e

o
o

8-Nitro-cGMP treatment
- +

*

s 20 5 20

>e4 Zos

FEE 15 G222 15

cCR® g8 B

330 = >0

Egc 10 E£E5E 0

223 2ag

23gos Fw g 05

5 @

4 o} 3 o .

siRNA SiRNA ‘50 ‘(, ‘o e<,
00(\ Q {1 % 0(\ (:j
d 378.0267 e
100~
~ s
8 80+ 2
2> B
G 604 g
3 8
£ o
g 40 4 g
5 o
3 20 &
od Al ‘ i @

320 360 400 440 480 520 560 600
m/z

8-Nitro-cGMP treamtment

fo]
o
]

N
w
2.

W
(=]
1

]
f

o
L

Cc HaS
M lpK. 6.76 2137 °C

M HS”
o : 0
Cys Cys
HN)‘IN HN N
[ Yo )j[ D
Hy J\\N N HZNIK\N N
o o} ~ g 0
F':f \
o=f~0 oH NOz O;T\o OH
[y [
8-Nitro-cGMP 8-SH-cGMP

a Cysteine (-)
M| Cysteine (+)

O>(,\'a()'»

SEEL, ww;o@ S5

&

150 uM 10 M

Figure 1| Regulation of 8-nitro-cGMP-induced protein S-guanylation by HS-producing enzymes via sulfhydration of 8-nitro-cGMP by HS",

(a,b) Enhancement of protein S-guanylation by knockdown of CBS (a) and CSE (b) in A549 cells treated or untreated with 8-nitro-cGMP (200 pM).

In a and b, quantitative data (via densitometric analysis) of S-guanylation western biots are shown at left, and NO,™ release from 8-nitro-cGMP with A549
cells in culture with and without knockdown of CBS or CSE is shown at right. Data represent mean £ s.e.m. (n = 4). *P < 0.05, **P < 0.01 versus control.
Original western blot images are shown in Supplementary Figure 1b. (¢) Possible reaction mechanisms in HS"-dependent sulfhydration of 8-nitro-cGMP.
Transition metals (M) and cysteine thiolate anion (Cys-5~) may participate in sulfhydration by stabilizing the HS™ anion. (d) Mass spectrum of the peak
identified as 8-SH-cGMP formed in the reaction of 8-nitro-cGMP with NaHS. (e) Effects of cysteine and metals on HS"-mediated sulfhydration of
8-nitro-cGMP. The reaction of 8-nitro-cGMP (100 uM) with NaHS (1 mM) was carried out in 100 mM sodium phosphate buffer (pH 7.4) containing

100 uM DTPA in the absence or presence of additives including cysteine (100 pM), metals (150 uM FeSQ,, FeCly, MnCl,, CuSO, or ZnCl,) and metal-
containing compounds or proteins (10 uM hemin, Cu,Zn-SOD, Mn-SOD, catalase or HRP) at 37 °C for 5 h. Data represent mean £ s.d. (n = 3).

based on the modulation of protein S-guanylation in A549 (human
lung epithelial adenocarcinoma) and other cultured cells after
treatment with small interfering RNA (siRNA) for various genes
(Fig. 1a,b). This RNAI screening revealed the substantial impact
of endogenous HS™ generation on 8-nitro-cGMP metabolism. In
particular, two key enzymes of HS™-H,S biosynthesis, cystathionine
f3-synthase (CBS) and cystathionine y-lyase (CSE) (Supplementary
Fig. 1a), had a significant impact on the metabolism of cellular
8-nitro-cGMP in cultured mammalian cell lines, including A549,
HepG2 (human hepatoblastoma) and C6 cells (rat glioblastoma)
(P < 0.05 or P < 0.01 for each assay; Fig. 1a,b and Supplementary
Fig. 1). Protein S-guanylation cansed by exogenously administered
8-nitro-cGMP was markedly augmented after knockdown of CBS
or CSE in A549, HepG2 and C6 cells (Fig. 1a,b and Supplementary
Fig. 1b-d). Moreover, the basal extent of protein S-guanylation
induced by endogenous 8-nitro-cGMP generation was also elevated
by CBS or CSE knockdown (Fig. 1a,b). These data reveal that the
HS -generating enzymes (CBS and CSE) are critical for 8-nitro-
c¢GMP metabolism. This metabolism was linked with the release
of nitrite (NO,”) via a mechanism dependent on CBS and CSE
(Fig. 1a,b and Supplementary Figs. 1 and 2), supporting a reliance
on the nucleophilic qualities of H,S (pK, 6.7), especially anionic HS~,
which predominates in neutral biological solutions (Fig. 1¢)*. The
extent of NO,™ generation was linked with 8-nitro-cGMP degrada-
tion in cells, which in turn depended on HS- formed from CBS or
CSE (Supplementary Fig. 2b,c). These findings support that enzy-
matically generated HS- mediates 8-nitro-cGMP metabolism.

Denitration and sulfhydration of 8-nitro-cGMP by HS-
To clarify how HS-, rather than gaseous H,S, could undergo an
SH-addition reaction (that is, electrophile sulfhydration), we

analyzed cell-free reactions of 8-nitro-cGMP with sodium hydro-
sulfide (NaHS), used as an HS™ donor, via reverse-phase HPLC
(RP-HPLC) and LC/MS. The electrophilic nitro moiety underwent
nucleophilic substitution with HS™ to yield the new product, 8-SH-
cGMP (Fig. 1c,d and Supplementary Fig. 3a). Transition metal
ions such as iron and manganese added to the reaction mixture
greatly increased 8-SH-cGMP formation, whereas copper addition
showed no or minimal effects (Fig. 1e). Metal complexes and met-
alloproteins, such as hemin, Cu,Zn-superoxide dismutase (Cu,Zn-
SOD), Mn-SOD, horseradish peroxidase (HRP) and catalase, also
promoted sulfhydration reactions, with HRP having the great-
est effect. This observation supports a potent catalytic activity of
endogenous transition metals—and metalloproteins—in sulfhydra-
tion. Sulfhydryls act as ligands for metal ions; thus, HS™-containing
metal complexes may acquire added stability and catalyze sulf-
hydration (Fig. 1¢). H,S can be oxidized to sulfur oxides such as
thiosulfate (§,0,%), sulfite (SO,*) and sulfate (SO,*) under aerobic
conditions or via cell metabolism®". These sulfur oxides, which
may be formed via oxidation of H,S/HS", did not react with 8-nitro-
c¢GMP to induce sulthydration (Supplementary Fig. 3b), confirm-
ing the specificity of HS™ in electrophile sulfhydration. We observed
clear pH-dependent, HS -induced sulfhydration of 8-nitro-cGMP
(Supplementary Fig. 3c). The efficacy of 8-SH-cGMP formation
increased linearly as the pH increased from 5 to 8, which correlated
well with the reported pH-dependent equilibrium of H,S/HS- (ref.
13). The electrophile sulfhydration potential of HS™ is superior to
that of GSH-dependent nucleophilic modification of 8-nitro-cGMP
within a physiologically relevant pH range of the reaction mixture
containing cysteine and HRP (Supplementary Fig. 3¢). This find-
ing also indicates a substantial contribution of HS™ to electrophile
metabolism via sulfhydration in comparison with electrophile
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Figure 2 | Electrophile sulfhydration by HS". (@) LC/MS analysis for the OANO, and HS™ reaction. OANO, (100 pM) was reacted with different
concentrations of NaHS in 200 mM potassium phosphate buffer at 25 °C for 1h. (b) LC/MS for identification of 15d-PGJ,-SO;H as a product of the
reaction of 15d-PGJ, (1 tM) and HS™ in 100 mM phosphate buffer at 37 °C for 2 h. (¢) Time-dependent effects of HS™ on stability of various electrophiles.
Left, single-ion recordings of 15d-PGJ,, 15d-PGJ,-SH and 15d-PGJ,-SO;H in the same reaction as in b with 15d-PGJ, (10 uM) and NaHS (1 mM). The MS
spectrum of each PGJ, derivative is shown in Supplementary Figure 4c. Right, HNE and acrolein determined by RP-HPLC analyses. HNE (10 uM) or
acrolein (10 pM) was incubated with NaHS (200 pM for HNE; 100 pM for acrolein) in 100 mM phosphate buffer at 37 °C. AU, arbitrary unit. (d) Effects
of HS" on protein electrophile adductions in A549 cells. Cells were pretreated with NaHS or were untreated for 12 h, followed by treatment with 1,2-NQ
(10 uM) for 1 h. Total cellular proteins were subjected to western blotting (WB). Cells were transfected with control siRNA or CBS siRNA and were then
exposed to 1,2-NQ (10 uM) for 1h or to acrolein (3 uM or 10 uM) for 30 min. Western blots for 1,2-NQ and acrolein protein adducts formed in A549 cells
with CBS knockdown or untreated cells {(middle and right). Uncropped blots are shown in Supplementary Figure 17. MW, molecular weight.

metabolism with GSH and other sulfhydryl compounds such as
cysteine and homocysteine (HCys) with a relatively high pK, (>8).

HS--mediated sulfhydration with diverse electrophiles

Sulthydration by HS™ occurred with a broad array of biological elec-
trophiles that have either cell signaling or toxicological properties
(Fig. 2 and Supplementary Fig. 4). These electrophiles include
the cyclopentenone 15-deoxy-A'!-prostaglandin J, (15d-PGJ,),
4-hydroxy-2-nonenal (HNE), acrolein and fatty acid nitroalkene
derivatives. LC/MS indicated that the common primary reaction
with these electrophilic lipid derivatives was nucleophilic addition
or substitution of HS™ at the electrophilic carbon (Figs. 2 and 3 and
Supplementary Fig. 4). Another reaction was the Michael addition
of HS to electrophiles such as 1,2-naphthoquinone (1,2-NQ) and

other related quinones (Supplementary Figs. 5 and 6). The reaction
of 1,2-NQ with HS- yielded 1,2-NQ-SH and (1,2-NQ),S.

