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Abstract

X-ray absorption spectroscopy at the sulfur K-edge (2.4–2.6 keV) provides a sensitive and specific technique to identify S-nitroso
compounds, which have significance in nitric oxide-based cell signaling. Unique spectral features clearly distinguish the S-nitroso-
form of a cysteine residue from the sulfhydryl-form or from a methionine thioether. Comparison of the sulfur K-edge spectra of
thiolate, thiol, thioether, and S-nitroso thiolate compounds indicates high sensitivity of energy positions and intensities of XAS
pre-edge features as determined by the electronic environment of the sulfur absorber. A new experimental setup is being developed
for reaching the in vivo concentration range of S-nitroso thiol levels in biological samples.
� 2005 Elsevier Inc. All rights reserved.
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Nitric oxide (NO) is a free radical that is implicated in
the regulation of blood circulation [1,2], cell death [3,4],
and neural functions [5,6]. The proposed mechanism for
NO bioactivity involves post-translational modifica-
tions, where NO can oxidize proteins or attach NO2 (ni-
trate) or NO (nitrosate) to amino acid residues [1–7].
The S-nitrosation of specific cysteines is emerging as
an important mechanism for regulation of signal trans-
duction in cells [8]. Despite the progress in understand-
ing the details of NO-based cell signaling, research is
hindered by a lack of a sensitive and specific method
to identify S-nitrosated (SNO) proteins [9,10]. This is
partially due to the low concentration of nitrosated
intracellular proteins as well as the great sensitivity of
the ON–S bond to sample aging, manipulation, and re-
dox conditions [11,12].

In red blood cells, release of NO from a specific cys-
teine (SNO-bC93) induced by hypoxic conditions (low
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tissue pO2) triggers vasodilation [2]. At physiological
conditions [13,14], the hemoglobin concentration is in
the millimolar range. It is proposed, however, that only
1 in 5000 hemoglobin possess a molecule of NO (micro-
molar range) [15].

The current chemical [11,16–19], electrochemical [20],
biochemical techniques [10,21–23], and standards [24]
employed in detecting and quantitating protein SNO
levels at an uncomfortable low analyte concentration
utilize the unique chemical reactivity of NO. Among
the spectroscopic methods, the EPR technique can
determine the metal (heme) bound NO at nanomolar le-
vel [25–27]; however, it is transparent to SNO due to its
diamagnetic electronic ground state.

The unique electronic structure of S-nitroso thiols can
provide a specific experimental handle for detecting and
characterizing SNO formation and release. Molecular
orbital theory defines r and p bonding interactions be-
tween the sulfur 3p and the NO p* orbitals that render
the SNO electronic structure unique with respect to cys-
teine and methionine. Fig. 1 illustrates the three lowest
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Fig. 1. Frontier unoccupied orbitals (LUMO through LUMO + 2) of
S-nitroso methylthiolate (H3C-SNO).
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lying, unoccupied orbitals in the order of increasing en-
ergy with significant sulfur character. The sensitivity of
SNO toward reduction can be rationalized by the anti-
bonding nature of these valence orbitals along the N–S
bond vectors.

The sulfur 3p-based bonding interactions of SNO can
be directly probed by X-ray absorption spectroscopy
[28]. The sulfur K-edge XAS in the energy range of
2.4–2.6 keV corresponds to excitation of sulfur core 1s
electrons to unoccupied orbitals, giving various bound
states and, at higher energies, excitation to the contin-
uum giving rise to an intense edge jump. The bound
states appear as pre-edge or rising-edge features before
the edge jump. Analysis of these near-edge spectral fea-
tures (NEXAS [29]) provides electronic structural infor-
mation about the absorber atom, while the energy
region beyond the edge jump (EXAFS [30]) gives geo-
metric information by defining the radial distribution
of atoms (as scatterers) around the absorber. Since the
bound state transitions are localized on sulfur and elec-
tric dipole allowed, the intensity of the pre-edge features
is proportional to the sulfur 3p character in the unoccu-
pied, acceptor orbitals.

