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Abstract
It has been proposed that autoxidation of nitric oxide (·NO) stimulates S-nitrosation of thiols located
in the hydrophobic milieu. We tested whether thiols located in hydrophobic membranes undergo
enhanced S-nitrosation in the presence of ·NO/O2. Transmembrane cysteinyl peptides, C4 (AcNH-
KKACALA(LA)6KK-CONH2); C8 (AcNH-KKALALACALA(LA)3KK-CONH2), were
incorporated into dilauroylphosphatidylcholine (DLPC) bilayers; their location in the membrane was
determined by EPR spin labeling. The peptides, C8 and C4, and GSH (300 μM) were treated with
a ·NO donor, DEA-NONOate, and nitrosothiol formation determined under different O2 levels.
Surprisingly, the more hydrophobic cysteinyl peptide, C8, did not yield any S-nitrosated product
compared to GSH in the aqueous phase or C4 peptide in the liposomes in the presence of ·NO/O2.
This data suggests that thiols located deeply in the hydrophobic core of the membrane may be less
likely to undergo S-nitrosation in the presence of ·NO/O2.
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INTRODUCTION
Increasing evidence suggests that S-nitrosation of protein thiols is a key post-translational
modification that has a profound effect on protein function, redox signaling, and signal
transduction mechanisms [1-3]. The list of key physiologically relevant enzymes that can
potentially be regulated by S-nitrosation is steadily growing [2,4-7]. The mechanism of S-
nitrosation of protein thiols under in vivo conditions is still under investigation. Reports indicate
that autoxidation of ·NO stimulates S-nitrosation reactions. In this reaction, ·NO and molecular
oxygen form nitrogen di-oxide (·NO2), which may react with thiol to form a thiyl radical that
rapidly combines with ·NO to form an S-nitrosothiol. Alternatively, ·NO2 may react with ·NO
to form dinitrogen trioxide (N2O3) which may nitrosate the sulfhydryl group [8-10]. However,
the biological significance of these reaction mechanisms had been questioned because the rate-
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limiting step is a second order in ·NO and first order with respect to O2. At physiological ·NO
and O2 levels, it is kinetically unfavorable [11]. However, their relative concentrations in
hydrophobic membranes are much higher, as both molecular O2 and ·NO are lipophilic [12,
13]. Consequently, the rate of formation of N2O3 was estimated to be at least 300-fold higher
in hydrophobic membranes as compared to the aqueous phase [14,15]. This has lead to the
speculation that thiol groups present within, or in close proximity to, membranes or
hydrophobic protein domains are more prone to undergo S-nitrosation via this mechanism
[16]. However, this reaction (i.e., S-nitrosation of hydrophobic thiols in the presence of ·NO/
O2) has never been tested experimentally in a well-defined model system. To investigate
whether thiols located in hydrophobic membranes undergo enhanced S-nitrosation, we
designed a model membrane system in which transmembrane cysteinyl peptides with cysteine
located at different positions were incorporated into saturated DLPC liposomes. The present
data show that thiols located in more hydrophobic regions undergo less S-nitrosation in the
presence of ·NO and O2 as compared to thiols located in more hydrophilic environments.

MATERIALS AND METHODS
Peptide synthesis and purification

Transmembrane peptides had acetylated N-termini and amide-blocked C-termini. Peptides
were chemically synthesized using the standard Fmoc solid phase peptide synthesis chemistry
and an Advanced Chemtech (Louisville, KY) Model 90 synthesizer and purified by
semipreparative reverse phase HPLC and molecular weight determined by LC-MS as described
previously [17].

Synthesis, purification, and detection of S-nitrosopeptides
The C4 or C8 peptides (1 mM) were treated with S-nitrosoglutathione (GSNO) (20 mM) in a
50% methanol and 50% phosphate buffer (50 mM, pH 7.4) mixture containing DTPA (100
μM) at room temperature for 15 min. GSNO was prepared according to published methods
[18]. The concentration of the S-nitrosated peptide was determined using the Saville's reaction
[19]. 15N-labeled C4-SNO was prepared by treating C4 with 15N-labeled GSNO. After
separating by HPLC, mass spectral studies on 14 N- and 15N-labeled nitrosothiols were carried
out (Fig. S2 in Supplementary Information).