Reactions occurring after sulfhydration varied with individual
electrophiles. In many cases, secondary reactions with parent elec-
trophiles yielded bis-thio derivatives, as was observed with nitro-
oleic acid (OANO,), which underwent S-bridged dimerization
(Figs. 2a and 3a and Supplementary Fig. 4a,b), and with 1,2-NQ,
1,4-NQ and tert-butylbenzoquinone (Supplementary Fig. 5). One
exception was 8-nitro-cGMP; RP-HPLC and LC/MS detected only
the sulfhydrated product, 8-SH-cGMP. Similarly to 8-nitro-cGMP,
15d-PG], was readily sulfhydrated to form a transient unstable SH
adduct that rapidly converted to sulfonated 15d-PGJ,-SO,H, the
sole final product (Figs. 2b,c and 3a and Supplementary Figs. 4c
and 6). This interpretation is supported by the fate of 8-SH-cGMP
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Figure 3 | Cellular formation of 8-SH-cGMP and its metabolic fate. (a) Metabolic fate of electrophiles after reaction with HS™. Details of the classification
are shown in Supplementary Figure 6. (b) Formation of 8-SH-cGMP and its suppression by CBS knockdown in 8-nitro-cGMP-treated A549 cells. 8-SH-
cGMP formation was determined via LC-ESI-MS/MS (8-[**SH]-cGMP was used as an internal standard). Data represent mean x s.d. (n = 3). **P < 0.01.
(¢) Oxidative desulfhydration of 8-SH-cGMP by H,0, to form cGMP. Left, the reaction of 8-SH-cGMP (10 uM) with H,0, (1 mM) led to the disappearance
of 8-SH-cGMP (elution time, 6 min) and appearance of a new peak (elution time, 4 min). Right, LC/MS identified cGMP as a major product in the reaction
of 8-SH-cGMP with H,0,. AU, arbitrary unit. (d) Oxidative desulfhydration of 8-SH-cGMP by H,0, and RNOS. 8-SH-cGMP (10 M) was reacted with

various concentrations of H,0, (left) and with H,0, and RNOS (1 mM each)

(right). NO/O,: NO under aerobic conditions, producing nitrogen oxides;

NO/O,™: simultaneous generation of NO and O, by 3-morpholinosydnonimine (SIN-1) to form ONQO- jn situ; ONOO™: synthetic ONOO-, Data represent
mean * s.d. (n = 3). () Stability of 8-SH-cGMP formed from 8-nitro-cGMP in A549 cells enhanced by antioxidant enzymes. A549 cells were treated with
8-nitro-cGMP (200 pM) in the absence and presence of antioxidant PEG-SOD (100 U ml™) and PEG-catalase (200 U ml™) for 6 h. LC-ESI-MS/MS was
used to determine 8-SH-cGMP and cGMP formation. Data represent mean £ s.d. (n = 3), *P < 0.05.

treated with various oxidants, specifically treatment resulting
in a rapid oxidative desulfhydration as described below (Fig. 3).
Certain lipid-derived endogenous electrophiles, such as HNE and
acrolein, degraded rapidly after reacting with HS-, without form-
ing any appreciable products detected by RP-HPLC (Fig. 2c).
Michael adducts of HNE with cysteine and histidine, HNE-His
and HNE-Cys, were resistant to the same HS™ reaction, suggest-
ing that both HNE and acrolein undergo efficient HS -induced
decomposition in a manner dependent on their strong electrophil-
icity (Supplementary Fig. 4d). Consistent with these findings, the
Michael adduction of cellular proteins by 1,2-NQ or acrolein was
markedly enhanced when CBS was knocked down in A549 cells
(Fig. 2d). These data support the regulation of not only electro-
philic S-guanylation but also S-alkylation or S-arylation of cellular
proteins by HS™ reactions with the parent electrophile. The rela-
tive reactivities of electrophiles with HS~ was estimated by the rate
of consumption of electrophiles in the presence of HS™. Acrolein
showed the highest reactivity with HS-, with relative reactivities
decreasing in the order OANO, > HNE > 15d-PGJ, > 8-nitro-
c¢GMP, whereas the reactivities of these electrophiles with GSH
were similar®”s,

Metabolism of sulfhydrated electrophiles and 8-SH-cGRP
The metabolic fate of these sulfhydrated derivatives of electrophiles
allowed us to sort the electrophiles into three groups (Fig. 3a and
Supplementary Fig. 6). In group 1, because the SH derivative was
50 stable, no other reaction occurred except for oxidative modifica-
tions of SH by ROS and other reactive species. Group 2 involved
relatively stable bis product formation. Group 3 may include other
highly reactive electrophiles, such as HNE and acrolein, for which
additional metabolism and secondary chemical reactions followed
SH addition.

NATURE CHEMICAL BIOLOGY | VOL 8 | AUGUST 2012 | www.nature.com/naturechemicalbiology

Endogenous HS -dependent sulthydration occurred in A549,
HepG2 and C6 cells, as evidenced by 8-SH-cGMP formation from
exogenously added 8-nitro-cGMP (Fig. 3b and Supplementary
Fig. 7). CBS knockdown markedly inhibited 8-SH-cGMP forma-
tion in A549 cells, a finding confirming CBS as a major source of
endogenous HS~. Because §-SH-cGMP contains sulfhydryls, it is
presumably oxygen labile or susceptible to further oxidization. To
test this possibility, we treated 8-SH-cGMP with hydrogen perox-
ide (H,0,) and reactive nitrogen oxide species (RNOS) including
nitrogen dioxide (NO,) and peroxynitrite (ONOO"), which stem
from the concurrent generation of NO and superoxide (Fig. 3¢,d).
Notably, the sole detectable product of this reaction was cyclic
GMP (cGMP) rather than oxidized derivatives of 8-SH-cGMP, such
as 8-sulfenyl-, 8-sulfinyl- and 8-sulfonyl-cGMP or 8-OH-cGMP
(Fig. 3c¢,d), thus representing what is to our knowledge the first
identification of oxidant-induced desulfhydration of SH-containing
compounds. Remarkably, the oxidant-labile nature of several sulfhy-
drated products generated from electrophiles, such as 8-SH-cGMP,
15d-PGJ,-SH and even sulfhydrated adducts of HNE and acrolein,
may reflect their high nucleophilic potential. Thus, secondary redox
reactions of nucleophiles derived from HS™-dependent electrophile
sulfhydration are expected to affect the biological stability and detec-
tion of these sulfhydrated adducts once they are formed in cells. For
example, the amounts of 8-SH-cGMP formed in A549 and HepG2
cells were smaller than expected on the basis of the amounts of HS~
produced in the same cells, as assessed by LC-ESI-MS/MS described
below (Figs. 3b and 4a and Supplementary Fig. 7¢); C6 cells, how-
ever, did not show the same result (Supplementary Fig. 7d). The
small amounts of 8-SH-cGMP that were detected compared with
the amount of HS™ generated may thus be due to instability induced
by the nucleophilicity of §-SH-cGMP. This view is substantiated
by the finding that cell treatment with PEG-derivatized SOD

717

87



eV A INELUE T MTHTIHILA L. AT LY LD jeservedq.

L o

a
2 Control CBS knockdown
2 Internal standard
g g m/z 4174193 *
E %0
5 E
“» 5
“n a
E—E lSOOcounts
=
=~ N Endogenous
& & m/z 415193
& 2
& & —
@‘5\ 0 5 10 15 20 0 5 10 15 20
C Time (min) Time (min)
c d 10 pg

30ug

o
©

Sham
(M Mi

Sham

C8s

Bis-S-bimane
(nmol per mg protein)

CSE

B-actin

2
o)
8 4weeks 4weeks 6weeks 6 weeks
8
kg
£

123123123123

- 150
G = =
] g ]
2% & 23e 0 s
S a RN c a 100
£ o = )
2 E 4 B E EE
PR L5 S
> Q o Yo 50
93 2 £ ©
g 5 £
4] 0
N
S
0&“ @sx@
@‘1
10pg 30ug
(TAQ)  TAC £ Cadiac  Cardio-
o O ¢ o fibroblast myocyte
< o 28 ———
v 9 o 2F
< T u=21 2 3 1 2 3

cBs

CSE

B-actin

Figure 4 | Cellular HS™ formation and its physiological relevance to electrophile metabolism. (a) Quantification by LC-ESI-MS/MS coupled with a
monobromobimane-based assay of HS™ formed by A549 cells treated with CBS siRNA or untreated cells. Data represent mean  s.d. (n = 3). **P < 0.01.
CBS knockdown was confirmed by western blot (Supplementary Fig. 7b). (b) Quantification of low-molecular-weight thiols in A549 cells with and
without CBS knockdown. Data represent mean % s.d. (n = 3). **P < 0.01. GS-bimane, glutathione-bimane. (¢) Comparison of HS~ production in cultured
cells. Data represent mean £ s.d. (n = 3). (d) Western blots for expression of CBS and CSE in various cultured cells and rat cardiac cells. Mouse cardiac
tissues were analyzed 4 weeks after sham operation or myocardial infarction or 6 weeks after sham operation or TAC (top). Cultured cells (A549,
HepG2, C6, mouse hepatocytes) and rat cardiac fibroblasts and myocytes were analyzed for expression of CBS and CSE. Uncropped blots are shown in

Supplementary Figure 18.

(PEG-SOD) and catalase (PEG-catalase) significantly improved the
recovery of 8-SH-cGMP and simultaneously reduced cGMP for-
mation from 8-nitro-cGMP administered to A549 cells in culture
(P < 0.05; Fig. 3e). Because cGMP, a desulfhydrated product of
8-SH-cGMP, is metabolized by a diversity of cellular phosphodi-
esterases (PDEs), oxidative desulfhydration by HS™ may also con-
tribute to physiological decomposition of 8-nitro-cGMP.

HS- formation in cells and myocardial tissues

The electrophilic fluorogenic reagent monobromobimane, typi-
cally used to analyze thiols, undergoes HS™-dependent sulfhydra-
tion to yield a bis-S-bimane derivative’. We capitalized on this
bimane reaction for sensitive and specific HS™ measurement using
LC-ESI-MS/MS (Supplementary Fig. 7a) and detected remarkable
endogenous HS™ generation in A549 and HepG2 cells and cells in
primary culture, specifically rat cardiomyocytes and cardiac fibro-
blasts (Fig. 4). CBS knockdown greatly suppressed the extent of
HS- generation in A549 cells (Fig. 4a). Other cell lines, including
HepG2 and C6 cells, also showed suppressed HS™ generation after
CBS knockdown (Supplementary Fig. 7¢,d).

