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Abstract Neuromelanin is a complex molecule accumu-
lating in the catecholaminergic neurons that undergo a
degenerative process in Parkinson’s disease. It has been
shown to play either a protective or a toxic role depending
on whether it is present in the intraneuronal or extraneu-
ronal milieu. Understanding its structure and synthesis
mechanisms is mandatory to clarify the reason for this
remarkable dual behavior. In the present study, X-ray
absorption spectroscopy is employed to investigate the
sulfur binding mode in natural human neuromelanin, syn-
thetic neuromelanins, and in certain structurally known
model compounds, namely cysteine and decarboxytricho-
chrome C. Based on comparative fits of human and
synthetic neuromelanin spectra in terms of those of
model compounds, the occurrence of both cysteine- and
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trichochrome-like sulfur coordination modes is recognized,
and the relative abundance of these two types of structural
arrangement is determined. Data on the amount of cys-
teine- and trichochrome-like sulfur measured in this way
indicate that among the synthetic neuromelanins those
produced by enzymatic oxidation are the most similar ones
to natural neuromelanin. The interest of the method
described here lies in the fact that it allows the identifica-
tion of different sulfur coordination environments in a
physically nondestructive way.

Keywords Melanin structure - XANES -
Parkinson’s disease - Cysteine

Abbreviations

DAC Auto-oxidation of dopamine and cysteine
DEC Enzymatic oxidation of dopamine and cysteine
DOPEC L-DOPA and cysteine enzymatic oxidation
EDTA Ethylenediaminetetraacetic acid

EXAFS Extended X-ray absorption fine structure
NM Neuromelanin

PD Parkinson’s disease

TEY Total electron yield

XAS X-ray absorption spectroscopy

XANES X-ray absorption near edge structure
Introduction

Neuromelanin is a complex, insoluble polymeric pigment
present in neurons from different brain regions of several
animal species, including humans (for a review see Zucca
et al. 2004). Neuromelanin is found in the highest concen-
tration in catecholaminergic neurons of substantia nigra and
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locus coeruleus regions of human midbrain (Bogerts 1981;
Graham 1989; Zecca et al. 2004). In Parkinson’s disease
(PD), the concentration of neuromelanin decreases rapidly
as pigmented dopaminergic neurons are selectively lost,
while nonpigmented neurons are mostly spared (Kastner
et al. 1992). It was suggested that neuromelanin can play
either a protective or a toxic role with respect to the
degeneration of nigral dopamine neurons depending on
cellular context (Zecca et al. 2003). Neuromelanin has been
proposed to be neuroprotective against toxic metals (Zecca
et al. 1994), pesticides (Lindquist et al. 1998), betacarbo-
lines (C)stergren et al. 2004), and other toxins, such as
1-methyl-4-phenylpyridinium ion (D’Amato et al. 1986).
Moreover, neuromelanin synthesis was considered to pro-
vide a neuronal protective function since it prevents the
accumulation of cytosolic dopamine (Sulzer et al. 2000). On
the other hand, neuromelanin was shown to induce neuro-
toxicity by overactivation of microglia (Wilms et al. 2003)
and inhibition of proteasome (Shamoto-Nagai et al. 2004).

In the neuromelanin molecule, a peptide and a lipid
component are present in addition to the melanic component
(Zucca et al. 2004, 1992, 2000). The peptide component of
neuromelanin amounts to 15% of its weight (Zecca et al.
2000) and cysteine about 0.5%. The melanic component is
composed of two classes of molecules in rather well-deter-
mined proportions. One is a benzothiazine-based molecule
characteristic of pheomelanin that is formed through the
incorporation of cysteine with dopamine; it constitutes 20—
25% of the total melanic component of human neuromela-
nin. The other one is an indole-based molecule characteristic
of eumelanin that is formed through the oxidation of dopa-
mine (Odh et al. 1994; Wakamatsu et al. 2003). The iden-
tification of dopamine and cysteinyl-dopamine as building
blocks of natural neuromelanin lends support to the idea that
its synthesis plays a detoxifying role, preventing an other-
wise toxic intraneuronal accumulation of dopamine com-
pounds (Sulzer et al. 2000; Wakamatsu et al. 2003).

X-ray diffraction studies (Crippa et al. 1996) have
shown that neuromelanin has a multilayer (graphite-like)
three-dimensional structure made of planar overlapping
sheets of molecules containing indolebenzothiazine rings
(Zecca et al. 2000). This structure appears to be similar
to what was first proposed by Chio (1976) for synthetic

Fig. 1 Chemical composition A
of a decarboxytrichochrome C HO
and b cysteine residue
H,H
N
HO
0
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L-DOPA melanin and investigated in more detail in Cheng
et al. (1994) where the study was extended to the case of
natural Sepia eumelanin.

Scanning probe and photoelectron emission micros-
copies have demonstrated that neuromelanin granules are
comprised of spherical structures with a diameter of
~30 nm with pheomelanin at the core and eumelanin at
the surface (Bush et al. 2006).

