through the auto-oxidation of DOPA exhibits absorbance at 280nm. In addition, as discussed in an
earlier report™®, the auto-oxidation of catecholamines results in materials that appear to contain
significant amounts of unoxidized precursor units. Thus the changes in the absorbance pattern at
280nm is probably due to a combination of the disappearance of DOPA balanced by the appearance of
MN-like material and the presence of unoxidized DOPA units exhibiting the strong absorbance band
around 280nm.

The UV-Vis spectrum shown in panel E of the reaction mixture without any L-cysteine shows a very
strong absorbance band around 280nm (also weakly present in the reaction mixture containing the
lowest concentration of L-cysteine). Previous studies and the current work performed in our laboratory
indicated that, in the absence of any L-cysteine and under the reaction conditions used in the current
experiments, all of the DOPA can be expected to have reacted away after three hours. Thus, the strong
absorbance band at 280nm present in the spectrum of the reaction mixture without L-cysteine can be
assumed to reflect the presence of unoxidized DOPA units.

Any distinct absorbance band around 280nm was absent in the spectra of the reactions containing the
higher concentrations of L-cysteine. Instead, the spectra of these reaction mixtures contained an
absorbance shoulder around 320nm. This absorbance shoulder may well reflect the presence of
unreacted intermediates (DOPA-based or cysteine-based adducts) embedded in the final material. The
rise and fall in the absorbance at 315nm shown in panel B may reflect the appearance and
disappearance of reaction intermediates as it is well established that the oxidation of DOPA involves
various intermediates with limited lifetimes.**

The kinetic profiles for the absorbance at 350nm shown in panel C illustrate the steady increase and
subsequent plateau in the absorbance at that wavelength. In the presence of L-cysteine, independent of
its concentration, the absorbance at the end of the reaction appeared to be about 40% higher compared
to the absorbance for the reaction in the absence of any L-cysteine. This pattern of results was

observed for all wavelengths between 350 and 800nm (results not shown) and is a reflection of the fact



that, in the presence of L-cysteine, the color of the endproduct is darker compared to the color of the

endproduct of the material generated in the absence of any L-cysteine.

Figure 3, panels A through E, illustrate some of the results obtained for the kinetic experiments involving

dopamine.
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Figure 3: Results of the kinetic experiments of the auto-oxidation of dopamine (0.25mM) in the presence of L-cysteine (between 0 and 0.93mM).
The panels illustrate the change in absorbance at 280nm (panel A), 315nm (panel B) or 350nm (panel C) as a function of reaction time; the
correlation between the L-cysteine concentration and the lag time between the start of the reaction and the observed increase in absorbance at
280nm (panel D); and the UV-Vis spectra of the reaction mixtures after three hours of reaction. All experiments were performed in triplicate and
the individual results obtained are shown in panels A through C, however, panel E shows only one set of data as a representation of the overall

results.



The pattern of results obtained for dopamine as presented in Figure 3, panels A through E, is very similar to the
pattern of results obtained for DOPA. Thus, the discussions of the results obtained for DOPA can be applied to the
results obtained for dopamine.

Figure 4, panels A through E, illustrate some of the results obtained for the kinetic experiments involving

norepinephrine.
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Figure 4: Results of the kinetic experiments of the auto-oxidation of norepinephrine (0.25mM) in the presence of L-cysteine (between 0 and
0.93mM). The panels illustrate the change in absorbance at 280nm (panel A), 315nm (panel B) or 350nm (panel C) as a function of reaction time;
the correlation between the L-cysteine concentration and the lag time between the start of the reaction and the observed increase in absorbance at
280nm (panel D); and the UV-Vis spectra of the reaction mixtures after three hours of reaction. All experiments were performed in triplicate and
the individual results obtained are shown in panels A through C, however, panel E shows only one set of data as a representation of the overall
results.



A number of observations can be made from the kinetic profiles and results shown in Figure 4.

1)

2)

3)

Overall, the pattern of results obtained for the case of norepinephrine indicate that, just as for the cases
of DOPA and dopamine, the presence of L-cysteine delayed the onset of absorbance increase at all
wavelengths studied. However, the kinetic profiles obtained were much less reproducible compared to
the cases of DOPA or dopamine. In addition, the lag times between the start of the reaction and the
observed increase in absorbance in the case of norepinephrine appeared to be significantly longer
compared to the lag times observed for the cases of DOPA and dopamine. This to the point that in the
case of the highest concentration of L-cysteine tested (0.93mM), no increase in absorbance was
observed within the three hours of reaction time that was monitored.