Incorporation of pure and spin labeled C4 and C8 peptides into liposomes
Liposomes were prepared according to published methods [20]. A methonolic solution of the
peptide was added to DLPC in methanol. The mixture was dried under a stream of N2 gas and
kept in a vacuum dessicator overnight. Multilamellar liposomes were prepared by thoroughly
mixing the dried lipid in phosphate buffer (100 mM, pH 7.4) containing DTPA (100 μM).
Unilamellar liposomes were prepared by freeze-thawing (5 cycles) in liquid nitrogen, followed
by 25 cycles of extrusion through a 0.2 um polycarbonate filter (Nucleopore, Pleasanton, CA)
in an extrusion apparatus (Lipex Biomembranes Inc., Vancouver, BC).

The C4 or C8 peptide was mixed with methanethiosulfonate (MTSL) (5 mM) in a 50% methanol
and distilled water solution at 4°C overnight (Fig. S3 in Supplementary Information). The spin
labeled peptide was separated on a HPLC system and lyophilized. The spin labeled C4 and
C8 peptide was incorporated into liposomes as described above, while ensuring that the ratio
of peptide to lipid was 1:500. Spin labeled peptides incorporated liposomes were then
concentrated by ultracentrifugation. A similar procedure was followed for blocking reactive
thiols with methyl methanethiosulfonate (MMTS).
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HPLC analyses of nitrosated peptides
Briefly, a 20 μl of sample was injected into a HPLC system (HP1100) with a C-18 column
(250×2 mm) equilibrated with 0.1% trifluoroacetic acid. The parent peptides and the S-
nitrosated peptides were separated by a linear increase of acetonitrile concentration (1% per
min) at a flow rate of 0.2 ml/min. S-nitrosated peptides were detected using a variable detector
at 336 nm.

Tri-iodide detection of S-nitrosated peptides: Detection levels
The DLPC liposomes containing the transmembrane peptide, after incubation with DEA-
NONOate at 37°C, were dissolved in methanol (1:1, v/v) and free thiols were blocked by trating
with iodoacetamide for 30 min. Free nitrite in these samples were scavenged by adding 10%
(v/v) of ammonium sulfamide (20%) in 2N HCl at room temperature for 15 min (Fig. S4 in
Supplementary Information). Where indicated, HgCl2 (5 mM) was added immediately after
adding ammonium sulfamide. Formation of S-nitrosated thiols were detected in a Sievers
Model 280A ·NO analyzer by ozone-based chemiluminescence. Typically, samples (20-300
μl) were injected into a purge vessel containing a 5 ml reaction mixture (5.6 mg/ml of KI and
3.6 mg/ml of iodine in 13.6 M acetic acid. The amount of S-nitrosothiol was quantitated by
comparing the signal with those obtained from an authentic nitrosothiol. Under these
experimental conditions, the linear detection range was from 5 pmol to 400 pmol. The detection
limit was 2 pmol (i.e., 10 nM using a 300 μl injection volume).

Electron paramagnetic resonance (EPR) methods: Microwave power saturation
EPR spectroscopy was performed on a Varian E-102 Century series X-band spectrometer
equipped with a loop-gap resonator. Samples were run in a gas-permeable TPX capillary.
Spectra were recorded using 1 mW incident microwave power and a modulation amplitude of
1 G. Microwave power saturation experiments were carried out using varying microwave
powers (0.1-50 mW). Samples in the TPX capillary were purged with a continuous stream of
air (20% oxygen) or nitrogen or in the presence of NiEDDA under nitrogen. The peak-to-peak
intensity of the center line (Mi=0) of the EPR spectra were plotted against the square root of
the incident microwave power.