A technical advantage of bimane sulfhydration analysis by
LC-ESI-MS/MS is the ability to measure in parallel all low-
molecular-weight sulfhydryls: not only HS™ but also cysteine, HCys
and GSH. For example, the amounts of intracellular cysteine and
GSH were not altered by cell treatment with CBS siRNA (Fig. 4b).
CBS siRNA treatment of cells reduced only amounts of HS™ and
instead increased the intracellular level of HCys, a substrate for CBS
that accumulated after CBS knockdown (Fig. 4a,b), suggesting the
critical involvement of HS™ rather than other cysteine-related deriv-
atives in electrophile metabolism, particularly for 8-nitro-cGMP.
This suggestion is supported by the fact that the pK, values of these
cysteine-related compounds (8.3, 10.0 and 8.8 for cysteine, HCys

718 NATU

and GSH, respectively'®') are much higher than that of H,S (6.7),
which indicates higher nucleophilic reactivity of HS- compared with
other compounds at more physiological pH values, as its nucleophi-
licity is determined by its low pK,'®.

Bimane sulfhydration analysis also showed much lower HS- pro-
duction in primary cultures of cells (for example, rat cardiomyo-
cytes and cardiac fibroblasts) compared with cultures of all tumor
cell lines examined (Fig. 4¢). Lower CBS and CSE expression in
these primary cell cultures was also evident, as compared with that
in mouse hepatocytes and tumor cell lines (A549, HepG2 and C6
cells) (Fig. 4d). The finding that myocardial cells and tissues pro-
duced less HS™ than the other cells studied suggests that the amount
of endogenous HS™ in the heart may be limiting in the context of
the amounts of endogenous electrophiles that can be generated dur-
ing both basal metabolism and inflammatory responses. In other
words, myocardial cells may be relatively sensitive to endogenous
electrophiles, particularly when they are generated excessively dur-
ing inflammatory processes.

Notably, HS is a ubiquitous constituent of many buffers and cell
culture media and is not just a product of the cysteine biosynthetic
enzymes CBS and CSE™". For example, fresh DMEM contained an
appreciable amount of HS- (Supplementary Fig. 7e). Therefore,
HS- rather than H,S gas may be widely distributed endogenously,
in equilibrium with environmental sources and as a byproduct of
the decay of more complex thiols. Because HS™ can act partly as a
potent quencher of various electrophiles, even trace amounts of this
ubiquitous mediator will affect the detection and actions of endog-
enously generated electrophiles in biological systems.

Electrophilic H-Ras activation is regulated by HS~
Recent studies of oxidative inflammatory reactions suggest that
an H-Ras oncogenic cellular response can be induced by NO- or
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Figure 5 | Electrophilic H-Ras activation regulated by HS™ in cells and

in vivo in cardiac tissues. (a) Immunohistochemical determination of
8-nitro-cGMP formation in mouse hearts after myocardial infarction (M)
after NaHS treatment or in untreated (vehicle) hearts (original images

are in Supplementary Fig. 8d). Data represent mean = s.e.m. **P < 0.01.

(b) Quantitative data for western blots of H-Ras activation and
S-guanylation in mouse hearts (original blots are in Supplementary Fig. 8f).
Data represent mean £ s.e.m. *P < 0.05, **P < 0.01. {¢) Protective effects

of HS~ on chronic heart failure caused by myocardial infarction. Cardiac
functions of mice after myocardial infarction or sham operation and treated
with NaHS or untreated (treated with vehicle). LVIDd, left ventricular end-
diastolic internal diameter; FS, fractional shortening; dP/dt,,,,, maximal

rate of pressure development; EDP, end-diastolic pressure. Data represent
mean + s.e.m. **P < 0.01. (d) Quantitative data for western blots measuring
amount of phosphorylation (p-) of ERK, p38 MAPK, p53 and Rb and
expression of ERK, p38 MAPK, p53 and Rb in mouse hearts after myocardial
infarction (original blots are in Supplementary Fig. 8f). Because western
blotting detected no expression of Rb and p53 in sham-operated mouse
hearts, the amounts of phosphorylation of p53 and Rb were compared after
normalization with GAPDH as an internal control. Data represent mean
s.em. *P<0.05, **P < 0.01.

RNOS-derived species and the electrophile 15d-PG]J, (refs. 20,21),
which in turn may activate p53-dependent cellular senescence®?.
We examined the effect of exogenously administered or endogenous
HS- in this context, focusing on an electrophilic signaling pathway
mediated by H-Ras and p53 that may be activated by 8-nitro-cGMP
or other electrophiles formed in cells.

Because less HS™ was produced—that is, endogenous HS™ may
have been in short supply relative to the amount of endogenous
electrophiles in myocardial cells and tissues (Fig. 4)—we evaluated
pharmacological activities of HS™ in cardiac cells and in an in vivo
model of cardiac inflammatory injury. To clarify the physiological
functions of HS", we induced myocardial hypertrophy and allied
chronic inflammatory tissue responses in mouse models of myo-
cardial infarction and pressure overload generated via transverse
aortic constriction (TAC) (Supplementary Fig. 8). Chronic heart
failure after myocardial infarction is a major cause of morbidity

and mortality worldwide*, and both myocardial infarction and
TAC models manifest chronic heart failure. Inflammatory reac-
tions that evoke oxidative stress and nitrative stress induced by
NO and ROS have been implicated in the genesis of chronic heart
failure®, findings supported by our immunohistochemical detec-
tion of nitric oxide synthase (NOS)-dependent 8-nitro-cGMP
formation in the TAC-induced hypertrophic heart and in non-
infarcted heart lesions after myocardial infarction (Fig. 5a and
Supplementary Fig. 8a—c). Substantial 8-nitro-cGMP production,
which depended on inducible NOS (iNOS) expression and activity,
was strongly inhibited by NaHS treatment of mice after myocardial
infarction (Fig. 5a and Supplementary Fig. 8d). NaHS treatment
had no appreciable effects on the tyrosine nitration reaction occur-
ring in cardiac tissues, as assessed by immunohistochemistry and
HPLC-based electrochemical detection analysis for 3-nitrotyrosine
(Supplementary Fig. 9a)*. Continuous administration of NaHS
to mice after myocardial infarction led to elevated plasma HS-
(4.9 £ 0.4 UM (n = 4; vehicle control) versus 7.1 £ 1.3 uM (n =
7; NaHS-treated)), determined via an LC/MS/MS bimane assay at
4 weeks after myocardial infarction (P < 0.05; Student’s t-test).
Other metabolic pathways related to cGMP biosynthesis and deg-
radation, such as those involving soluble guanylate cyclase and
PDEs, were not affected by the same treatment (Supplementary
Fig. 9b,c). This observation confirms pronounced pharmacologi-
cal actions of HS~ and subsequent electrophile sulthydration in vivo
in cardiac cells and tissues.

We then investigated H-Ras activation in cardiac tissue in
which increased iNOS expression and concomitant 8-nitro-
c¢GMP production occurred. Affinity capture analyses were used
to detect H-Ras activation in the tissues. Western blotting of
proteins involved in myocardial infarction- and TAC-induced
chronic heart failure showed H-Ras activation and simultaneous
S-guanylation of activated H-Ras pulled down from hypertro-
phic cardiac tissue (Fig. 5b and Supplementary Fig. 8e). NaHS
treatment also fully inhibited H-Ras activation and concomitant
H-Ras S-guanylation in mouse hearts after myocardial infarction
(Fig. 5b and Supplementary Fig. 8f).

NaHS treatment in vivo after myocardial infarction greatly
improved dilation of the left ventricle and limited its dysfunction in
mice, although ischemic scars were equally developed in hearts of
both NaHS- and vehicle-treated mice (Fig. 5¢ and Supplementary
Table 2). A critical downstream cellular response to Ras activation
is mediated by ERK, p38 MAPK and phosphatidylinositol-3-kinase
(PI3K), which have a central role in cardiac hypertrophy”. Sustained
activation of ERK and p38 MAPK then induces activation of
p53 and Rb, which have a critical function in cellular senescence??
and the transition from hypertrophy to heart failure”*. NaHS treat-
ment strongly suppressed the activation of ERK and p38 MAPK.
Furthermore, phosphorylation of p38 MAPK, ERK, p53 and Rb
increased in mouse hearts after myocardial infarction, with NaHS
suppressing their activation (Fig. 5d and Supplementary Fig. 8g).
These results confirm that HS™ attenuates left ventricle dilation and
dysfunction after myocardial infarction, in part by suppressing
myocardial cell S-guanylation-dependent activation of H-Ras and
its downstream signaling pathways.

We identified high HS~ production (Fig. 4) and constitutive
expression of different NOS isoforms®! in A549 cells and identified
concomitant baseline protein S-guanylation by endogenous 8-nitro-
cGMBP, as evidenced by western blot analysis (Fig. 1a,b). Strong H-Ras
activation was induced by CBS knockdown in A549 cells, with simul-
taneous S-guanylation of activated H-Ras pulled down from the same
cell lysates (Supplementary Fig. 10a). Such elevated S-guanylation
and activation of H-Ras induced by CBS knockdown were completely
nullified by addition of NaHS. The same enhancement of H-Ras acti-
vation by S-guanylation was observed when 8-nitro-cGMP was added
to cultured A549 cells (Supplementary Fig. 10b). This observation
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Figure 6 | HS™ regulation of H-Ras electrophile sensing and signaling. (a) Suppression of LPS-induced iNOS expression, S-guanylation and activation
of H-Ras by iNOS knockdown in rat cardiac fibroblasts in culture. (b) Identification of the S-guanylation site in H-Ras. Top, quantitative data for western
blotting of S-guanylation in recombinant H-Ras (wild-type (WT) and C1185 and C184S mutants) treated with 8-nitro-cGMP (10 pM) and its suppression
by NaHS (100 uM). Bottom, MS identification of S-guanylation at Cys184 in recombinant H-Ras treated with 8-nitro-cGMP (10 uM). () Induction of

rat cardiomyocyte senescence by ATP (100 pM) treatment (left) and in cardiac fibroblasts stimulated with LPS and ATP (right) and their suppression by
NaHS (100 uM). Cells were stimulated with LPS (1 pg ml™) or ATP (100 uM) for 3 h, followed by incubation in 0.5% (v/v) serum-containing medium for
4 d. In some experiments, cells were pretreated with 100 pM NaHS for 1 h before stimulation with LPS or ATP. (d) Senescence induction of rat cardiac
fibroblasts expressing WT or H-Ras®% by 8-nitro-cGMP (10 pM) or LPS (1 ptg mi™). Scale bars, 20 um. (e) 8-Nitro-cGMP-induced (10 uM) senescence

of rat cardiac fibroblasts transfected with control vector or vectors expressing wild-type H-Ras or H-Ras®® or H-Ras®84 mutants. In ¢ and d, cell
senescence was determined by SA-B-gal staining with quantitative analysis. Data represent mean £ s.e.m. *P < 0,05, **P < 0.01. Original images for

a-c and e are shown in Supplementary Figure 11.

confirmed the substantial contribution of elevated endogenous
8-nitro-cGMP, generated by CBS knockdown, to H-Ras activation.
Although an involvement of endogenous HNE formation was not
evident, marked activation of H-Ras via S-alkyl adduction occurred
in HNE-treated A549 cells and was inhibited by CBS-derived HS-
(Supplementary Fig. 10c). These data reveal that HS™ can regulate
cellular electrophilic signaling involving H-Ras via electrophile sulf-
hydration reactions.