As for the sulfur (S) geometries in neuromelanin,
chemical degradation methods have shown that S is present
in two different structures (coordination modes), namely
bound in cysteine- and benzothiazine-like environments
(Wakamatsu et al. 2003; Zecca et al. 2000). We recall that
the S group (-C-S-H) present in cysteine and the benzo-
thiazine structure (-C—S—C-) present in trichochrome dif-
fer in their electronic configuration around S essentially as
a consequence of the differences in the electronegativity of
the —-S—-H and —S—C- bonds.

A detailed characterization of the neuromelanin struc-
ture is still lacking and would represent an essential step in
understanding neuromelanin’s synthesis, interaction with
other neuronal-glial compounds, its metabolic fate, and
role in normal aging and PD neurodegenerative processes.
In addition, a direct (i.e., spectroscopic) demonstration of
the presence of S in heterocyclic thiazine- and cysteine-like
structures in natural neuromelanin is also missing.

In this work, we exploit the presence of S as the absorbing
center for X-ray absorption spectroscopy (XAS) experi-
ments with the purpose of settling the last issue. Due to its
chemical selectivity and sensitivity to the local atomic
arrangement, XAS is in fact the technique of election for
structural studies on biological materials when one wants to
characterize the atomic structure around a given absorber.

Spectra in the X-ray absorption near edge structure
(XANES) region around the S absorption K-edge of natural
and synthetic melanins, as well as of two S-containing
model compounds have been measured at the Brazilian
Synchrotron Light Laboratory (http://www.Inls.br/Inls/cgi/
cgilua.exe/sys/start.htm?tpl=home).

The two model compounds, namely decarboxytricho-
chrome C and cysteine, whose structures are shown in
Fig. la and b, respectively, have been subjected to XAS
measurements because they represent prototypes of
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different chemical structures in which S can be found. In
cysteine, in fact, where aromatic rings are not present, the
unique S is bound to light atoms. In decarboxytricho-
chrome C, in contrast, two S atoms are present and are both
part of aromatic rings.

As the structure of these model compounds is known,
the characteristic features of their XANES spectrum can be
used as fingerprints for the presence of well-defined S
atomic environments in natural neuromelanin, much in the
spirit of what has been done in the case of other absorbing
centers (Meneghini and Morante 1998; Morante 2001;
Morante et al. 2004).

Experimental methods
Sample preparation

The samples subjected to XAS measurements in this
investigation can be divided into three groups, namely
natural neuromelanin, synthetic neuromelanins, and model
compounds. They have been prepared or isolated according
to the following protocols.

Natural neuromelanin

Natural neuromelanin was isolated from cerebellum as
described in (Zecca et al. 2002). We will refer to it as NM
in the rest of this paper. An aliquot of 3.0 g brain tissue was
introduced into a 130-ml plastic centrifuge tube. After
grinding, 90 ml water was added, and the mixture was
shaken. Tubes were centrifuged at 18,000xg for 15 min,
and the pellet was washed twice with 90 ml phosphate
buffer (50 mM, pH 7.4). The sample was then incubated
for 3 h at +37°C with 60 ml Tris buffer (50 mM, pH 7.4)
containing sodium dodecyl sulfate (5 mg/ml) and L-cys-
teine (15 mM). This suspension was centrifuged at
18,000x g for 20 min, the supernatant removed, and the
pellet incubated for 3 h at +37°C with 20 ml of the same
solution. The pigment was separated by centrifugation as
above, washed twice with 5 ml NaCl solution (9 mg/ml),
and washed with 3 ml water. The sample was suspended in
2 ml methanol, centrifuged, and the supernatant fluid
removed. The sample was resuspended in 1 ml hexane,
centrifuged, and after eliminating the supernatant fluid, the
pigment was dried under nitrogen flow and placed in
vacuum for 14 h.

Synthetic neuromelanins
DAC The synthetic melanin obtained from auto-oxida-

tion of dopamine and cysteine (DAC for short in the rest
of this paper) was prepared (Zecca et al. 2000) so as to

try to best reproduce the chemical composition of NM,
particularly in relation to its S content. To this end
dopamine (1.96 mmol) and cysteine (0.03 mmol) were
dissolved in a flask containing 200 ml of 0.05 M sodium
phosphate buffer (pH 7.4). The solution, protected from
light, was allowed to auto-oxidize in air at +37°C. After
108 h, the suspension was centrifuged (10,000 rpm for
10 min), and 200 ml of freshly prepared phosphate buffer
containing 0.03 mmol of cysteine was added to the
melanin sample obtained in this way. The reaction was
continued for another 24 h, and at the end, the resulting
brown suspension was transferred into centrifuge glass
tubes and centrifuged (10,000 rpm for 10 min). The
precipitated melanin was resuspended in 5 ml of 1%
acetic acid, centrifuged, and washed with 5 ml of water.
Then, it was reacted twice with 0.15 M Na, EDTA and
washed twice with water. The synthetic melanin was
dialyzed in order to remove salts and other low-molec-
ular-weight substances. After drying as described above,
the final yield was 30% of the initial amount of
dopamine.