RESULTS
Location of transmembrane cysteinyl peptides

We synthesized and purified the cysteinyl peptides, C4 (AcNH-
KKACALALALALALALALAKK-CONH2) and C8 (AcNH-
KKALALACALALALALALAKK-CONH2). These peptides were subsequently
incorporated into dilauroylphosphatidylcholine (DLPC) liposomes containing saturated alkyl
chains. The position at which the cysteinyl residue was located in the membrane was
determined by EPR spin labeling methodology [21]. Each peptide was treated with the
sulfydryl-specific nitroxide spin label, MTSL (Fig. S1 in Supplementary Information). Figure
1 shows the EPR spectrum of MTSL-labeled C4 peptide. The EPR spectrum is homogeneous
and motionally restricted, consisting of a single component. The location of the nitroxide
attached to a specific cysteinyl residue in the bilayer was determined by continuous wave power
saturation EPR measurements in the presence of oxygen, nitrogen, and the polar paramagnetic
agent, nickel (II) ethylenediaminediacetate (NiEDDA) [22,23]. Typically, under nonsaturating
conditions, the height of the spectral line is proportional to the incident microwave power and
increases linearly with the square-root of the incident power, P1/2. At higher microwave
powers, the signal intensity begins to decrease due to power saturation. In the presence of a
paramagnetic relaxation agent that interacts with the nitroxide through a bimolecular collision
mechanism, the relaxation rate is enhanced; this allows the sample to absorb more microwave
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power prior to saturation [21]. The concentration of molecular oxygen, a small hydrophobic
paramagnetic molecule, is increased in the center of the lipid bilayers. In contrast, NiEDDA,
a neutral, water-soluble paramagnetic agent, concentrates mainly in the aqueous phase and not
in the center of the lipid bilayers. The relative extent of the interaction between the spin-labeled
peptide and these two paramagnetic agents gives valuable information concerning the
molecular location of the spin-labeled cysteinyl peptide [22,23]. Based on comparison with
lipid spin label standards, the position of the nitroxide attached to the C4 and C8 cysteinyl thiols
was estimated to be at a depth of 9 ± 1 Å and 12.5 ± 1 Å below the lipid phosphates, respectively.

HPLC analysis of S-nitrosation of transmembrane hydrophobic thiols (C4 and C8) and
glutathione induced by ·NO and O2

Authentic S-nitrosated standards of C4 and C8 peptides (C4-SNO and C8-SNO) were prepared
via transnitrosation reaction between GSNO and C4 and C8. After purification using a
preparative HPLC method, molecular weights of the nitrosated products were determined by
ESI-MS. As shown in Figure 2a-c (top trace), the authentic standards C8-SNO (4 μM), C4-
SNO (20 μM), and GSNO (20 μM) were separated and detected by HPLC-UV at 336 nm. The
HPLC-MS results were further confirmed using the 15N-labeled nitrosated products (e.g., C4-
S15NO) (Fig. S2 in Supplementary Information). To investigate ·NO/O2-mediated nitrosation
of thiols, C4 and C8 in liposomes and GSH in a phosphate buffer containing DTPA (100 μM)
were incubated with DEA-NONOate, a ·NO donor that spontaneously releases ·NO [t1/2=16
min in phosphate buffer (pH 7.4) at 37°C] for 20 min [24,25]. After blocking the unreacted
thiols with iodoacetamide (50 mM), reaction mixtures were separated and detected by HPLC
at 210 nm and 336 nm. Figure 2a-c (middle trace) shows the HPLC profiles of S-nitrosated
products formed from C8 and C4 peptides, and GSH incubated with DEA-NONOate.
Surprisingly, C8-SNO was not detectable under these conditions. The increase in C4-SNO
formation was modest compared to GSNO formation. Figure 2a-c (bottom trace) shows the
HPLC profiles in the absence of DEA-NONOate. Figure 3a shows the yields of nitrosothiols
formed from incubating C4 or C8 (300 μM) in DLPC liposome (30 mM) or GSH (300 μM) in
phosphate buffer in the presence of varying concentrations of DEA-NONOate (0-500 μM).
Both GSNO and C4-SNO increased linearly up to 250 μM of DEA-NONOate, although the
yields of GSNO were 2- to 3-fold higher over this range (0-250 μM). At much higher
concentrations of DEA-NONOate (500 μM), the C4-SNO levels slightly decreased, the reasons
for which are not clear at present. Again, the most intriguing finding is that the C8-SNO levels
were barely detectable over a wide range of DEANONOate concentrations (0-500 μM),
although there was a decrease in C8 peptide levels (Fig. 3b), indicating that ·NO or oxidants
derived from it reacted with C8 thiols in the hydrophobic environment. These results suggest
that a decrease in the hydrophobicity will stimulate ·NO/O2-mediated S-nitrosation of
transmembrane cysteinyl peptides.