After three hours of reaction, the UV-Vis spectrum of the reaction mixture without any L-cysteine
shows two distinct absorbance bands: one at 280nm and a second at 325nm. These distinct absorbance
bands can also clearly be observed in the UV-Vis spectra of the reactions at the lower (0.15 and
0.30mM) concentrations of L-cysteine, but are much less distinguishable for the reactions in the
presence of the higher concentrations of L-cysteine. The absorbance band at 280nm can be attributed
to the presence of unoxidized norepinephrine units, while the absorbance band at 325nm could be
attributed to the presence of an intermediate that does not react away or only very slowly. The absence
of these strong absorbance bands in the reaction mixtures containing the higher concentrations of L-
cysteine may indicate the different reaction paths these mixtures take due to the presence of L-
cysteine.?’

Despite the possibility of slower reaction kinetics and different reaction pathways, the results shown in
panel E indicate that in the presence of L-cysteine the absorbance of the reaction mixtures in the
visible range is consistently higher compared to the reaction mixture without any L-cysteine. This is
reflected in the fact that in the presence of L-cysteine, the reaction mixtures consistently have a much

darker appearance compared to the mixture without any L-cysteine.

Figure 5, panels A through E, illustrate some of the results obtained for the kinetic experiments involving

epinephrine.
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Figure 5: Results of the kinetic experiments of the auto-oxidation of epinephrine (0.25mM) in the presence of L-cysteine (between 0 and
0.93mM). The panels illustrate the change in absorbance at 280nm (panel A), 315nm (panel B) or 350nm (panel C) as a function of reaction time;
the correlation between the L-cysteine concentration and the lag time between the start of the reaction and the observed increase in absorbance at
280nm (panel D); and the UV-Vis spectra of the reaction mixtures after three hours of reaction. All experiments were performed in triplicate and
the individual results obtained are shown in panels A through C, however, panel E shows only one set of data as a representation of the overall
results.

Overall, the pattern of results observed for the case of epinephrine is very similar to the pattern of results obtained
for the case of norepinephrine. Thus, the discussions of the results obtained for norepinephrine can be applied to the
results obtained for epinephrine.

An overall comparison of the pattern of results shown in Figures 2 through 4 and from our earlier report®,
indicate that DOPA and dopamine behave similarly, while norepinephrine and epinephrine behave similarly, but
differently from the first two. The presence of the aliphatic alcohol group within the structures of norepinephrine
and epinephrine (see Figure 1) appears to set those two catecholamines apart when it comes to the generation of

MN-like materials.



3.2 UV-Vis kinetic experiments involving other amino acids.

In addition to our studies involving the effects of L-cysteine, we studied (in single experiments) the effects of
other amino acids on the kinetics of the auto-oxidation of dopamine. It is important to point out that the
concentrations at which these other amino acids were tested are much higher than the concentrations of L-cysteine

used in the experiments described above. The results obtained for these experiments are shown in Figure 6, panels A

through R.
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Figure 6: Results of the kinetic experiments of the auto-oxidation of dopamine (0.25mM) in the presence of varying concentrations of serine
(panels A through D), methionine (panels E through H), glutamine (panels I through L), tyrosine (panels M through O) or tyramine (panels P
through R). The panels illustrate the change in absorbance at 280nm (panels A, E and 1), 315nm (panels B, F, J, M, and P) or 350nm (panels C,
G, K, N and Q) as a function of reaction time, and the UV-Vis spectra of the reaction mixtures after three hours of reaction (panels D, H, L, O

and R).

In Figure 6, the kinetic profiles at 280nm for the experiments involving tyrosine or tyramine are not shown as the
absorbance readings at that wavelength were dominated by the absorbance bands at 280nm exhibited by both
tyrosine and tyramine. For the same reason, the UV-Vis spectra (panels O and R in Figure 6) obtained for the

reaction mixtures involving tyrosine and tyramine were cut off at 350nm.
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In general, the following observations can be made:

1) When looking over the initial phases (first hour) of the various kinetic profiles shown in Figure 6, one
can observe a pattern showing that with increasing concentrations of amino acid, the increase in
absorbance is slower, but does not get delayed as is for the case of L-cysteine.

2) For the reactions performed in the presence of serine, methionine or glutamine, the UV-Vis spectra taken

after three hours of reaction (panels D, H and L) show a strong absorbance band around 280nm.