DEC The synthetic melanin produced from enzymatic
oxidation of dopamine and cysteine (DEC for short in the
rest of this paper) was prepared (Zecca et al. 1996) as
follows. An amount of 0.39 mmol of dopamine was dis-
solved into a flask containing 200 ml of 0.05 M sodium
phosphate buffer (pH 7.4), together with 61 mg of cysteine
and 7 mg of tyrosinase (EC 1.14.18.1, Sigma, St. Louis,
MO, USA). The solution was left to react at +37°C for
90 h. Then the reaction was stopped by decreasing the pH
to 3.0 with 30% acetic acid. The suspension was trans-
ferred into glass tubes and centrifuged (10,000 rpm for
10 min) at +25°C. The precipitate of melanin was resus-
pended in 7 ml of 0.05 M Tris buffer (pH 7.4) containing
5 mg/ml of sodium dodecylsulfate and allowed to incubate
at +37°C for 2 h. Then it was washed with 10 ml of NaCl
(9 mg/ml), and after centrifugation, the melanin was
reacted twice with 20 ml of 0.15 M Na, EDTA for 8 h, in
order to remove every trace of metals. The suspension was
centrifuged, and the precipitate washed twice with 10 ml
water. Finally, it was washed with acetone and dried as
described above. The final yield was 47% of the initial
amount of dopamine.

DOPEC  The synthetic melanin from L-DOPA and cys-
teine enzymatic oxidation (DOPEC for short in the rest of
the paper) is prepared according to the following proce-
dure. Tyrosinase (10 mg) was added to a stirred solution
containing 0.51 mmol of L-DOPA in 100 ml phosphate
buffer 0.05 M at pH 7. After 30 s, 1.0 mmol of L-cysteine
dissolved in the same buffer was added, and after 24 h the
solution was made acidic (pH 3.5) by HCI. The precipitate,
collected by centrifugation, was washed three times with a
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pH 3.5 HCI solution and then with acetone. Finally, it was
dried as described above.

Model compounds

Decarboxytrichochrome C (96%) was a kind gift by Prof.
S. Ito and was prepared as described by Ye et al. (2003).
Finally cysteine (98%) was bought from Sigma—Aldrich
and used without further purification.

Data collection

XAS data at the S K-edge have been collected at the DO4B
bending magnet beam line of the Brazilian Synchrotron
Light Laboratory. A Si (111) double crystal monochro-
mator was used throughout the study. X-ray spectra were
recorded in total electron yield (TEY) mode by collecting
the sample drain current, Itgy, with an electrometer (Ke-
ithley 617). TEY detection method instead of transmission
has been chosen because of the high sample absorption in
this energy range. It is well known (Ebel 2004), in fact, that
the probability of emission of Auger electrons, which
provides the main contribution to the total yield signal,
increases with decreasing atomic number of the absorbing
atom. Before hitting the sample, the beam goes through a
0.75-um sheet of aluminum foil in order to measure the
“impinging” drain current, .

It can be shown that in TEY detection, the ratio Itgy/ly
is to a good approximation proportional to the absorption
coefficient, u (Heald 1988).

Unfortunately in this investigation we have to limit our
analysis to the XANES region of the spectrum, i.e., to an
energy interval around the edge not larger than about
20 eV, because for higher energies, where the extended X-
ray absorption fine structure (EXAFS) region starts, the
recorded signal is essentially flat. There is a number of
possible concurrent reasons that can be called upon to
explain the absence of EXAFS oscillations in the measured
spectra. First of all, it should be recalled that the amplitude
of the oscillations of the signal decreases monotonically
with energy in the EXAFS region (Backnaes et al. 2008;
Fleet 2005) in a way that depends on the absorber and that
is especially fast for light absorbers, such as S (Stohr et al.
1994). A second reason is that the TEY detection method,
when used in experiments with insulating specimens as in
our case, suffers from charging problems (Vlachos et al.
2005). This feature tends to significantly reduce the
intensity of the collected signal (Gilbert et al. 2000) at large
energies (i.e., in the EXAFS region). Finally, and perhaps
most importantly, we are dealing with samples where the
absorber lives in a particularly disordered environment.

In conclusion, as a result of these adverse circumstances
and inherent difficulties, we have been forced to limit our
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investigation to the consideration of only the XANES part
of the collected spectra.