Sulfur K-edge XAS has already been successfully ap-
plied in analytical determination of chemical speciation
[31–38] and in electronic structure studies of transition
metal thiolates [39,40], Fe–S clusters [41,42], and various
bioinorganic active sites [28,43–45]. This study intro-
duces a novel experimental way of detecting SNO in
proteins using a comparison of sulfur K-edge XAS
spectra of S-nitroso compounds to cysteine and methio-
nine, and various thiolate salts. Using the data obtained
for the solid models, the spectrum of the crystallograph-
ically characterized S-nitroso human hemoglobin [46] is
predicted.
Materials and methods

XAS data collection. SNO compounds (Fig. S1) were purchased
from Cayman Chemicals and other sulfur compounds from Sigma–
Aldrich. Sulfur K-edge XAS measurements were carried out at BL9.3.1
of Advanced Light Source under ultrahigh vacuum (10�7 torr) with a
liquid nitrogen-cooled sample rod. The solid samples were ground and
pasted onto a sulfur-free Mylar dot (Shercon). Preparation of SNO
samples was carried out in a liquid nitrogen boil-off cooled, portable
glovebox with continuous dry nitrogen purge (atmosphere temperature
was maintained at 0 ± 5 �C) to minimize SNO decomposition. Due to
the low temperature data collection setup, no photoreduction, radia-
tion damage or change in the color of the samples was observed over a
lengthy exposure to the beam. The sample cell was positioned at
approximately 45� relative to the incident beam. Fluorescence signal
was collected using a Si-photodiode aligned parallel with the sample
cell. The incident photon energy was scanned in 0.5 eV steps outside
the rising-edge region, where the stepsize was 0.1 eV. The resting time
of the Si(111) double crystal monochromator and the dwell time for
data collection were set to 400 ms and 1s, respectively. At least five
scans were averaged to obtain a good signal-to-noise ratio. The inci-
dent photon energy was calibrated to the first transition (2472.02 eV)
of the sodium thiolsulfate pentahydrate spectrum with reproducibility
within 0.1 eV. A smooth background (second order polynomial) was
subtracted from the spectra and normalized at 2490 eV of the spline
(second order polynomial). Rough data processing was carried out at
the beamline immediately after data collection, while final data pro-
cessing of calibration, background subtraction, spline, and fitting was
performed using PeakFit 4.12 (SeaSolve).

Electronic structure calculations. Electronic structure calculations
were carried out using the Gaussian03 suite [47]. The geometry of S-
nitroso methylthiolate was optimized using GGA Becke exchange [48]
and Perdew correlation [49] functionals with 6-31G(d) basis set for all
atoms [50,51]. The electronic wave function at the equilibrium geom-
etry (no imaginary vibrational frequency) was analyzed by Natural
Population Analysis [52–54].
Results and discussion

Unique spectral features of SNO

The sulfur K-edge spectra (Fig. 2) of sodium salt,
sulfhydryl, and S-nitroso thiolates show dramatic XAS
spectral differences. The thiolate salt has a characteristic
transition at 2472.1 eV, which is well resolved from the
rising-edge features. The former transition corresponds
to a sulfur 1s fi S–C r* excitation, while the latter to
fisulfur 4p excitations superimposed with atomic scat-
tering. In cysteine, the protonation of sulfur increases
the sulfur effective nuclear charge and thus shifts the
fiC–S r* excitation to higher energy (2474.2 eV). The
corresponding feature in S-nitroso glutathione (GSNO,
Fig. S1) appears at even higher energy (2474.9 eV), due



Fig. 2. Normalized sulfur K-edge spectra of sodium ethylthiolate
(black j), cysteine (blue m), and GSNO (red �) with spectral
assignments. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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to electron donation from the sulfur 3p orbital to a va-
cant p* orbital of the formally NO+ moiety. As antici-
pated from Fig. 1, NO+ binding to the thiolate gives
rise to features corresponding to fiON–S p* and r*
excitations, at 2471.4 and 2473.3 eV, respectively (Fig.
2). The energy splitting of the three resolved features
(1.9 and 1.5 eV for ON–S p*/r* and ON–S/S–C r*,
respectively) of the GSNO spectrum correlates well with
the calculated splitting of the unoccupied orbitals (2.1
and 1.9 eV, respectively) in the ground electronic state
of S-nitroso methylthiolate shown in Fig. 1.