However, the absorbance at that wavelength appeared to decrease with increasing concentration of amino

acid.

3) For all the amino acids tested, a broad absorbance shoulder between 360 and 380nm appears in the UV-

Vis spectra of the reaction mixtures. The intensity of this absorbance shoulder appears to increase with

increasing concentration of amino acid present.

4) The case of methionine is unique amongst the amino acids tested, as the UV-Vis spectra of the reaction

mixtures containing the higher concentrations of this amino acid, show a distinct absorbance band around

300nm that is not present in the absence of any amino acid or in the presence of the other amino acids

that were tested (see panel H).

In addition to the observations discussed above, the absorbance over almost the entire visible region of the

electromagnetic spectrum was enhanced with increasing concentrations of the amino acids tested; particularly in the

case of methionine. These results are illustrated in Figure 7, panels A through C.
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Figure 7: Relative absorbance at 365nm (panel A), 500nm (panel B) and 600nm (panel C) as a function of concentration of serine (S),
methionine (M), glutamine (Q), tyrosine () or tyramine (TY) based upon the UV-Vis spectra shown in Figure 6, panels D, H, L, O and R.

The results presented in Figure 7 do suggest that the presence of amino acids affects the UV-Vis spectrum of the
auto-oxidation products obtained from dopamine. The results shown in Figure 7, panels B and C, on the relative
increases in absorbance at 500 or 600nm are indicative of the appearance of a darker color when dopamine is
oxidized in the presence of amino acids compared to its auto-oxidation in the absence of any amino acids. It is
interesting to note that tyramine, as the only primary amine tested that is not an a.-amino acid, appeared to have the

least effect on the apparent color of the reaction mixture.

3.3 SEC studies involving dopamine and L-cysteine or other amino acids
Reaction mixtures similar to the ones employed in the UV-Vis kinetic studies were set up and sampled for SEC

analyses. Figure 8, panels A and B, illustrate some of the results obtained for reactions involving dopamine by itself.
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Figure 8: SEC profiles at 275nm or 480nm for a reaction mixture containing 0.25mM dopamine kept at 37°C and the UV-Vis spectra between
235 and 400nm of the signal recorded between 12 and 14 minutes retention time (panel B).

In the absence of any amino acids, the auto-oxidation of dopamine proceeds rapidly and, under the conditions
employed, almost all of the dopamine originally present reacted away within 30 minutes after the start of the
reaction. Upon mixing dopamine, dissolved in acetate buffer, with Na,CQOj; solution, the color of the mixture

instantly changes form colorless to orange-yellow. Within 30 minutes, the reaction mixture had turned brown. Even
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when the reaction mixture is sampled immediately upon mixing the solutions, any oxidation chemistry had occurred
already. Thus, the profiles “at start” shown in Figure 8, panel A, reflect the status of the reaction mixture a few
seconds after the actual start of the reaction. When viewed at 275nm (see Figure 8, panel A), the SEC profile shows
a peak around 25 minutes that corresponds to unreacted dopamine, a peak around 17.2 minutes with strong
absorbance at 300 (not shown) and 480nm and a peak around 15 minutes that shows absorbance around 300nm
(results not shown). The peaks with retention times of 15 and 17.2 minutes could still be observed after about 30
minutes of reaction, but were absent after about 60 minutes of reaction. After 60 minutes of reaction, the SEC
profiles of these reaction mixtures are dominated by the peak with a retention time of around 13.2 minutes and with
a UV-Vis absorbance profile dominated by a strong absorbance around 280nm as shown in Figure 8, panel B. Based
upon the literature'™ it is reasonable to assume that the peaks observed around 15 and 17.2 minutes represent some
of the intermediates, e.g., dihydroxyindole (DHI), that are known to be generated in the initial phases of the
melanogenesis reactions.

Figure 9, panels A and B, illustrate some of the SEC results obtained for a similar reaction mixture as for Figure 8,
but containing 0.6mM L-cysteine. The mixture was colorless at the start of the reaction; turning light yellow after
about 30 minutes of reaction; turning dark yellow after about 1.5h of reaction; turning brownish after about 2.5h of
reaction. About 80% of the dopamine had reacted away after about 30 minutes of reaction and almost all of the

dopamine had reacted away after about 90 minutes of reaction.
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Figure 9: SEC profiles at 275nm (after 0.5 and 4.5h reaction) for a reaction mixture containing 0.25mM dopamine and 0.6mM L-cysteine kept at
37°C and the UV-Vis spectra between 235 and 400nm of the signal recorded between 12 and 14 minutes retention time (panel B; shown at the
same scale as for Figure 8, panel B) for the reaction mixture after 4.5h of reaction.