Data handling

In order to make the available raw spectral data ready for a
sensible comparative analysis among different samples, we
had to make three kinds of “maneuvers” on the experi-
mental points. First of all, in order to get rid of a number of
spurious background contributions affecting the shape of
the spectrum, a suitable background subtraction procedure
was applied. Secondly, to make possible the type of com-
parison we want to make in this paper, a normalization
procedure for the subtracted spectra is necessary because
data have been taken on samples with different and to a
large extent unknown S concentrations. Thirdly, the edge
energies of the various spectra have to be appropriately
matched in order to correct for the visible systematic error
in the beam energy calibration.

First step

The first step is very easily accomplished by subtracting
from XAS spectral data a linear term fitted through the pre-
edge data points.

Second step

The normalization of data to unit S concentration is a much
more delicate step as the energy range of the available data
beyond the XANES region is very short. This fact prevents
us from employing the standard normalization procedure
(Ravel and Newville 2005) which, we recall, consists of the
following three steps.

Al. The pre-edge region is fitted with a straight line,
which is then extrapolated forward, past the edge
energy, Ey. (The edge energy E, is conventionally
defined as the energy where the first derivative of the
spectrum has its maximum). We call p;(Ey) the value
of the fitted straight line evaluated at E.

A2. The post-edge region is fitted with a (low degree)
polynomial and extrapolated backward, past the
edge energy. We call uy(Ey) the value of the fitted
polynomial evaluated at Ej,.

A3. The difference 0 = u;(Eg)—puo(Ep) is computed.

In the standard approach, the term in step Al gives the
background contribution to the measured absorption coef-
ficient, while the term in step A2 is identified with the
contribution of the isolated absorber to the signal. There-
fore, 0 is proportional to the absorber concentration and
can be used to normalize structurally different samples of
the same absorber.
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Fig. 2 The standard procedure
to compute the edge jump (line
with arrowheads) in the two
representative spectra of the
AP _40 peptide complexed with
Zn is graphically illustrated

(a Zny, b Zn,). Pre-edge and
post-edge fit results are drawn in 0
gray, superimposed on the
experimental data (black line)

e

Zn,

Zn,
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(=7]

9600 9800 10000

For illustration we graphically display in Fig. 2 the
procedure described above in a situation where good
EXAFS data are available. The data we consider are taken
from Stellato et al. (2006) and refer to the XAS spectra of
the Af3|_4o peptide complexed with Zn, taken at Zn K-edge
in two different preparations (Zn; and Zn, in the
following).

Going through steps A1-A3, one finds

5(Zn;) = 0.1506, 5(Zn,) = 0.0644. (1)

Since, as recalled above, ¢ is proportional to the
absorber concentration, one can estimate the sample
concentration ratio from the simple formula:

o = 3(Zn1)/3(Zmy) = 2.34. 2)

Within the margin of error, the same number is found by
directly comparing the measured numbers of counts
obtained for the two samples.”

To overcome the problem associated with the much-
too-short energy range of the available NM spectra, we
propose in the present paper to employ a new method
applicable even in these “difficult” cases, but that when
applied to “easy” cases, like the one in Fig. 2, gives the
same result as the standard approach illustrated above.
The alternative procedure we propose to use is as
follows:

B1. The linear fit of the pre-edge region is extrapolated
forward and subtracted out from the whole spectrum,
in this way eliminating the background contribution.

I As discussed in Stellato et al. (2006), the two spectra are different
because different sample preparations lead to different structural
atomic arrangements around the Zn binding site.

% In fact, at an incoming photon energy of 10.7 keV, the number of
counts per data point in a single fluorescence detector element,
integrated from O keV to infinity, was found to be 7, = 183,156 for
Zn, and T, = 171,191 for Zn,. Correspondingly the Zn K-fluores-
cence is K; = 16,935 for Zn, and K, = 8,130 for Zn,. With these
numbers one gets Ry = T\/K; = 10.82, R, = To/K, = 21.056 and
finally R/R; = 2.1 & 0.2, in very good agreement with Eq. 2.

10200 E(eV) 9600 9800 10000 10200 £ (eV)

B2. The area, A,
computed.

B3. Each experimental point is divided by A, obtaining
what will be called the “normalized spectrum.”

under the resulting spectrum is

With this procedure, the concentration ratio of two
samples is directly given by the ratio between the areas of
their subtracted spectra. Hence in the case of the two
samples Zn; and Zn,, this would be the quantity:

B =A(Zny)/A(Zny). (3)

Naturally for this method to be reliable, we need to
check that f is (largely) independent of the energy interval
over which the area A is computed. For this purpose, using
the same Zn,; and Zn, XAS data employed before, we have
computed A and then f, for various energy intervals for
various energy intervals (from a common initial energy,
E; = 9,660 €V, to different values of the final energy, Ey),
getting the results collected in Table 1.

One sees that f§ is only weakly dependent on the energy
interval over which the area integral is computed (the error
attributed to f§ in Table 1 is due to the statistical errors of
the original data points and numerical rounding). From the
numbers in the table one sees that the average of f is
(B) = 2.30 £ 0.04, where the error is estimated as the
dispersion of the four numbers in the last row of the table.
Within the margin of error, every value of f§ is compatible
with the concentration ratio « previously determined using
the standard procedure, and none of the values of f
reported in the table differs by more than 4% from o« We
can then conclude from this comparison that the normali-
zation method we propose here to deal with data with a
short energy range is fully reliable and can be used for the
purposes of the analysis we shall present in the next
section.