Tri-iodide chemiluminescence analyses of S-nitrosation of C4, C8, and GSH induced by ·NO
and O2

Further validation of HPLC results was obtained using a highly sensitive tri-iodide
chemiluminescence method capable of detecting 1-2 picomoles of S-nitrosated thiols [26,27].
Establishing a standard curve for authentic GSNO, C4-SNO, and C8-SNO was essential to rule
out the structural dependency of signals obtained from the Siever's analyzer. As shown in
Figures 4a and b, similar traces were obtained from the ·NO analyzer in response to injecting
GSNO and C8-SNO (5-20 pmol). The addition of mercuric chloride (HgCl2) totally abrogated
the chemiluminescence signal obtained from 20 pmoles of GSNO or C8-SNO, indicating that
nitrosothiols are responsible for chemiluminescence signals. As autoxidation of ·NO generates
large amounts of nitrite, we determined the optimal quantity of ammonium sulfamide (a nitrite
scavenger) to be included in subsequent experiments in order to eliminate nitrite-mediated
artifacts. Figure 4c shows the actual traces obtained from the ·NO analyzer after injecting 200
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pmol of nitrite in the presence of different concentrations of ammonium sulfamide. Results
indicate that 1% of ammonium sulfamide (final concentration) was sufficient to scavenge all
nitrite. Finally, we determined whether DLPC liposome interfered with hydrophobic
membrane nitrosothiol detection. Figure 4d shows the traces obtained after injecting C8-SNO
(5 pmoles) and C8-SNO (5 pmoles) in DLPC liposome (30 mM lipid) into the ·NO analyzer,
indicating no interference from liposomes on chemiluminescence signals obtained from
nitrosothiol.

Next we investigated nitrosothiol formation, using the tri-iodide chemiluminescence method,
during the reaction between ·NO/O2 and C4, C8, and GSH. Incubation conditions were identical
to those described for HPLC analyses. Figure 5 (left panel) shows the chemiluminescence
signal obtained upon injecting 10 μL sample of an incubation mixture containing GSH (300
μM) and DEA-NONOate in aerobic phosphate buffer. This signal represents 19 ± 4 μM (n=4).
Figure 5 (middle panel) represents the chemiluminescence signal formed from injecting a
sample from incubations containing C4 incorporated into DLPC, and DEA-NONOate. The
injection volume was 5-fold higher than the GSH reaction mixture. In the presence of HgCl2
no signals were detected. Again, we could not detect any signal from the reaction between
C8 and DEA-NONOate under otherwise similar incubating conditions (Fig. 5, right panel).
Even with 30 times the injection volume used in GSH experiment, no signal was detected from
the C8 reaction with DEA-NONOate (Fig. 5, right panel). Thus, on the basis of results obtained
from using two different approaches, we conclude that S-nitrosation of thiols located in
hydrophobic membranes is dramatically inhibited during ·NO autoxidation.

We then investigated the oxygen dependency on nitrosothiol formation, because of a bell-
shaped response reported previously for S-nitrosation of thiols in aqueous solution [10]. We
surmised that a plausible reason for the lack of S-nitrosation of C8 peptide in DLPC membrane
could be due to the higher oxygen concentration in the most hydrophobic region of the
membrane. Figure 6a shows the influence of 100% air and argon on ·NO-dependent nitrosation
of GSH in phosphate buffer. Next, we compared the levels of GSNO, C4-SNO, and C8-SNO
as a function of air concentration in incubations containing GSH, C4, C8 and DEA-NONOate
performed in a glove box. We observed a bell shaped response with respect to GSNO and C4-
SNO formation with a maximum S-nitrosation yield occurring at 30 μM oxygen (15% air).
Compared to GSH and C4, the nitrosation of C8 peptide was negligible at various aerobic
concentrations (Fig. 6b, bottom trace). These results strongly suggest that the lack of S-
nitrosation of C8 is not due to the higher concentration of oxygen in the more hydrophobic
region of DLPC membrane.

Modification of thiols in C4-SH peptide with MMTS, a thiol modifying agent, totally inhibited
formation of C4-SNO during incubation C4 peptide with various concentrations of nitric oxide
donor (Fig. S3 in Supplementary Information).