The results shown in Figure 9, panel A, indicate that, in the presence of L-cysteine, the same profile of peaks was
obtained after about 0.5h of reaction as for the profile of peaks obtained at the start of the reaction in the absence of
any dopamine (see Figure 8, panel A). After 4.5h of reaction, all the dopamine had reacted away and the SEC profile
is dominated by a peak with retention time of about 13.2 minutes, but peaks of intermediates or other compounds
can be observed around 15 and 21 minutes of retention times. The peak with retention time of 21 minutes was not
observed at the start of this reaction, nor was it observed for the reaction mixture containing dopamine without any

L-cysteine (see Figure 8, panel A). The UV-Vis spectrum of the peak around 13.2 minutes does not exhibit the
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dominating absorbance band around 280nm. An observation that would be in line with the results obtained for the
kinetic experiments discussed above (see section 3.1).

Figure 10, panels A and B, illustrate some of the SEC results obtained for a similar reaction mixture as for Figure
8, but containing 0.6mM serine. The mixture was light yellow at the start of the reaction, turning light brown after
about 30 minutes of reaction; turning brown after 1h of reaction. About 90% of the dopamine had reacted away after

about 90 minutes of reaction and almost all of the dopamine had reacted away after about 120 minutes of reaction.
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Figure 10: SEC profiles at 275nm (at the start and after 0.5 and 2h reaction) for a reaction mixture containing 0.25mM dopamine and 0.6mM
serine kept at 37°C and the UV-Vis spectra between 235 and 400nm of the signal recorded between 12 and 14 minutes retention time (panel B)

for the reaction mixture after 2h of reaction.

Judging from the rate of disappearance of dopamine, the presence of serine appeared to slow down the decline in
dopamine concentration compared to the reaction mixture in the absence of any amino acid. In the SEC profiles
shown in Figure 10, panel A, peaks corresponding to reaction intermediates can be observed in the profiles obtained
at the start of the reaction and after 0.5h of reaction. These intermediates appeared to have disappeared after about
2h of reaction. The UV-Vis spectra shown in Figure 10, panel B have a very similar pattern as for the spectra shown
in Figure 8, panel B.

Figure 11, panels A and B, illustrate some of the SEC results obtained for a similar reaction mixture as for Figure
8, but containing 0.6mM methionine. The mixture was light yellow at the start of the reaction, turning brown after
about 30 minutes of reaction and remaining that way for the rest of the observations. About 60% of the dopamine
had reacted away after about 30 minutes of reaction and about 90% of the dopamine had reacted away after about

150 minutes of reaction.
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3.4 SEC studies involving epinephrine ok norepR

Reaction mixtures involving norepinephrine or epjnephrine }% with L-cysteine (0.6mM) were set up and
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Figure 15: SEC profiles at 275nm (at the start and after 0.5 and 1.5 or 2.5h reaction) for a reaction mixture containing 0.25mM epinephrine and
0.6mM cysteine kept at 37°C and the UV-Vis spectra between 235 and 400nm of the signal recorded between 12 and 14 minutes retention time
(panel B) for the reaction mixture after 2.5h of reaction.

As observed for dopamine, the auto-oxidation of norepinephrine and epinephrine proceeds slower in the presence
of L-cysteine and intermediates of this auto-oxidation process can be observed in the SEC profiles of the reaction
mixtures sampled between 0.5 and 1h of reaction. Ultimately, the reaction proceeds to completion with all the
precursor and intermediates having disappeared and the UV-Vis spectra of the presumed, MN-like material to be
very similar to that of the UV-Vis spectra shown in Figure 4, panel E or Figure 5, panel E or the spectra detailed in

an earlier report®.

4. Discussion

This report confirms and expands our observations described elsewhere.*® L-cysteine, in a concentration
dependent fashion, delays the onset of color formation during the auto-oxidation reaction of all four catecholamines
tested. In the cases of DOPA or dopamine this effect by L-cysteine was very reproducible, while in the cases of
norepinephrine or epinephrine there was much greater variability. In addition, the delay in onset of color formation
appeared to be much longer in the cases of norepinephrine and epinephrine compared to the cases of DOPA and
dopamine. For the other amino acids tested, it was observed that the presence of amino acids slowed the reaction (as
judged from the disappearance of the precursor) and the color formation, but did not delay it.