Third step

There is a small (never larger than 0.5 eV), though visible
(because around E the spectrum is very steep) shift in the
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Table 1 The areas beneath the subtracted signal computed over
different energy intervals. In the bottom line, the resulting Zn con-
centration ratios are reported

Ef 9,680 eV 9,710 eV 9,760 eV 9,810 eV
Zn, 2.92 7.19 15.05 22.84
Zn, 1.26 3.09 6.59 10.12

pE£Ap 2324+£002 233+£0.02 228002 2.26+£0.02

edge energy among the various samples.® To get a feeling
about the magnitude of this effect it is useful to recall the
following facts.

1. The beam energy resolution with which data were
taken is 0.3 eV.

2. The absolute calibration of the energy axis suffers
from an uncertainty that also can be estimated to be
0.2 eV.

3. One should not forget that there is a certain ambiguity
in the definition of the edge energy itself due to the
numerical procedure by which the first derivative of
the spectrum is computed and its maximum deter-
mined. This numerical step is especially delicate when
the XANES region is highly structured, as in our case.

One can estimate the total error on the final determi-
nation of the edge energy to be on the order of 0.4 eV. In
view of all these considerations, in comparing spectral
features of different samples, it is definitely safer to shift
the relative position of the various spectra by matching the
steep rise of the signal of the various spectra, rather than
trying to match their edge energies. Having done that, in
the following we will always count and report energies
from a common reference point that we (conventionally)
identify as the edge energy.

Comparing XANES data

The structure of the XANES region of the spectrum is in
principle physically very interesting, as it is fairly sensi-
tive to the electronic structure of the absorber and the
symmetry of the local environment around it. Unfortu-
nately, owing to the many very complicated electronic
processes contributing (e.g., transitions to bound states,
multiple scattering events, etc.), a reliable quantitative
way of interpreting this part of the spectrum is still not
available, although progress in this direction has been

3 The possibility of attributing edge energy differences to different S
oxidation states looks implausible. Indeed, systematic studies (Priet-
zel et al. 2003; George and Gorbaty 1989) on S compounds have
shown that samples where S is present in different oxidation states
may have the same edge energy, and conversely different geometries
with S in the same oxidation state lead to appreciable differences
(even on the order of a few eVs) in the edge energy position.
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made (Benfatto et al. 1986; Koningsberger and Prins 1988;
Lee and Pendry 1975; Rehr and Albers 1990). Despite
these difficulties, even a qualitative comparison of the
spectra of structurally similar samples can yield valuable
information on similarities and differences between local
geometries of different compounds (Benfatto et al. 2004;
Bianconi et al. 1986) that are not visible in the energy
region where single scattering events dominate (i.e., in the
EXAFS region).

Since in this paper we want to make use of this obser-
vation in order to interpret relative differences among the
various spectra as due to different geometries around the S
absorber, we need to set up suitable indicators to charac-
terize spectral similarities and differences. We have pro-
ceeded to quantify spectral features in two ways. A first
crude comparison can be made by simply looking at dif-
ference spectra. A second, more refined, analysis consists
of trying to fit the interesting (parts of the) spectra of
human and synthetic neuromelanins to the spectra of the
structurally known model compounds (here cysteine and
decarboxytrichochrome C). We now briefly explain in
more detail the two approaches.

Difference spectra In order to quantify the difference
between the spectra of samples n and m, the simplest thing
to do is to consider the quantity

Almn - 22: |ym(Ek) _yn(Ek)|7 (4)

k=N

where y,(E;) is the value of the datum of the subtracted and
normalized spectrum of sample n at the (shifted) energy,
E; (see “Data handling”) and the sum extends over the
desired range of energies for which data are available. Pairs
of samples can then be ordered according to the magnitude
of this parameter, with the most similar pair attaining the
lowest value of Al,,.

Fitting analysis The key observation here is that the XAS
spectra of samples such as NM on the one hand, or DAC,
DEC and DOPEC on the other, where the absorbing atom
is present in more than one structure, can in principle be
obtained as the sum of (appropriately normalized) model
compound spectra, weighted by the percentage of the
absorbing atom present in each component (Pickering et al.
1998; Frank and Hodgson 2000). As we have discussed
before, in our case the absorbing S atom can exist in two
different coordination modes.