Electrophilic H-Ras signaling regulated by HS-

iNOS-dependent H-Ras S-guanylation concomitant with H-Ras
activation was confirmed with rat cardiac fibroblasts in culture with
or without iNOS knockdown after lipopolysaccharide (LPS)
stimulation to generate endogenous 8-nitro-cGMP (Fig. 6a and
Supplementary Fig. 11a). Suppression of iNOS expression by
the siRNA resulted in almost complete abrogation of H-Ras
S-guanylation and activation in the cardiac fibroblasts. Site-specific
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Figure 7 | 8-Nitro-cGMP-induced H-Ras activation in cardiac cells and their suppression by HS". (a) 8-Nitro-cGMP-induced H-Ras activation with
its concomitant S-guanylation in rat cardiomyocytes and their suppression by HS™. Rat cardiomyocytes were pretreated with NaHS (100 uM) for 24 h,

followed by incubation with 8-nitro-cGMP (10 tM) for 4 d. Data represent mean + s.e.m. **P < 0.01. (b) 8-Nitro-cGMP-induced activation of H-Ras via
S-guanylation at Cys184 in membrane preparation of rat cardiac fibroblasts. Cardiac membranes expressing GFP-fused WT H-Ras or H-Ras®®% mutants
were treated with 8-nitro-cGMP (10 uM) for 1 h. Data represent mean + s.e.m. *P < 0.05, **P < 0.01. (¢) Time courses of phosphorylation (p-) of ERK,
p38 MAPK, Akt, p53 and Rb induced by 8-nitro-cGMP (10 M) in rat cardiomyocytes. Cells were untreated or treated with NaHS (100 M) 24 h before
8-nitro-cGMP treatment. Data represent mean * s.e.m. Original western biots for a-c are shown in Supplementary Figure 14.
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**P < 0.01. (d) Schematic model showing activation of H-Ras induced by 8-nitro-cGMP. Gray lipid indicates palmitoylation (at Cys181), and black lipid
indicates isoprenylation (at Cys186). The yellow balls are cysteine residues. Magenta ribbons represent «-helices, and yellow ribbons represent B-sheets.

T indicates that HS"/H,S inhibits the reaction mediated by the electrophile 8-nitro-cGMP. The three-dimensional structures of H-Ras and Raf-RBD
were obtained from the Protein Data Bank under accession codes 3L8Z (right) and 3KUD (left).

H-Ras S-guanylation and its inhibition by HS™ were verified in a cell-
free reaction mixture via western blotting and proteomic analysis of
recombinant H-Ras and its C184S mutant treated with 8-nitro-cGMP
(Fig. 6b and Supplementary Fig. 11b). LC/MS/MS sequencing
analysis revealed that only Cys184 of H-Ras was S-guanylated
(Fig. 6b). Thus, H-Ras Cys184 is a highly susceptible nucleophilic
sensor for 8-nitro-cGMP-induced protein S-guanylation.

Oxidative stress-related nucleotides that induce DNA and
nucleotide damage and activation of oncogenic Ras can induce
cellular senescence via p53 and Rb tumor suppressor pathways™?
(Supplementary Fig. 12). Thus, we investigated how 8-nitro-cGMP
formation may promote cardiac cell senescence. Exogenously
administered 8-nitro-cGMP, but not NO or c¢GMP, caused
growth arrest and remarkably increased the senescence of cul-
tured rat cardiac fibroblasts, with NaHS treatment limiting these
responses (Supplementary Fig. 11c¢,d). The 8-nitro-cGMP-
related senescence responses of the cultured cardiomyocytes were
comparable to those of cells expressing Ras®?", a constitutively
active form of Ras (Supplementary Fig. 1le). Therefore, the
impact of site-specific H-Ras Cys184 S-guanylation was evalu-
ated in the context of downstream signaling reactions leading to
cellular senescence of cultured rat cardiac fibroblasts. Enhanced
senescence of fibroblasts occurred after 8-nitro-cGMP treatment or
after stimulation with LPS to generate endogenous 8-nitro-cGMP

MATURE CHEMICAL BIOLOGY

(Fig. 6¢c-e and Supplementary Figs. 11 and 13). Both LPS and
ATP induce iNOS expression and NO synthesis in cardiac cells®.
Here, ATP addition activated cultured cardiomyocytes to generate
8-nitro-cGMP, the amounts of which corresponded to the degree
of protein S-guanylation (Supplementary Fig. 13a). This gen-
eration of 8-nitro-cGMP induced cellular senescence (Fig. 6¢ and
Supplementary Fig. 11f,g). NaHS treatment markedly attenuated
8-nitro-cGMP formation and protein S-guanylation, which resulted
in suppression of cellular senescence induced by electrophilic stimu-
lation in these cultured rat cardiac cells (Fig. 6c and Supplementary
Fig. 13). The senescence occurred only when cells expressed wild-
type H-Ras or the H-Ras®' mutant but not the H-Ras®'** mutant
(Fig. 6d,e and Supplementary Fig. 11h).

Treatment of cultured rat cardiomyocytes with 8-nitro-cGMP also
induced H-Ras activation with simultaneous H-Ras S-guanylation,
which was strongly inhibited by NaHS treatment (Fig. 7a and
Supplementary Fig. 14a). Moreover, activation of H-Ras, but not of
the H-Ras®'*S mutant, was induced in the membrane preparation of
rat cardiac fibroblasts after treatment with 8-nitro-cGMP (Fig. 7b
and Supplementary Fig. 14b). Inhibition of ERK, p38 MAPK and
PI3K greatly suppressed 8-nitro-cGMP-induced cardiac senescence
(Supplementary Fig. 14c,d). In contrast, treatment of cardiomyo-
cytes with 8-nitro-cGMP induced sustained activation of ERK,
p38 MAPK, p53 and Rb but not of Akt, a downstream effector of
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class T PI3K, which was nullified by the NaHS treatment (Fig. 7c
and Supplementary Fig. 14e). We conclude that Cys184 of H-Ras
is a functionally critical sensor of endogenous electrophilic spe-
cies, such as 8-nitro-cGMP, in their H-Ras-dependent downstream
signal transduction.

Among Ras isoforms, only H-Ras contains two palmitoylation
sites (Cys181 and Cys184), and palmitoylation of Ras proteins has
a key role in their localization and activity®. Monopalmitoylation of
Cys181, but not Cys184, was sufficient to target H-Ras to the plasma
membrane, and GDP-bound H-Ras was detected predominantly
in lipid rafts (Supplementary Fig. 12)*%, GTP loading of H-Ras
released H-Ras from the rafts to become more diffusely distributed
in the plasma membrane, an event necessary for efficient activation
of Raf*. Although the GFP-fused H-Ras and the DsRed-fused Ras-
binding domain of cRaf (cRaf-RBD) proteins did not colocalize in
cardiac fibroblasts, treatment with 8-nitro-cGMP induced association
of H-Ras with cRaf-RBD near the plasma membrane (Fig. 8a,b and
Supplementary Fig. 16a,b). Such 8-nitro-cGMP-dependent colo-
calization of H-Ras and Raf was not observed in the cells transfected
with the H-Ras®®* mutant (Fig. 8a,b and Supplementary Fig. 16a,b).
This observation indicates that 8-nitro-cGMP promotes activation
of H-Ras in the plasma membrane. Because Cys184 palmitoylation
leads to the correct GTP-regulated lateral segmentation of H-Ras
between lipid rafts and nonraft microdomains®*-*, S-guanylation of
H-Ras at Cys184 is expected to redistribute H-Ras from rafts into the
bulk plasma membrane. Remarkably, application of 8-nitro-cGMP
to the lipid raft fraction isolated from adult rat hearts induced dis-
sociation of GDP-bound H-Ras from rafts, and this H-Ras, no longer
associated with a raft and concomitantly S-guanylated, preferentially
interacted with cRaf-RBD (Fig. 8c and Supplementary Fig. 16c).
The GDP-bound H-Ras without S-guanylation was left in rafts.
NaHS treatment completely suppressed 8-nitro-cGMP-induced
colocalization of H-Ras with cRaf-RBD and H-Ras dissociation from
rafts. These results indicate that S-guanylation of H-Ras at Cys184
releases H-Ras from lipid rafts and that released H-Ras binds Raf,
which leads to activation of downstream signaling pathways (Fig. 8d
and Supplementary Fig. 12).

DISCUSSION

This study reveals that enzymatically generated HS- regulates the
metabolism and signaling actions of various electrophiles and that
HS -induced electrophile sulfhydration regulates electrophile-
mediated redox signaling. Although H,S is proposed to have anti-
inflammatory and antioxidant effects, NaHS treatment produced
no appreciable suppression of iINOS and NADPH oxidase (Nox2)
expression and 3-nitrotyrosine formation in a mouse model of
ischemic heart injury (Supplementary Figs. 9a and 15a). NaHS
treatment also did not affect LPS-induced ROS production and
ATP-induced RNOS generation in cardiac cells and C6 cells in cul-
ture (Supplementary Fig. 15b,c). In view of the modest rate con-
stants for the reaction of H,S with ROS and RNOS such as H,0, and
ONOO- (ref. 36), HS~ is not expected to directly scavenge oxygen
or NO-derived reactive species, unless they have a substantial elec-
trophilic character. Moreover, some potential HS™ targets such as
the ATP-sensitive K* (K,pp) channels®” and PDEs® may be respon-
sible for cardioprotection observed with HS™ treatment. However,
inhibition of K, channels, protein kinase A or protein kinase
G did not affect NaHS-induced suppression of cardiac cell senes-
cence caused by 8-nitro-cGMP (Supplementary Fig. 14f,g). Also,
NaHS treatment had no effect on ¢cGMP metabolic pathways
in vivo and in vitro (Supplementary Fig. 9b,c). Therefore, an unam-
biguous cause-and-effect relationship in terms of HS™ regulation
of electrophile-evoked cellular stress responses leading to cellular
senescence exists. H,S, behaving as an anion (HS-) rather than as a
gaseous molecule, reacts as a nucleophile to induce the sulfhydra-
tion of the electrophile. This results in cardioprotection in a model
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of heart failure after myocardial infarction by suppressing oxidative
stress-induced or electrophile-mediated (for example, by 8-nitro-
c¢GMP) cellular senescence.