DISCUSSION
It is well established that N2O3, formed during ·NO reaction with O2, reacts with thiolate anions
to form nitrosothiols [9]. It was proposed that N2O3-dependent S-nitrosation is highly efficient
and focused by hydrophobic membranes [14,15]. The prevailing view is that the local
hydrophobicity might promote S-nitrosation of cysteine thiols in the hydrophobic membrane
[28,29]. S-nitrosothiols are typically formed via donation of a nitrosonium ion (NO+) from
N2O3 to the nucleophilic thiolate anion (RS− + NO+ → RSNO). Thus, this reaction is unlikely
to occur in the hydrophobic regions of the membranes where cysteinyl thiols remain protonated.
Consistent with this prediction, addition of DEA-NONOate (up to 500 μM) to DLPC
membranes incorporated with 100 μM C8 peptide did not induce S-nitrosation. Hydrophobicity
in the membrane is largely governed by the extent of water penetration [30]. A typical

Zhang et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hydrophobicity profile across saturated membranes is shown in Figure 7. The local
hydrophobicity was determined by measuring the Z component of the hyperfine tensor (Az)
of the nitroxide spin probe incorporated at different depths in the membrane. Based on these
measurements, the water concentration near the hydrophobic center of the bilayers is estimated
to be approximately 50 mM, or about 0.1% of that in the bulk aqueous phase. A decrease in
the membrane hydrophobicity (i.e., increase in water penetration into the membranes) will
stimulate ·NO/O2-mediated S-nitrosation of transmembrane cysteinyl peptides as shown in
Figure 7.

To characterize the accessibility of transmembrane thiols to the aqueous phase, the microwave
power saturation technique in the presence of air, nitrogen, or paramagnetic NiEDDA has
previously been used [21-23]. If the spin labeled nitroxide is in an aqueous environment, it
takes a much higher microwave power to saturate the signal in the presence of water-soluble
NiEDDA than in the presence of oxygen. Alternatively, if the nitroxide were to be located in
the interior of the bilayer, the opposite would be true (i.e., higher microwave power needed to
saturate in the presence of oxygen than in the presence of NiEDDA). The change in the half-
saturation parameter, ΔP1/2, derived from the continuous wave (CW) power saturation graphs
(Fig. 1) directly measures the bimolecular collision rate between the nitroxide and the
paramagnetic relaxation agent (oxygen or NiEDDA). Thus, accessibility to NiEDDA is given
by:

and a similar relationship defines accessibility to O2.

Relative accessibilities to O2 and NiEDDA are given by the EPR depth parameter, Ø:

The Phi value Ø is proportional to membrane depth [22,23], and is expected to correlate with
the accessibility of the spin labeled thiol group to nitrosating agents. Our data show that C8
does not undergo S-nitrosation as compared to C4. The Phi values for C4 peptide and C8 peptide
were measured to be approximately 1.85 and 2.2. Phi values have a standard deviation of ±
0.1, so that the calculated depths of spin labels at C4 and C8 are 8.2 (± 0.8) Å and 10.5 (± 0.9)
Å, respectively. However, it has been noted that there is a sharp transition in the hydrophobicity
profile of the membrane, with polarity decreasing significantly over the distance of a single C-
C bond [31]. Consequently, even this relatively small distance separation can result in marked
differences in local polarity. It would appear that there is sufficient water penetration so that
the C4 thiols are partially ionized, making it kinetically possible to react with nitrosating agent
(N2O3 or NOX) formed from ·NO and O2. In the DLPC membranes, the C8 thiols are probably
not ionized, thus restricting the reaction between the C8 –SH group and NOx or N2O3. These
results suggest that the accessibility parameter may be used as a predictor of whether a
particular thiol is more or less susceptible to undergo S-nitrosation in the presence of ·NO and
O2.

It has been suggested that the presence of nearby amino acids capable of altering the cysteine
protonation state may play an important role in mediating Cys nitrosation [32,33]. However,
the ability of a nearby amino acid to influence cysteine protonation generally requires a well-
defined structural association between the two amino acids, which probably does not occur in
these flexible peptides. In addition, the lysine residues in these peptides are located in the
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aqueous phase above the plane of the membrane where they are most likely to interact with
water, whereas the cysteine residues are clearly buried in the hydrophobic phase of the bilayer.
Thus, the role of lysine residues on cys deprotonation in the present case appears to be tenuous.
Nonetheless, we cannot completely rule out the possibility that the smaller separation between
C4 and the N-terminal lysine residues plays a role in enhancing nitrosation at the C4 position.
Additional model peptides with lysine incorporated in the middle of the membrane need to be
carefully designed with appropriate controls.