The procedure we want to follow then simply consists of
trying to reproduce the shape of the spectrum of sample j
with a linear combination (with weights p and 1—p,
0 < p < 1) of the spectral data of samples m and n. For a
triplet [j,mn] the best value of p is then determined by
minimizing the y*-like function
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" D) = pym(Ex) = (1= p)ya(E)]°
R[j,mn] = Z B ) (5 )
P a;(Ex)

where N is the number of points included in the fit and
o/(E) is the (estimated) statistical error on the normalized
data, y{(Ey). For simplicity in constructing the function
Ryjmm we have assumed that errors are only attributed to
the spectral data one is fitting.

As for the evaluation of o,(E}), we should observe that
there is a certain degree of arbitrariness in estimating the
statistical error to be attributed to the normalized data
Y(Ep). In this paper we have considered two distinct ways
of proceeding. The first consists of attributing to the
number of measured Auger electrons, Itgy(Ey) and Io(Ey),
in the TEY detection mode, an error equal to the square
root of the number of countings (thus implicitly assuming
that countings have a Poisson distribution) and then prop-
agating the errors to the normalized data through the for-
mula yielding y(E) in terms of Itgy(Ey) and Io(Ey).

As a second alternative, we have considered the possi-
bility of evaluating the errors to be inserted in Eq. 5 by
looking at the “typical noise” affecting the measured points.
This is done by making reference to the measured spectrum
of NM where a pretty large energy range beyond the S K-
edge is covered. As we have remarked before, the signal in
the EXAFS region does not show any particularly significant
structure. Its average value decreases linearly with energy
and can be adequately fitted to a straight line. It is then quite
natural to identify the sought-for statistical error as the r.m.s.
of the fluctuations (around zero) of the subtracted data points
belonging to the high energy tail of the spectrum.

The minimization of R is straightforward and gives for
the best fit value of p the elementary formula:

g i (Ex) = yu(E)]n(Ex) — ym(Er)]

Pljmn] = O'j(Ek)2
" (B = ym(EOP| ;
g kz:; oi(Ex)’ . ©

Results and discussion

The main purpose of this work is to develop a reliable
strategy aimed at understanding the structure and shape of
the spectra of natural and synthetic neuromelanins at the S
K-edge in terms of the spectral features associated with the
characteristic cysteine-like and benzothiazine-like atomic
environments surrounding S in the structurally known
cysteine and decarboxytrichochrome C model compounds,
respectively.

After the spectral data “homogenization” steps descri-
bed in “Data handling,” a first qualitative comparison

among the various sets of data we have at our disposal can
be made by grouping human and synthetic neuromelanins
(i.e., NM and DAC, DEC, DOPEC) spectra on one side
(Fig. 3), and the two model compounds (cysteine and de-
carboxytrichochrome C) plus NM on the other (Fig. 4).

A direct inspection of the four spectra reported in Fig. 3
already shows that, looking at synthetic neuromelanins,
there are rather small, but still detectable, differences
between DOPEC and DEC, while the differences between
these two and DAC are more pronounced. Furthermore, the
DOPEC spectrum looks the most similar to that of NM.
A more quantitative assessment of these features can be
obtained by making use of the indicator introduced in
Eq. 4. The results are collected in Table 2. The errors on
the numbers reported in the table can be estimated to be
less than 1%.

0.2
——NM
0.15 =s===DEC
0.1 5
0.05
0
-5 0 5 10 Efelh)

Fig. 3 Comparison among normalized spectral data of human (NM:
black solid line) and synthetic neuromelanins (DAC: gray solid line,
DEC: black dotted line, DOPEC: gray dotted line)

02
——NM
0.15 ===es==== Decarboxytrichochrome C
0.1 \ ‘l'. i
0.05
U -

-5 0 5 10 Efel)

Fig. 4 Comparison among spectral data of human neuromelanin

(NM: black solid line) and the two model compounds (cysteine: gray
solid line, decarboxytrichochrome C: black dotted line)
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Table 2 Spectral differences

excluding and including the Eprin = —2.0 — Epgux Ordering Erin = 2.0 — Eppay Ordering

contribution of the white line =106V =106V
NM-DOPEC 0.05 1 0.03 1
NM-DEC 0.08 2 0.05 3
NM-DAC 0.14 4 0.09 4
DEC-DOPEC 0.09 3 0.04 2
DAC-DEC 0.15 5 0.10 5
DAC-DOPEC 0.16 6 0.10 5

In computing Al,,, we have in all cases evaluated the
sum up to a unique energy upper limit, namely
Envax = 10.6 eV. For Ey;,, we have taken two different
values that correspond to excluding (when Eyg, = 2.0 eV)
or including (when Ey, = —2.0 eV) the so-called white-
line spectral contribution (i.e., the contribution of the main
peak around threshold). Of course the two sets of values of
Al,,, obtained in these two ways are numerically different,
but (and this is the interesting point for our discussion) they
lead to essentially the same ordering of similarities (see
third and fifth columns of Table 2) among the six possible
different pairs. In particular we notice that Al,,, is mini-
mum for the NM-DOPEC pair, followed by the NM-DEC
and DEC-DOPEC pairs. As we already noticed, DAC
(which is the synthetic neuromelanin obtained by auto-
oxidation; see “Experimental methods”) shows a spectrum
that mostly differs from all the others.