Ras proteins have three isoforms, which generate distinct signal
outputs despite interacting with a common set of effectors®. These
biological differences can be accounted for by the 25 C-terminal
amino acids of the hypervariable domain, which may contain a
protein structure required for Ras to associate with the inner mem-
brane. Cys184 of H-Ras is one of two palmitoylation sites located at
its C-terminal domain. Monopalmitoylation of Cys181 is required
and sufficient for efficient trafficking of H-Ras to the plasma mem-
brane®. Although Cys184 is not essential for targeting H-Ras to
the plasma membrane, it is required for control of GTP-regulated
lateral segmentation of H-Ras between lipid rafts and nonrafts,
which is necessary for efficient activation of Raf***, In addition,
inhibition of Cys184 palmitoylation efficiently delivers H-Ras to
the plasma membrane with little Golgi pooling®, suggesting that
S-guanylation of H-Ras at Cys184 promotes H-Ras plasma mem-
brane localization and association with Raf by causing its dissocia-
tion from lipid rafts. Cys184 of H-Ras may be chemically modified
not only by 8-nitro-cGMP but also by HNE and 15d-PG]J,, and this
H-Ras, thereby modified, may increase interaction with cRaf-RBD
(Supplementary Fig. 16d-g). Moreover, the electrophilic adduc-
tion causes precise structural alterations such that H-Ras is acces-
sible to the effector molecule Raf, which, in turn, readily transduces
electrophile-mediated signaling to downstream phosphoryla-
tion signaling pathways (Supplementary Fig. 12)***. Although
the GTP-bound Ras also bound class T PI3K, S-guanylation of
H-Ras never activated Akt (Fig. 7c). However, inhibition of PI3K
strongly suppressed 8-nitro-cGMP-induced cardiac cell senes-
cence (Supplementary Fig. 14), which suggests that another class
of PI3K may be involved in H-Ras-mediated cardiac senescence.
Electrophile adduction of H-Ras at Cys184 induced cellular senes-
cence through kinase-dependent signaling pathways, and thus
Cys184 is a facile redox sensor for any endogenous and exogenous
electrophiles and their regulation by endogenous HS- via sulfhy-
dration (Supplementary Fig. 12).

8-SH-cGMP still has cGMP activity, in that it effectively acti-
vates PKG (Supplementary Fig. 9d). Moreover, it can acquire
PDE resistance, which will increase its pharmacological effects
as a ¢cGMP analog (Supplementary Fig. 9e). Because cGMP
itself reportedly has a potent cardioprotective effect, sulfhydra-
tion of 8-nitro-cGMP may thus alter its chemical properties so
that it can benefit not only chronic heart failure after myocardial
infarction but also various other disease processes. Thus, although
8-nitro-cGMP formed in excess in the heart after myocardial
infarction may accelerate heart remodeling, HS™ generation in cells
and tissues may rectify the pharmacological actions of this electro-
philic cGMP analog, for example, by converting the pathological
effects of 8-nitro-cGMP into beneficial effects associated with a
PDE-resistant cGMP homolog. A similar HS"-mediated biocon-
version of an electrophile to a nucleophile would apply to other
electrophiles, such as 15d-PG]J, (Fig. 3a).

p53-dependent G, cell cycle arrest aids DNA repair of injured
cells to prevent oxidative stress-related genetic mutation and geno-
toxicity. Abundant GTP in the cellular nucleotide pool seems to be
nitrated initially and thus may function as a sensor for nucleotide
modification caused by RNOS'; this step is believed to be crucial for
a cellular oxidative stress response. Also, 8-nitro-GTP becomes an
endogenous mutagen when incorporated into DNA%*#. Therefore,
soluble guanylate cyclase not only contributes to electrophilic
8-nitro-cGMP signaling but also can suppress 8-nitro-GTP and limit
mutagenic responses (Supplementary Fig. 12). Thus, 8-nitro-cGMP
regulation by HS~ limits nitrative modification via sulfhydration,
supporting positive genomic and signaling functions and conferring
protection against ROS- and RNOS-induced genotoxicity.

MATURE CHEMICAL 810LOGY | VOL 8 | AUGUST 2012 | www.nature.com/naturechemicalbiology

92



In conclusion, our present data reveal an important metabolic
relationship between HS- and oxidative inflammation-derived
electrophilic signaling mediators. This identification of HS~-induced
electrophile sulfhydration as a mechanism for terminating
electrophile-mediated signaling provides a fundamental new way of
understanding the regulation of redox cellular signaling and thera-
peutic strategies for inflammation-related diseases.

METHODS

RNAi screening. To clarify factors contributing to regulation of 8-nitro-cGMP
signaling, we performed RNAI screening, as described in Supplementary
Methods. Detailed protocols and siRNAs used are described in Supplementary
Methods and Supplementary Table 1.

Reaction of electrophiles with HS- in vitro. 8-Nitro-cGMP (100 pM) was reacted
with various concentrations of NaHS (the HS- donor) in 100 mM sodium phos-
phate buffer (pH 7.4) containing 100 pM diethylenetriaminepentaacetic acid
(DTPA) at 37 °C for 5 h. The reaction of 8-nitro-cGMP (100 pM) with NaHS

(1 mM) was also carried out in the absence or presence of additives includ-

ing cysteine (100 M), metals (150 uM) and metal-containing compounds and
proteins (10 pM). Reaction products of 8-nitro-cGMP with NaHS in the absence
or presence of additives were analyzed by using RP-HPLC and LC/MS as described
in Supplementary Methods. 15d-PGJ, (1-10 pM) was reacted with NaHS
(0~1,000 pM) in 100 mM phosphate buffer (pH 7.4) at 37 °C for 2 h. The reac-
tions of 1,2-NQ (100 pM), 1,4-NQ (100 uM), tert-butylbenzoquinone (100 pM) or
OANG, (100 pM) with NaHS (50-800 pM) were carried out in 200 mM potassium
phosphate buffer (pH 7.5) at 25 °C for 1 h.

Determination and quantitation of cellular 8-SH-cGMP formation. A549, HepG2
and C6 cells treated with CBS siRNA or untreated cells were incubated with
8-nitro-cGMP (200 uM) in serum-free DMEM at 37 °C for 6 h. 8-SH-cGMP that
formed in those cultures was quantified by means of LC-ESI-MS/MS with the use
of 8-*SH]-cGMP as an internal standard. Details are in Supplementary Methods.

Measurement of cellular production of HS™ and intracellular thiol derivatives.
Cellular production of HS- was quantified by means of LC-ESI-MS/MS with
monobromobimane derivatization. This protocol allowed us to simultaneously
quantify HS and other low-molecular-weight thiols including cysteine, HCys and
GSH, as described in Supplementary Methods.

Animals and surgery. All protocols using mice and rats were approved by the
Animal Care and Use Committee, Kyushu University. Mice with a homozygous
deletion of the gene encoding iNOS were purchased from Jackson Laboratory.

The left anterior descending coronary artery (LAD) was ligated (with 6-0 silk
suture) near its origin between the pulmonary outflow tract and the edge of the left
atrium. Acute myocardial ischemia was deemed successful when the anterior left
ventricle wall became cyanotic and the electrocardiogram showed obvious ST seg-
ment elevation. Sham-operated mice were subjected to the same procedure, except
that the suture around the LAD was not tied. TAC surgery was performed on
6-week-old male C57BL/6] mice. A mini-osmotic pump (Alzet) filled with vehicle
(PBS) or NaHS (50 wmol kg d™') was implanted intraperitoneally into 8-week-old
male C57BL/6] mice 1 d after LAD ligation. Plasma concentrations of HS™ were
determined by means of LC-ESI-MS/MS with monobromobimane as described in
Supplementary Methods.

Immunological measurement of 8-nitro-cGMP production in vivo. Paraffin-
embedded left ventricle sections (5 um thick) were stained with 8-nitro-cGMP
(1G6)-specific antibody (1:1,000), followed by visualization with Alexa Fluor 488
rabbit-specific IgG (clone no. A11008) and Alexa Fluor 546 mouse-specific IgG
(clone no. A11003) antibodies (1:1,000; Invitrogen). Digital photographs were
taken at 600x magnification with a confocal microscope (FV10i, Olympus).

Purification of H-Ras. Recombinant human H-Ras was prepared and purified as
described in Supplementary Methods.

Pulldown assay and western blotting. Endogenous active H-Ras was obtained by
incubating supernatants with glutathione S-transferase-fused cRaf-RBD in the
presence of GSH-Sepharose beads, followed by western blotting as described in
Supplementary Methods.

Identification of S-guanylation sites in H-Ras. S-Guanylation sites were identified
by means of MS with trypsin-digested peptide fragments of H-Ras. Details are in
Supplementary Methods.

Isolation of cardiac cells and measurement of cell senescence. Cardiomyocytes
and cardiac fibroblasts were prepared from ventricles of 1- to 2-d-old Sprague-
Dawley rats. Cardiac fibroblasts were transfected with control vector or vectors
expressing H-Ras (wild-type or carrying the C118S or C184S mutation)

via electroporation (1,100 V, 10 ms x 4; NeonTM Transfection System, Life
Technologies Corporation). Cardiomyocytes were infected with recombinant
adenoviruses expressing LacZ control or Ras®¥ at 100 multiplicity of infection

1 h after serum starvation. Twenty-four hours later, cells were pretreated with
NaHS$ (100 pM) for 24 h and then were treated with ATP (100 uM), LPS (1 g
ml™!) or 8-nitro-cGMP (10 M) for 3 h, after which they were cultured for 4 d in
0.5% (v/v) serum-containing medium. Cardiac cells plated on 35-mm glass-bottom
dishes were fixed with 4% (w/v) paraformaldehyde neutral buffer solution, and
cellular senescence was assessed by measuring endogenous $-galactosidase (B-gal)
activity using a senescence-associated B-gal (SA-B-gal) staining kit (Cell Signaling).
Digital photographs were taken at 200x magnification with a Biozero microscope
(BZ-8000; Keyence), and the number of B-gal-positive cells (n > 100 cells) was cal-
culated by using the BZ-II Analyzer (Keyence), with colorimetric intensity adjusted
as the percentage of basal senescent cells approached 1.