Nitric oxide-dependent posttranslational modifications (nitrosation and oxidation of peptidyl
cysteine residues and protein tyrosyl nitration) have heen detected in human diseases [34,35].
In principle, all thiols are susceptible to S-nitrosation. However, it is evident from these studies
that this nitrosative modification is selective for specific cysteines [32]. Recent reports suggest
that intramolecular electron transfer mechanism govern the selectivity of Cys oxidation and
nitrosation [36]. The present results indicate that cysteinyl thiols located in the hydrophobic
core of the membrane bilayer in DLPC bialyers do not undergo S-nitrosation reactions in the
presence of ·NO and O2. Although it would be desirable to perform these experiments at much
lower concentrations of ·NO (that closely mimics physiological conditions) where the catalytic
effect of the membrane is more pronounced, we do not have access to more sensitive technology
that will reliably detect such a low level of nitrosation.

Based on the diffusion and reactivity characteristics of ·NO, it was also suggested that cysteinyl
residues located in hydrophobic regions within a protein are unlikely targets for S-nitrosation
[37]. Although the hydrophobic cysteines (with low solvent accessibility) present in the protein
sarco/endoplasmic reticulum Ca-ATPase (SERCA) undergo efficient oxidation under
nitrosative and nitrative stress, a tyrosyl radical-mediated electron-transfer mechanism has
been proposed in these systems [38].

SUMMARY/CONCLUSION
Transmembrane profiles of the O2 diffusion-concentration product have been determined in a
variety of model membrane systems composed of both saturated and unsaturated lipids, in the
presence and absence of cholesterol, with and without integral membrane proteins [31]. In all
cases these profiles have a similar bell-shaped dependence on membrane depth, with high
O2 levels near the center of the bilayer, and the transmembrane profile of ·NO has been shown
to be quite similar [20]. Transmembrane profiles of water penetration have a comparable bell-
shaped dependence on membrane depth, but with decreasing water concentration near the
center of the bilayer [31]. The consistency of these profiles across many different membrane
compositions strongly suggests that a similar dependence will exist in native biological
membranes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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GSNO S-Nitrosoglutathione