If we now move to Fig. 4, we clearly see that the
spectral features of the two model compounds are signifi-
cantly different (bumps and dips are located at different
energies). In Table 3 we make this comparison a bit more
compelling by reporting the energy positions of the second
maximum (after the main peak) and of the preceding dip of
cysteine, decarboxytrichochrome C, and NM. According to
the discussion in “Data handling,” we present energies
counted with respect to the matched position of the edge
energies. An error on the order of 0.3 eV should be
attributed to the data in the table.

We ascribe the difference in the energy location of the
second bump (E;) and of the preceding dip (E;) to the
different geometrical structure of atoms around S in the
two model compounds (see Fig. 1). From the numbers
collected in Table 3 we see that the characteristic features

Table 3 The energy position of the second bump, E,, and the pre-
ceding dip, E, in the spectra of NM, cysteine, and decarboxytri-
chochrome C

Sample E, E,
Cysteine 3.0 6.0
Tricho 5.8 8.6
NM 4.8 8.0

of the NM spectrum beyond the white line are somehow in
between those displayed by cysteine and decarboxytri-
chochrome C.

We now want to make more quantitative the previous
considerations on the structure of natural and synthetic
neuromelanins. This task can be accomplished in an ele-
gant way by using the fitting analysis described at the end
of “Comparing XANES data.”

We fit the spectrum of NM and synthetic neuromelanins
in terms of the spectra of cysteine and decarboxytricho-
chrome C. In Tables 4 and 5, we collect the results
obtained, minimizing the likelihood function of Eq. 5. In
column 5 we give, as it is more transparent and customary,
the value of R per degree of freedom (Ry,r) (assuming that
the data points included in the computation of R are all
statistically independent). With this normalization, a fit
should be considered good when Rg.¢ is around 1.

The two tables correspond to two different choices of
the energy interval over which the sum in Eq. 5 is exten-
ded. Table 4 refers to the case where the sum runs over a
range of energies that includes the white line. In Table 5
we report the results obtained when, instead, the energy
region covering the white line is excluded from the sum.
For the reliability of our analysis, it is important to com-
pare these two situations (this is something we also did in
Table 2). Actually, as we stressed before, we want to
exploit the characteristic features (position and height of
bumps and dips) of the structures visible in the spectra of

Table 4 The best fit values of p are shown in columns three and four.
These were obtained under the assumption that S in the compound
reported in the second column is present in structural environments
equal in the percentage of p and 1—p to those of cysteine and de-
carboxytrichochrome C. In column five, the values of the likelihood
function per degree of freedom are reported. Data in the energy
interval —2.0 to 10.6 eV, which include the main peak, have been
used in the sum of Eq. 5

Row Sample Cysteine Tricho Raor Figure no.
1 NM 64 36 0.92 5
2 DOPEC 55 45 1.95 6
3 DEC 60 40 1.25 7
4 DAC 19 81 5.24 8
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Table 5 The best fit values of p are shown in columns 3 and 4. These
were obtained under the assumption that S in the compound reported
in the second column is present in structural environments equal in
the percentage of p and 1—p to those of cysteine and decarboxytri-
chochrome C. In column five the values of the likelihood function per
degree of freedom are reported. Data in the energy interval 2.0-10.6
eV, which exclude the main peak, have been used in the sum of Eq. 5

0.2

0.15

0.1

NM

Row

Sample

Cysteine

Tricho

R dof

Figure no.

1
2
3
4

NM
DOPEC
DEC
DAC

62
56
48
20

38
44
52
80

0.64
1.14
0.98
6.59

(el B Y |

0.05

ok B

the model compounds after the main peak, as fingerprints
for the presence of either cysteine-like or benzothiazine-
like S in the other compounds. Indeed, for the present
analysis, no special significance should be attached to the
shape of the white lines themselves, which all look very
similar. However, since it is not completely obvious how to
determine where the peculiar features we are interested in
really start along the energy axis, the decision of where to
cut the sum in Eq. 5 introduces some degree of ambiguity.
In addition, given the rather short energy region over which
spectral data extend, it can be statistically dangerous to
reduce too significantly the number of points contributing
to R. To comply with these conflicting requirements, we
decided to perform our analysis both taking into account all
data and restricting attention to the part of the spectrum
beyond the white line, hoping that the kind of information
we desire to extract would not crucially depend on the
magnitude of the energy range where the sum in Eq. 5 is
extended. Fortunately within the margin of error, the values
of p reported in Tables 4 and 5 are fairly consistent.

Furthermore, we have also checked that with our
experimental numbers the best fit values of py;,.., we
obtain are pretty much independent of which of the two
methods described above (below Eq. 5) we use to evaluate
the statistical errors in Eq. 5.