Transthoracic echocardiography and cardiac catheterization. Echocardiography
was performed in anesthetized mice (50 mg per kg body weight pentobarbital
sodium) via the Nemio XG echocardiograph (Toshiba) equipped with a 14-MHz
transducer. A 1.4-French micronanometer catheter (Millar Instruments) was
inserted into the left carotid artery and advanced retrograde into the left ventricle.
Hemodynamic measurements were recorded when the heart rate was stabilized
within 500 £ 10 beats per min.

Statistical analysis. Results are presented as mean * s.e.m. of at least three inde-
pendent experiments unless specified. Statistical comparisons were made with
two-tailed Student’s ¢-test or one-way analysis of variance followed by the Student-
Newman-Keuls procedure, with significance set at P < 0.05.

Other methods. Detailed information is available in the Supplementary Methods.
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ABSTRACT: 8-Nitroguanosine 3',5'-cyclic monophosphate (8-nitro-cGMP) is a nitric oxide
metabolite and an important second messenger. 8-Nitro-cGMP reacts with sulfhydryl groups
forming a novel posttranslational modification, namely, S-guanylation. In this work, we found,
by using a quantitative competition enzyme-linked immunosorbent assay procedure, that
S-guanylated human serum albumin (S-¢cGMP-HSA) is a component of normal plasma, and that
hemodialysis patients decrease its concentration, on an average, from 68 to 34 nM. End-stage
renal disease is often accompanied by septicemia, and we found that S-cGMP-HSA possesses an
in vitro antibacterial effect with half maximal inhibitory concentration of approximately 2pM
against Escherichia coli American Type Culture Collection. Our findings indicate that S-cGMP-
HSA can be regarded as an endogenous antibacterial agent in healthy conditions and as a useful
new class of antibacterial agents with a circulation time sufficient for in vivo biological activity.
The clinical development of S-cGMP-HSA as a safe and strong antibacterial agent arisen from
endogenous posttranslational modification would be expected. © 2012 Wiley Periodicals, Inc.
and the American Pharmacists Association J Pharm Sci

Keywords: Albumin; Drug design; Biomaterials; Oxidation; Nanoparticles; nitric oxide;

cysteine; posttranslational modification; antibacterial activity; ligand binding

INTRODUCTION

Posttranslational modifications are essential in their
functional regulation. Among these, changes of the re-
dox state of cysteine residues are of great importance.
For example, the sulfhydryl moiety can interact with
nitric oxide (NO) and thereby form S-nitrosothiols
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(RS-N0).1-3 RS-NOs may function as NO reservoirs
and preserve the antioxidant and other activities of
NO.45 Thus, it has been reported that S-nitroso hu-
man serum albumin (SNO-HSA) may serve in vivo
as a circulating reservoir for NO produced by the
endothelial cells.®

Recently, we have discovered that a novel ni-
trated cyclic nucleotide, namely, 8-nitroguanosine
8’ 5'-cyclic monophosphate (8-nitro-cGMP), is gener-
ated in a NO-dependent manner.” 8-Nitro-cGMP ex-
hibits the strongest redox activity among the ni-
trated guanine derivatives examined; this activity
is different from that activating ¢GMP-dependent
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protein kinases.” Because 8-nitro-cGMP possesses
an electrophilic property, this metabolite can react
with sulfhydryl groups of cysteine residues and form
a protein-S-cGMP adduct, via a novel posttransla-
tional modification, namely, protein S-guanylation.”
Importantly, it has been observed that 8-nitro-
¢GMP causes S-guanylation of Kelch-like erythroid-
cell-derived protein with CNC homology-associated
protein 1 in C6 glioma cells, which leads to Nrf2 ac-
tivation and subsequent induction of antioxidant en-
zymes; thus, 8-nitro-cGMP protects cells against the
cytotoxic effects of oxidative stress.® Another finding
of relevance in this connection was reported by Sawa
et al.? that 8-nitroguanine and 8-nitroxanthine are
present in human urine, the median urinary level
of 8-nitroguanine was significantly higher in smok-
ers than in nonsmokers, suggesting that these nitro-
derived adducts are present in the human circulation.
On the basis of these findings,”® we have focused
on S-guanylation of components such as albumin in
human plasma during chronic inflammatory diseases
such as chronic renal failure.

Human serum albumin is a single, nonglycosy-
lated polypeptide that organizes to form a heart-
shaped protein with approximately 67% a-helix but
no B-sheet.!® All but one (Cys-34) of the 35 cys-
teine residues are involved in the formation of sta-
bilizing disulfide bonds. In the circulation, normally
about half of the Cys-34 residues are freely accessi-
ble, that is, not oxidized or involved in ligand binding,
and they represent the largest fraction of free thi-
ols in blood. Therefore, we examined S-guanylation of
HSA by quantitative competitive enzyme-linked im-
munosorbent assay (ELISA) using a monoclonal anti-
S-guanylated protein (8-RS-cGMP) antibody.

In this paper, we studied the presence of
S-guanylated HSA (S-cGMP-HSA) in human plasma
of healthy volunteers and hemodialysis (HD) patients.
In addition, we examined a biological activity of
S-cGMP-HSA in vitro.

MATERIALS AND METHODS
Materials

Nondefatted HSA (96% pure) was donated by
the Chemo-Sera-Therapeutic Research Institute
(Kumamoto, Japan), and it was defatted by treat-
ment with charcoal, as described by Chen.!! Sephadex
G-25 (¢ 1.6 x 2.5 cm?), Blue Sepharose CL-6B (¢ 2.5 x
20cm?), and RESOURCE PHE columns (¢ 0.64 x
3cm?) were from GE Healthcare (Tokyo, Japan).
1,4-Dithiothreitol (DTT), L-cysteine, and glutathione
were purchased from Sigma-Aldrich (St. Louis,
Missouri. Sulfanilamide, naphthylethylenediamine-
hydrochloride, HgClz, and NaNQOg were obtained from
Nakalai Tesque (Kyoto, Japan). S-Nitrosoglutathione

JOURNAL OF PHARMACEUTICAL SCIENCES

(GS-NO) and diethylenetriaminepentaacetic acid
(DTPA) were obtained from Dojindo Laboratories
(Kumamoto, Japan). Other chemicals were of the best
grades commercially available, and all solutions were
made in deionized and distilled water.

Blood Samples

Twelve stable HD patients (five men, seven women)
aged 25 to 87 years, with a dialysis age rang-
ing between 1 and 9 years, were enrolled in this
study. Eleven age- and gender-matched healthy sub-
jects were also investigated as a control group. End-
stage renal failure was caused by glomerulonephritis
(N = 5), nephrosclerosis (N = 1), diabetic nephropathy
(N = 5), and unknown causes (N = 1). Blood was col-
lected using a vacuum tube collection system, using
heparin as an anticoagulant. Plasma fractions were
isolated by centrifugation at 4°C for 20 min (2000g),
and were immediately frozen in liquid nitrogen prior
to long-term storage at —80°C. Studies involving hu-
man blood were approved by the Ethics Review Com-
mittee for Human Experimentation of our institution,
and informed consent was obtained from all subjects.

Modifications of Cys-34 on HSA

First, HSA was treated with DTT, as previously
reported.!? For SNO-HSA, 300 4 M DTT-treated HSA
was incubated with 3mM GS-NO for 1h at 37°C, as
previously described.!? For cysteinyl-HSA (Cys-HSA),
300 uM DTT-treated HSA was incubated with 3 mM
L-cysteine for 12h at 37°C. For S-cGMP-HSA, 50 uM
DTT-treated HSA was incubated with 500 p M NOs-
c¢GMP for 5 days at 37°C. After each reaction, the
mixtures were applied to a Sephadex G-25 column
and eluted with phosphate buffered saline (PBS) to
remove unreacted GS-NO, L-cysteine, or NOg-cGMP,
respectively. Then, the modified HSAs were concen-
trated by ultrafiltration. The protein content of all
HSA preparations used in this study was determined
by the BCA assay.

Western Blot

We performed Western blotting analysis to assess ex-
pression levels of various proteins in cells. Anti-8-RS-
¢GMP antibody was prepared as described earlier.”
Immunoreactive bands were detected by using a
chemiluminescence reagent (ECL Plus; GE Health-
care, Hino, Japan) with a luminescent image analyzer
(LAS1000UV mini; Fuji Photo Film Company, Tokyo,
Japan).

Competitive ELISA

To determine the endogenous S-cGMP adducts in
plasma samples from healthy volunteers and HD
patients, we used competitive ELISA as described
previously.” Briefly, each well of a 96-well microtiter
plate was coated with 100 pL of the 8-RS-cGMP-BSA
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conjugate (0.5pg/mL) in PBS, blocked with 0.5%
gelatin, and washed three times with PBS contain-
ing 0.05% Tween 20 (washing buffer). Wells were
incubated at room temperature for 1h with 0.1mL
of antibodies (0.1pg/mL) in the presence or ab-
sence of plasma samples dissolved in washing buffer.
The wells were then washed with washing buffer
three times and reacted with horseradish-peroxidase-
conjugated antimouse IgG antibody, followed by reac-
tion with o-phenylenediamine dihydrochloride.” The
reaction was terminated by the addition of 0.05 mL
of 2.0 M sulfuric acid, and absorbance at 490 nm was
read by using a micro-ELISA plate reader.

Circular Dichroism

Circular dichroism (CD) spectra of HSA, SNO-
HSA, and S-cGMP-HSA were measured at 25°C us-
ing a J-720-type spectropolarimeter (JASCO, Tokyo,
Japan).!3 For the calculation of mean residue
ellipticity [6], the molecular weight of the albumins
was taken as 66,500 Da. Far-UV and near-UV CD
spectra were recorded at protein concentrations of 5
and 15 pM, respectively, in 20 mM sodium phosphate
buffer (pH 7.4).

Tryptophan Fluorescence

Intrinsic fluorescence spectra of HSA, SNO-HSA, and
S-cGMP-HSA were measured at a protein concen-
tration of 2uM and 25°C using a JASCO FP-777
spectrofluorometer equipped with thermostatically
controlled 1cm quartz cells and 5nm excitation and
emission bandwidths. HSA, SNO-HSA, and S-cGMP-
HSA were excited at 295nm, and the spectra were
corrected for buffer baseline fluorescence.