Sensitivity of sulfur K-edge XAS

In addition to detecting SNO, sulfur K-edge XAS
shows sensitivity to changes in the electronic environ-
ment of the sulfur absorber. Perturbation in the electron
donating ability of the organic moiety changes the en-
ergy positions of pre-edge features by affecting the sulfur
effective nuclear charge. For example, the S–C r* tran-
sition is shifted up in energy by approximately 0.8 eV in
Table 1
Assignments of sulfur 1s core electron excitations for selected model
compounds

Compounds Excitation (S 1sfi) Transition energy (eV)

NaSEt S–C r* 2472.1
NaSPh S–C r* 2472.9
Cysteine H–S r* 2473.4

S–C r* 2474.2
Methionine S–C r* 2473.5

2474.4
GSNO ON–S p* 2471.4

ON–S r* 2473.3
S–C r* 2474.9

SNAP ON–S p* 2471.3
ON–S r* 2472.9
S–C r* 2474.2
the sodium salt of phenylthiolate (Table 1) due to the
electron withdrawing effect of the aromatic ring, relative
to the alkyl groups in ethylthiolate (Fig. S2). In methio-
nine, two C–S r* transitions are observed, which are
only slightly higher in energy (0.1–0.2 eV) relative to cys-
teine (Fig. S3). Most importantly in SNO, the perturba-
tion of the organic moiety influences the ON–S bonding,
as indicated by the change in energy positions of corre-
sponding features (Table 1, Fig. S4) in N-acetyloxy-3-
nitrosothiovaline (Fig. S1, SNAP) relative to GSNO.
In SNAP, the sulfur is attached to a tertiary carbon,
which has a greater electron donating ability than the
primary carbon in GSNO (or SNO-Cys). This results
in increased electron donation to the sulfur (decreasing
effective nuclear charge) and thus shifts the transitions
corresponding to the C–S r* excitation down in energy
by about 0.7 eV (Table 1). It is important to note that
the ON–S r bonding interaction is also perturbed, while
the perpendicular ON–S p bonding does not seem to be
affected significantly, as indicated by the energy posi-
tions of corresponding transitions in Table 1.

Predicted spectrum for S-nitroso human hemoglobin

Using the normalized sulfur K-edge spectra of
GSNO, cysteine, and methionine, the XAS spectra of
S-nitroso proteins can be predicted. The tetrameric, S-
nitroso hemoglobin [46] contains 12 sulfur atoms that
are potential absorbers in sulfur XAS. Subunits A and
C contribute Met32, Met76, and Cys104, while subunits
B and D give rise to features due to Met55, Cys112, and
SNO-Cys93. The heme bound NO will not contribute to
the XAS spectrum in this energy region.

The predicted sulfur K-edge spectrum of the S-ni-
troso hemoglobin is shown in Fig. 3. Due to the overlap-
ping features, only the sulfur 1sfi ON–S p* transition is
expected to be resolved in the protein spectra. The min-

imum at 2471.4 ± 0.1 eV of the second derivative spec-
trum (dotted lines) allows for the quantitation of the
Fig. 3. Predicted sulfur K-edge spectrum of the S-nitrosated-form of
human hemoglobin.
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ON–S p* transition, which can be directly correlated with

the S-nitroso thiol concentration. Alternatively, subtrac-
tion of protein spectra with and without bound SNO
can give resolved features corresponding to the ON–S
p* and r* transitions, thus providing two points for
analytical quantitation.

The potential of XAS has been demonstrated for
detecting S-nitroso compounds. The high sensitivity of
sulfur K-edge XAS provides insights into the electronic,
electrostatic, and steric environments around the SNO
moiety. These can be derived from pre-edge energy posi-
tions, intensities and from EXAFS analysis, respectively.
Experiments carried out at Advanced Light Source
BL9.3.1 employ fluorescence detection in an ultrahigh
vacuum chamber. In order to approach the concentration
range of in vivo samples, a new beamline end-station is
being designed with detectors for simultaneous data col-
lection in transmission, electron-yield, and fluorescence
modes from windowless, frozen biological samples.
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