The effect of the amino acids on the kinetics of the auto-oxidation reaction of the catecholamines may reflect itself
in the fact that the reaction mixtures were darker in appearance in the presence of amino acids compared to the
reaction mixtures in the absence of any added amino acids. In a previous report we have hypothesized that: a) the
melanogenesis reaction of catecholamines leads to the synthesis of MN-like material that is built from darkly-
colored and colorless components, b) that the ratio of these different components would ultimately define the
apparent “darkness” of the MN-like material and c) that the kinetics of the melanogenesis reaction may affect the
ratio at which these different components; the slower the reaction the darker the material. Thus, as L-cysteine or any
other amino acid is capable of slowing down the kinetics of the auto-oxidation reaction, the MN-like materials
generated in the presence of amino acids could exhibit a darker appearance. Our current and previous results®?,

14,16

together with other reports on the effects of amino acids on the auto-oxidation of catecholic compounds™ =, give

19



credence to the importance of the presence of amino acids, or any other biomolecules for that matter, on the physic-
chemical properties of MN-like materials generated during the melanogenesis reaction. Given the importance of
pigmentation in biology, any factor that may result in the change of color or a change in intensity of the color is of
importance.

It is well-established that the auto-oxidation of catecholamines leads to an endproduct that contains significant
amounts of unoxidized precursor units."” #?* This was observed in our previous and current studies. However, our
current studies seem to indicate that the presence of amino acids may generate endproducts that contain
intermediates apart from the unoxidized precursor units. In almost all of the reactions studied, these intermediates
exhibited a UV-Vis absorbance band or shoulder around 350-370nm (See Figure 6). We hypothesize that, given the
effect of amino acids on the kinetics of the melanogenesis reaction, intermediates generated in the auto-oxidation
reactions may not react away as quickly as for reactions in the absence of any amino acid. Thus, some of these
intermediates may remain “unreacted” within the final MN-like endproduct and provide a second absorbance band
apart from the one associated with unreacted precursor. Thus, by studying the melanogenesis reaction in the
presence of amino acids, one may get a better glimpse of the intermediates that are formed during this type of
reaction. It is worth noting that the results obtained with tyramine hint to the possibility that the effect of primary
amines, without the a-carbon carboxylic acid, may differ from the effects of their corresponding a-amino acids.
This would be in line with observations made regarding chlorogenic acid.'* ?*? Our preliminary observations
regarding tyramine could be expanded to include other biologically relevant primary amines like histamine,
tryptamine, y-aminobutyric acid, etc.

The effect of L-cysteine on the oxidation process of the catecholamines has been evaluated extensively in the

context of its importance in the biosynthesis of pheomelanin®®*% 263!

or its importance in the biosynthesis of
neuromelanin and the latter’s relevance to Parkinson’s disease.? 3 In various reports, Dryhurst et al. studied the
oxidation of catecholamines in the presence of L-cysteine.?% 3233 3 4142 These experiments involved electrolytic
oxidation reactions at pH=7.4 for 30 to 60 minutes. In the case of dopamine, and in the absence of any L-cysteine,
they observed the appearance of DHI and the orange-colored dopaminochrome; two typical intermediates of the
oxidation process of dopamine. But a chromatographic analysis revealed that very little dopamine had reacted away
under their experimental conditions. Prolonged oxidation conditions did produce a black, insoluble MN-like
material. In the presence of 5-fold molar excess L-cysteine, more dopamine reacted away and the reaction mixture
contained a complex mixture of compounds; mostly conjugates of L-cysteine and dopamine or its oxidation
products. They observed that with increasing concentrations of L-cysteine, the rate of oxidation of dopamine
increased and the amount of MN generated decreased. These results are in stark contrast with our previous and
current results and we suspect that the major difference in melanogenesis chemistry, auto-oxidation vs. electrolytic
chemistry, may be responsible for this contrast. Our chromatographic analytic technique does lack sophisticated
resolution possibilities that would allow us for the detection of the various cysteine-based conjugates as reported by
Dryhurst et al. However, we can observe the appearance and disappearance of intermediates that, based upon their

UV-Vis profile, resemble dopaminochrome or DHI.
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In general, when studying the melanogenesis process, particularly if the color of the final product is of
importance, one should consider the effect on this process by any other biomolecule(s) that may be present. Apart
from the effect of amino acids reported in this study, polysaccharides*** or proteins, e.g., PMEL**®, may affect the

synthesis and/or disposition of MN-like materials.
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