NO,;~ Measurement

We quantified NOy~ released from 8-nitro-cGMP dur-
ing denitration by means of a high-performance lig-
uid chromatography (HPLC) flow reactor system, as
reported previously.!* 8-Nitro-cGMP (0-500 1 M) was
incubated with 50 M HSA in 100 mM sodium phos-
phate buffer (pH 7.4) for 0, 3, 6, 12, 24, 30, 70, 115, or
130 h at 37°C. The reaction solutions were applied to a
reverse-phase HPLC column (4.6 x 30 mm?, CA-ODS;
Eicom Company, Kyoto, Japan) to remove the protein
in the solutions. NOy;~ was eluted with 0.3 mIL/min
of 10 mM sodium acetate buffer (pH 5.5) containing
0.1M NaCl and 0.5mM DTPA, and Griess reagent
(0.15mI/min) was added via a flow-reactor system.
The diazo compound thus formed was detected at
540nm by using a visible light detector (Eicom
Company) and an integrator (System Instruments
Company).

Ligand Binding

Ligand binding activities of HSA, SNO-HSA, and
S-cGMP-HSA were determined by fluorescence mea-
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surements using the following site-specific probes:
warfarin (site I; excitation: 320 nm, emission: 380 nm)
and dansylsarcosine (DNSS, site II; excitation:
340 nm, emission: 476 nm). Within the limits of sen-
sitivity, an excitation wavelength was chosen to give
the maximum fluorescence of the probe bound to HSA,
with insignificant fluorescence in the buffer. The con-
centration of the HSAs was 2 4 M, whereas the total
concentration of warfarin varied from 0.5 to 3uM, and
that for DNSS varied from 1 to 2.5 uM. The experi-
ments were performed in PBS.

Antibacterial Activity

In vitro antibacterial activities of NO3-cGMP, cGMP,
S-guanylated cysteine (S-cGMP-Cys), and differ-
ent protein preparations were examined accord-
ing to previously reported methods, with slight
modification.!® We used M9 medium (pH 7.4) during
incubation of bacteria with the potential antibacte-
rial compounds. In brief, Escherichia coli American
Type Culture Collection, Salmonella typhimurium
LT2, Pseudomonas aeruginosa, Klebsiella pneumo-
niae MGHY78578, Bacillus subtilis, Streptococcus pyo-
genes, Streptococcus aureus OM 481, and S. aureus
OM 505 organisms were cultured overnight in M9
medium and were then washed three times with
M9 medium. The bacteria were resuspended in
Krebs—Ringer phosphate buffer containing 1 mg/mL
NH,Cl and 5 mg/mL thiamine hydrochloride. The bac-
terial suspensions (1 x 10 CFU/mL, 0.02 mL in M9
medium) were mixed with 0.18 mL of M9 medium con-
taining different concentrations of the compounds be-
ing tested in a 96-well plate. After 1h of incubation
at 37°C, the bacteria were collected by centrifuga-
tion (1500g, 5min), resuspended in 0.18 mL of M9
medium, transferred to another 96-well plate, and
incubated for 9h at 37°C. The numbers of bacteria
present were determined by measuring the turbidity
of the culture suspension: The Agss value was moni-
tored by using a microplate reader (model 450; Bio-
Rad Laboratories, Hercules, California).

Statistical Analysis

The statistical significance of collected data was
evaluated using the ANOVA analysis followed by
Newman-Keuls method for more than two means.
Differences between groups were evaluated by the
Student’s t-test. A p value of less than 0.05 was re-
garded as statistically significant.

RESULTS AND DISCUSSION

Detection of Endogenous S-cGMP-Compounds in
Human Plasmas

At first, we checked the specificity of the monoclonal
S-cGMP antibody by Western blot analysis. Figure 1a
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Figure 1. Quantitative evaluation of S-guanylated compounds in healthy volunteers and HD
patients. (a) The specificity of a monoclonal anti-S-guanylated antibody against several HSAs.
Cys-HSA, SNO-HSA, and S-cGMP-HSA were prepared in vitro (see the section Material and
Methods for details). HSAs (10ng of protein) were analyzed by using Western blotting with
anti-8-RS-cGMP antibody. (b) The detection limit of S-cGMP-HSA by Western blotting analysis.
S-cGMP-HSA (0.32 fmol-2 pmol of HSA) analyzed by using Western blotting with anti-8-RS-
¢GMP antibody (upper) and Coomassie brilliant blue (CBB) stain (lower). HSA (2 pmol) was
used as a control, and bovine serum albumin was used as a marker. (¢) A competitive curve
of ELISA using anti-8-RS-cGMP antibody against PBS, HSA, SNO-HSA, and S-cGMP-HSA
(see the section Material and Methods for details). (d) Quantitative analysis of S-guanylated
compounds in intact human plasma, HSA(+), and in plasma without albumin, HSA(-), us-
ing the competitive ELISA method. HSA was removed by applying the plasma samples to a
Blue Sepharose CL-6B (¢ 2.5 x 20 cm?) column.’ (d, inset) The Western blotting analysis us-
ing polyclonal anti-HSA antibody after immunoprecipitation with monoclonal anti-8-RS-cGMP
antibody of the S-cGMP adducts in the plasma. Data are expressed as means = SEM. (n =
11-12). *p < 0.05, *p < 0.01 as compared with HSA (+) of healthy volunteers; #p < 0.01 as
compared with HSA (+) of HD patients.

shows that monoclonal S-cGMP antibody reacted only
with S-cGMP-HSA and not with Cys-HSA or SNO-
HSA. The detection limit of S-cGMP-HSA by Western
blot is about 8 fmol (Fig. 1b). Second, to detect endoge-
nous S-¢cGMP compounds in human plasma, we con-
structed a quantitative competitive ELISA method
using monoclonal S-cGMP antibody. As seen in Fig-
ure lc, addition of HSA or SNO-HSA had no effect in
this competitive ELISA. By contrast, our ELISA sys-
tem competed with S-cGMP-HSA from nM range. By
means of this ELISA system, we evaluated the pres-
ence of endogenous S-cGMP compounds in human
plasma from healthy volunteers and HD patients.
As shown in Figure 1d, the concentration of S-cGMP
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compounds in healthy volunteers is about two times
higher than in plasma from HD patients (68 nM in
healthy plasma vs. 34 nM in HD patients). Interest-
ingly, after albumin removal, the S-¢cGMP compounds
in both plasma were decreased very much and to the
same level (p = 0.25). These findings propose that the
majority of S-eGMP compounds is S-cGMP-HSA, and
that S-guanylation of other proteins is not different
between healthy volunteers and HD patients. To de-
tect S-cGMP-HSA in the plasma more specifically, we
performed a Western blot analysis, using polyclonal
anti-HSA antibody, after immunoprecipitation with
monoclonal anti-8-RS-cGMP antibody of the S-cGMP
adducts in the plasma. These results also suggested
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Figure 2. Structural integrity of HSA, SNO-HSA, and S-cGMP-HSA. Far-UV (a) and near-
UV (b) CD spectra for HSA, SNO-HSA, and S-cGMP-HSA. (c) Intrinsic tryptophan fluorescence
spectra of HSA, SNO-HSA, and S-cGMP-HSA excited at 295 nm were measured using a JASCO
FP-777 spectrofluorometer. (d) Effect of different molar ratios of NO2-cGMP on S-guanylation
of HSA. Fifty micromolar DTT-treated HSA was incubated with 0-500 p M NOy-¢cGMP for up to
5 days at 37°C. After each incubation, the mixtures were applied to a flow-reactor system. Data

are expressed as means + SEM. (n = 4).

that the majority of the S-cGMP compounds in human
plasma is S-cGMP-HSA (Fig. 1d inset).

Physicochemical Characterization of S-cGMP-HSA

For studying the effect of S-guanylation on the physic-
ochemical characteristics of HSA, we used CD spec-
troscopy (Figs. 2a and 2b) and intrinsic tryptophan
fluorescence (Fig. 2¢). According to the far-UV spec-
tra, neither S-guanylation nor S-nitrosation of Cys-34
had any detectable effect on the secondary structure
of native HSA (Fig. 2a). However, S-guanylation of
the cysteine residue had a small effect on the tertiary
structure of the protein (Fig. 2b). These minor confor-
mational changes influence the tryptophan residue in
position 214 because S-guanylation and S-nitrosation
reduce tryptophan fluorescence (Fig. 2¢). The spec-
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tral changes propose that the microenvironment of
the residue has become more hydrophobic.

We have determined the efficiency of S-guanylation
of HSA in vitro. For that purpose, HSA was incu-
bated with different molar ratios of NOy-cGMP for
incubation times of up to 130h. As seen in Figure
2d, S-cGMP-HSA was produced in a dose-dependent
manner, and approximately 0.9 mol S-cGMP/mol HSA
was formed after treatment of HSA with a 10 times
molar excess of NOg-cGMP for 130 h. According to a
previous report, the efficiency of S-nitrosation of HSA
by GS-NO was much lower, namely, 0.4 mol S-NO/mol
HSA.'8 This indicates that HSA more readily becomes
S-guanylated than S-nitrosated.

It has previously been shown that oxidation of
Cys-34 decreased drug binding to both sites I and
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Figure 3. Concentration-dependent antibacterial effects of S-cGMP-HSA and related com-
pounds. Bacterial growth, assessed by means of turbidity and expressed as a percentage of
control, was determined at 9h after incubation with the compounds indicated. Data are ex-
pressed as means + S.E.M. (n = 5-7). *p < 0.05, **p < 0.01 as compared with bacterial growth

in PBS.

II on HSA.!® Therefore, we investigated whether
S-guanylation also affected ligand binding to these
two sites (Table 1). S-guanylation increased signif-
icantly the binding affinity of warfarin to site I,
whereas DNSS binding to site II was not signifi-
cantly changed. By contrast, S-nitrosation had no ef-
fect on binding of the two marker ligands. Taken to-
gether with the results of the spectroscopic studies,
S-guanylation influences the structure of site I (which
includes Trp-214) but apparently not that of site IT in
subdomain ITIA. In comparison, S-nitrosation has a
smaller effect on the structure and function of HSA.
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Table 1. High-Affinity Binding of Warfarin and DNSS to HSAs
at pH 7.4 and 25°C

Association Constant (105 M—1)

HSAs Warfarin DNSS
HSA 3.77 £ 0.97 5.68 + 0.98
S-cGMP-HSA 7.12 £+ 0.65** 4.21+1.13
SNO-HSA 3.72 +£1.19 5.34 + 0.81

HSASs concentration was 2 p M, whereas the total concentration of
warfarin and DNSS varied from 0.5 to 3pM and from 1 to 2.5uM,
respectively. The experiments were performed in phosphate buffered
saline.