(HgCl2) mercuric chloride
·NO nitric oxide

N2O3 dinitrogen trioxide
·NO2 nitrogen di-oxide

MMTS methyl methanethiosulfonate

NiEDDA nickel (II) ethylenediaminediacetate

MTSL methanethiosulfonate

SERCA sarco/endoplasmic reticulum Ca-ATPase
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Figure 1. EPR spectrum of MTSL-labeled C4 peptide in DLPC liposomes.
(a) The steady state EPR spectrum of MTSL-labeled C4 (300 μM) in DLPC liposomes (30
mM). EPR parameters: Scan width, 100 G; modulation amplitude, 1 G; microwave power, 1
mW; scan time, 4 min. (b) The continuous wave microwave power saturation behavior of C4
peptide in DLPC liposomes. Spectral data obtained under nitrogen (closed squares), air (open
triangles), and under nitrogen in the presence of 100 mM NiEDDA (open circles).
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Figure 2. HPLC analyses of ·NO-mediated S-nitrosation of GSH in aqueous buffer and
transmembrane thiols, C4 and C8, in liposomes
(a) (Top trace) Authentic C8-SNO (100 pmoles) was separated and detected at 336 nm. The
peak eluted at 21 min. (Middle trace) C8 peptide (300 μM) in DLPC liposome (30 mM) was
incubated with DEA-NONOate (250 μM) for 20 min in a phosphate buffer (100 mM, pH 7.5)
containing DTPA (100 μM). Iodoacetamide (50 mM) was added to the reaction mixture to
block free thiols (after dissolving in methanol; 1:1 v/v). HPLC analysis was performed at 336
nm. (Bottom trace) same as above but without DEA-NONOate. (b) (Top trace) Authentic C4-
SNO (20 pmoles) was separated and detected at 336 nm. The peak eluted at 13.5 min. (Middle
trace) same as middle trace in (a) except that C4 peptide (300 μM) was used. (Bottom trace)
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same as above but without DEA-NONOate. (Inset) The UV spectrum of a typical S-nitrosothiol
(e.g., C4-SNO) showed an absorption maximum at 336 nm. (c) (Top trace) Authentic GSNO
was separated and detected at 336 nm. (Middle trace) Same as middle trace in (b) except that
GSH (300 μM) was used. (Bottom trace) same as middle trace, above, but without DEA-
NONOate.
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Figure 3. Formation of GSNO, C4-SNO, and C8-SNO and depletion of C8 during ·NO-mediated
reactions of thiols
(a) GSH (300 μM) or C4 (300 μM), and C8 (300 μM) in DLPC liposomes were incubated in
phosphate buffer (50 mM, pH 7.5) with various concentrations of DEA-NONOate as indicated
for 30 min at 37° C, and the liposomes dissolved in methanol and analyzed by HPLC at 336
nm. The concentrations were determined using the authentic standards. (b) Experimental
conditions were the same as in (a) for C8 and analyzed by HPLC at 210 nm.
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Figure 4. Tri-iodide chemiluminescence analyses of S-nitrosothiol standards
(a) Authentic GSNO (5-20 pmoles) was injected into a purge vessel containing 5 ml reaction
solution [5.6 mg/ml potassium iodide and 3.6 mg/ml iodine in 77% acetic acid (v/v)]. Signals
were detected in a Sievers Model 280A ·NO analyzer and recorded with Liquid software. Arrow
indicates the effect of adding HgCl2 to GSNO prior to injecting into the ·NO analyzer. (b) Same
as (a) except that C8-SNO (5-20 pmoles) was used. Arrow indicates the signal in response to
pretreatment of C8-SNO in a methanolic solution with HgCl2. (c) Nitrite anion (200 pmoles)
was added to DLPC liposome (30 mM) in a phosphate buffer (50 mM, pH 7.5) containing
DTPA (100 μM). Samples (100 μl) were mixed with 10 μl of 2H HCl and various amounts of
ammonium sulfamide and incubated for 15 min in ice. Aliquots were then injected into
the ·NO analyzer. (d) Authentic C8-SNO (5 pmoles) and C8-SNO mixed with 30 mM DLPC
liposomes was tested to investigate the interference of DLPC on C8-SNO detection.
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Figure 5. Tri-iodide chemiluminescence analysis of ·NO-mediated S-nitrosation of GSH in aqueous
buffer and transmembrane thiols, C4 and C8, in liposomes
C4 and C8 peptides (300 μM) in DLPC liposomes (30 mM) or GSH (300 μM) were incubated
with 100 μM DEA-NONOate in a phosphate buffer (50 mM, pH 7.5) containing DTPA (100
μM) for 30 min. Iodoacetamide (50 mM) was added to the liposomal reaction mixtures
dissolved in methanol. Samples were subsequently analyzed in an ·NO analyzer. (Left) Signals
were obtained from injecting 10 μl of reaction mixtures containing GSH. Arrow indicates the
change in signal intensity in response to pretreatment with HgCl2 (5 mM). (Middle) same as
(left) except that 100 μl of reaction mixtures containing C4 peptide was injected. Arrow
indicates the effect of HgCl2. (Right) same as (middle) except that 100 μl of reaction mixtures
containing C8 peptide was injected.
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Figure 6. The influence of oxygen concentration on ·NO-mediated S-nitrosation of transmembrane
hydrophobic thiols, C4 and C8, and GSH
Experimental conditions were the same as described in Figure 2. Experiments were performed
in an oxygen-free glove box, and indicated aerobic levels were achieved by purging the glove
box with appropriate air and argon mixture. Oxygen-depleted reagents were prepared by
degassing with argon. (a) GSH (300 μM) in phosphate buffer (50 mM, pH 7.5) was incubated
with DEA-NONOate in 100% air or in argon for 30 min. The actual traces obtained under
argon-purged conditions and 100% air-saturation are shown in duplicate. The residual signal
obtained in argon is attributed to air contamination. (b) Signals were obtained from incubations
containing 300 μl of GSH, C4, and C8 and DEA-NONOate (50 μM) in DLPC liposome (30
μM) and phosphate buffer (50 mM) containing DTPA (100 μM) for 30 min at indicated aerobic
levels. Data shown are representative of four independent experiments.
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Figure 7. S-nitrosation of transmembrane peptides in membranes as a function of hydrophobicity
Approximate locations of the nitroxide moieties of stearic acid spin labels are indicated by
arrows.
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