In Figs. 5, 6, 7, and 8 the spectra resulting from the fits
of Table 4 (gray line) and Table 5 (broken line) are shown
superimposed on the experimental spectra (solid black
line). The fits obtained including or excluding the white
line are essentially indistinguishable, except in the case of
DEC. This fact is related to higher intensity of the peak of
the white line and the more structured shape of the spec-
trum after the first dip (see Fig. 3) of the DEC spectrum
with respect to those of NM and DOPEC.

Physically the most important conclusion one can draw
looking at Figs. 5, 6, 7 and 8 and the results in Tables 4
and 5 is that a good fit with the NM spectral data is
obtained by assuming that S is present in the sample in the
cysteine-like and benzothiazine-like environment at the
level of about p ~ 64% and 1—p ~ 36%, respectively,

E fel)

Fig. 5 NM best fit spectra obtained either by including (gray solid
line, Table 4) or excluding (black dotted line, Table 5) the white line
contribution are drawn superimposed on normalized experimental
data (black solid line). Difference spectra are also shown. Energies
are counted from the edge energy

02
DOPEC

0.15f 7

0.1F B

\:,_‘/'\,(
0.05[
0 3 [P
I -f’

-5 0 5 10  E(eV)

Fig. 6 DOPEC best fit spectra obtained either by including (gray
solid line, Table 4) or excluding (black dotted line, Table 5) the white
line contribution are drawn superimposed on normalized experimental
data (black solid line). Difference spectra are also shown. Energies
are counted from the edge energy

with an uncertainty that we can estimate to be Ap ~ 0.05.
This value is obtained using the standard error formula for
the fitted parameter p (Eq. 6).

Rather good fits are also obtained for the synthetic
neuromelanins, DOPEC and DEC. In the case of DOPEC,
the values of p are completely insensitive to whether the
points under the white line are included or not in the fit. As
we remarked before, this is not the case for DEC. We
notice, however, that a value of p very near to those
obtained for NM is found when the fit is done over the
whole set of spectral data.

The fit to the synthetic neuromelanin DAC data is, in
contrast, definitely not very good. This may be put in
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DEC

0.151

0.05

-5 0 5 10 E (el)
Fig. 7 DEC best fit spectra obtained either by including (gray solid
line, Table 4) or excluding (black dotted line, Table 5) the white line
contribution are drawn superimposed on normalized experimental
data (black solid line). Difference spectra are also shown. Energies
are counted from the edge energy

0.2
DAC
0.15
0.1 8
“'l-
0.05
0
10 E (eV)

Fig. 8 DAC best fit spectra obtained either by including (gray solid
line, Table 4) or excluding (black dotted line, Table 5) the white line
contribution are drawn superimposed on normalized experimental
data (black solid line). Difference spectra are also shown. Energies
are counted from the edge energy

relation to what we indirectly know about its structure on
the basis of its preparation process. DAC is, in fact, pro-
duced in an auto-oxidation process at the end of which
cysteine is removed. It is then not surprising that one
cannot fit its spectrum by employing cysteine in addition to
decarboxytrichochrome C.

We end this section with the following observation. One
could imagine extending the above scheme and consider
the possibility of fitting any one of the available spectra in
terms of the spectral data of any other pair of compounds.
Not much new information, however, can be extracted in
this way. The reason is that, for the good fits, the values
one obtains for the p;,,, will satisfy the nonlinear relation

@ Springer

Plism] = PjaPlesm] + (1= Pliki) Pl (7)

which is a consequence of their physical and mathematical
meaning as S concentration percentages.! No useful
information can be drawn from the cases where the fit is
not sufficiently good.

Conclusions

The investigation we have presented in this paper is the
first spectroscopic study showing the presence of hetero-
cyclic S of the benzothiazine type in synthetic neuromel-
anins and natural (human) NM. Although previous studies
(Odh et al. 1994; Wakamatsu et al. 2003) reported that
chemical degradation of pheomelanins and natural NM
generates the typical molecules that derive from benzo-
thiane rings, a direct and nondestructive demonstration of
this fact was still missing.

In this paper, we have been able to show that the S
environment of NM is most similar to the one present in the
synthetic neuromelanins produced by enzymatic oxidation.

Interestingly the presence of different percentages of the
S-containing constituents could be quantitatively assessed
through the XAS analysis of the S atomic site. We have
found that S in NM appears in two different structural
coordination modes, namely either bound to a benzothi-
azine-like ring or present in a cysteine-like environment, in
the ratio 64-36 (with an error of 5).

The synthetic neuromelanins obtained by enzymatic
oxidation (DEC and DOPEC) are found to be most similar
to natural NM, which indicates that NM biosynthesis likely
involves enzymatic oxidation.

The whole investigation was possible owing to the
extraordinary potentialities offered by the XAS spectros-
copy. Although very rarely used in the study of S in bio-
logical molecules, XAS has proved to be a very sensitive
technique able to identify even small differences among
structurally similar compounds.
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