All values are mean + S.E.M. (n = 3-6).

**p < 0.01, compared with HSA.
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Antibacterial Activity of S-cGMP-HSA

Nitric oxide and related species including RS-NO re-
portedly inhibit the growth of a wide variety of mi-
croorganisms, including viruses, bacteria, parasites,
and fungi.” Miyamoto et al.!® have shown that SNO-
o1-PI has a strong bacteriostatic effect against both
Gram-negative and Gram-positive bacteria, with the
half maximal inhibitory concentration (ICsp) in the
low micromolar range. We have previously found
that SNO-HSA has an antibacterial effect, with an
ICso value of 0.5-10 uM.13 Therefore, we examined
whether S-guanylation adds an antibacterial effect to
HSA. In these experiments, SNO-HSA was used as
a positive control. Interestingly, S-cGMP-HSA was as
potent as SNO-HSA in suppressing bacterial growth,
with an ICgg value of approximately 2 p M (Fig. 3a). On
the contrary, parental HSA had no antibacterial ac-
tivity. We have previously clarified that the antibacte-
rial mechanism of SNO-HSA is caused by NO release
from SNO-HSA.!3 However, the antibacterial effect
of S-cGMP-HSA is not due to release of molecules
or ions from the HSA complex (data not shown). We
speculated whether oxidation of Cys-34 on HSA is in-
volved in the antibacterial effect. Therefore, we stud-
ied the effect of Cys-34-reduced HSA (reduced-HSA)
and Cys-HSA, but none of these compounds reduced
bacterial growth (Fig. 3b). Furthermore, NOg-cGMP
and ¢cGMP possess no antibacterial effect (Fig. 3c),
suggesting that S-guanylation plays the important
role for the antibacterial effect. Finally, we produced
S-cGMP-Cys and several S-guanylated proteins us-
ing rat albumin, o-1 acid glycoprotein, and ovalbu-
min and measured bacterial growth in the presence of
these S-guanylated compounds (Fig. 3d). The results
show that only the modified rat albumin has an an-
tibacterial effect, which, however, is less pronounced
than that observed for S-cGMP-HSA. Thus, both
S-guanylation and albumin seem to be necessary for
the antibacterial effect. We have also measured the
antibacterial activity of S-cGMP-HSA against other
types of bacteria (Table 2). Among these, the ICs

Table 2. Antibacterial Effects of S-cGMP-HSA Against Various
Bacteria

ICsp (uM)
Gram Stain S-cGMP-HSA SNO-HSA
Negative
E. coli 14 0.6
S. typhimurium LT2 100 8
P. aeruginosa 14 25
K. preumoniae MGH78578 9 1.3
Positive
B. subtilis 0.3 0.17
S. pyogenes 100 10
S. aureus OM 481 100 100
S. aureus OM 505 100 100
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value for B. subtilis was 300 nM. By contrast, the ICs
values for other bacteria types were higher than that
for E. coli. Actually, it is difficult to explain the an-
tibacterial activity of S-cGMP-HSA alone in human
plasma. However, there are some antibacterial com-
pounds in human plasma, for example, SNO-HSA,
which exists at a concentration of around 7pM in
human plasma.!® The present data suggest that S-
cGMP-HSA is one of many endogenous antibacterial
compounds. Most probably, these compounds “coordi-
nately” act as antibacterial agents in the human body.

CONCLUSION

Our study has two major findings. First, S-cGMP-
HSA, a novel posttranslational modification of HSA,
was detected in plasma from healthy volunteers
and HD patients by quantitative competitive ELISA.
HD resulted in a decrease in the concentration of
S-cGMP-HSA from 68 + 19 to 34 &+ 22nM. As judged
from CD and fluorescence spectroscopy and from lig-
and binding studies, S-guanylation introduces only
minor conformational changes in subdomain IIA
of HSA, which contains Trp-214 and site I. Sec-
ond, S-cGMP-HSA possesses an antibacterial activity
in vitro, which is similar to that of SNO-HSA. These
findings indicate that the risk of bacterial infection
due to a low level of S-cGMP-HSA is increased during
such a treatment and perhaps in pathological condi-
tions as chronic kidney failure.2°

S-cGMP-HSA most likely possesses the possibility
for becoming an antibacterial agent of therapeutical
use. Our data suggest that the antibacterial activity
of S-cGMP-HSA is very similar to that of SNO-HSA.
However, SNO-HSA has the drawbacks that it is very
sensitive to light, metals, and reductants. 8-Nitro-
¢GMP has the advantage that it under physiologi-
cal conditions irreversibly loses electrophilicity after
S-guanylation; at least, so far, no specific catalyst has
been found which can revert the process.?! Our data
suggest that S-cGMP-HSA can be regarded as an en-
dogenous antibacterial agent and a useful new class of
antibacterial agent with a circulation time sufficient
for in vivo biological activity. On the basis of these
advantages, we believe that further investigation in
clinical settings is warranted.
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BACKGROUND AND PURPOSE

8-Nitroguanosine 3’,5’-cyclic monophosphate (8-nitro-cGMP), formed nitric oxide (NO)-dependently, is a physiological second
messenger, yet little is known about its role in the pathophysiology of vascular diseases. To study the pharmacological

activity of 8-nitro-cGMP in diabetic mice, we compared its effects on vascular reactivity of aortas from non-diabetic and
diabetic mice.

EXPERIMENTAL APPROACH

Vascular tension recording was performed in thoracic aortic rings from wild-type (C57BL/6), non-diabetic db/+ and
obese/diabetic db/db mice. Endothelial NO synthase (eNOS) uncoupling and superoxide were tested by Western blot and
dihydroethidium fluorescence respectively.

KEY RESULTS

8-Nitro-cGMP, at concentrations up to 10 uM, enhanced phenylephrine-induced contractions in aortas from C57BL/6 and
db/+ mice, but not from db/db mice. This enhancement was not observed with 8-bromo-cGMP. Pretreatment of aortas

from C57BL/6 and db/+ mice with L-NAME (100 uM), superoxide dismutase (100 U-mL™) or tiron (1 mM), abolished
8-nitro-cGMP-induced enhancement of the phenylephrine contraction. In 8-nitro-cGMP (10 uM)-treated C57BL/6 aortas,
eNOS dimer/monomer ratio was significantly decreased and vascular superoxide production increased, suggesting that
8-nitro-cGMP-induced superoxide production via eNOS uncoupling may mediate the enhancement of the phenylephrine
contraction. At higher concentrations (>10 pM), 8-nitro-cGMP produced relaxation of the phenylephrine-contracted aortas
from C57BL/6, db/+ and db/db mice. The 8-nitro-cGMP-induced relaxation in db/db mouse aortas was found to be resistant
to a phosphodiesterase 5 inhibitor, zaprinast (1 pM).

CONCLUSIONS AND IMPLICATIONS
The vasodilator effect of 8-nitro-cGMP may contribute to amelioration of the vascular endothelial dysfunction in diabetic mice,
representing a novel pharmacological approach to prevent the complications associated with diabetes.

Abbreviations

eNOS, endothelial nitric oxide synthase; L-NAME, N®-nitro-L-arginine methyl ester; 8-nitro-cGMP, 8-nitroguanosine
3’,5"-cyclic monophosphate; PDE, phosphodiesterase; PKG, protein kinase G; ROS, reactive oxygen species; SOD,
superoxide dismutase
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Introduction

Nitric oxide (NO) generated by endothelial nitric oxide syn-
thase (eNOS) crucially determines vascular tone as well as
vascular wall homeostasis. It is well established that NO
stimulates cGMP production and induces subsequent signal-
ling pathways in target cells. Recently, we discovered a
nitrated derivative of cGMP, 8-nitro-cGMP, a novel second
messenger that is formed nitric oxide synthase (NOS)-
dependently in physiological systems and may be involved in
redox activity and signal transduction by NO (Sawa et al.,
2007). This has led us to investigate a possible role of 8-nitro-
cGMP in vascular function.

NO availability may be attenuated in part by reaction
with reactive oxygen species (ROS), particularly superoxide
(-O7) produced by oxidative stress in pathological conditions
(Cai and Harrison, 2000; Vanhoutte et al., 2009). Increased
oxidative stress in vessel walls is an important element in the
development and progression of diabetes and its complica-
tions (Baynes and Thorpe, 1999). Therefore, ROS scavenging
has been proposed as a therapeutic strategy to target oxida-
tive stress in vascular disorders. In addition, it was reported
that overexpression of superoxide dismutase (SOD)-1 in type
2 diabetic db/db mice attenuates several indices of renal
injury, possibly by inducing a reduction of peroxynitrite gen-
eration by NO-superoxide interaction (DeRubertis etal,
2004).

Based on these findings, we hypothesized that 8-nitro-
cGMP may play some role in the ROS-mediated pathophysi-
ology of diabetic vascular dysfunction. To test this
hypothesis, the present study was performed to examine the
pharmacological activity of 8-nitro-cGMP in diabetic vessels,
by comparing the effects of 8-nitro-cGMP on vascular
responses of thoracic aortic rings from non-diabetic (C57BL/6
and db/+) and obese/diabetic (db/db) mice.

Methods

Animal experiments

Male BKS.Cg-Dock7™+/+Lepr®/] (db/db) mice, 13- to 14-week-
old, age-matched littermates (db/+) and age-matched con-
trols (C57BL/6) from The Jackson Laboratory (Bar Harbor,
ME, USA) were used in this study. The animal protocol
was approved by the Institutional Animal Care and Use
Committee.

Aortic ring preparation and tension recording

The mice were killed by inhalation of diethyl ether and cer-
vical dislocation and the thoracic aortas were excised imme-
diately. Adventitial tissue was carefully removed. The aortic
rings were mounted in a 3mL organ bath chambers
(MTOB-1, Labo Support, Osaka, Japan), filled with Krebs-
Henseleit buffer (KHB, in mM: NaCl, 118.4; KCl, 4.7; MgSO,,
1.2; KH,PO,, 1.2; CaCl;, 2.5; NaHCOs, 25; glucose, 10),
bubbled with 95% O; and 5% CO,, and maintained at 37°C.
The rings were connected to a force transducer to measure
isometric tensions and recorded on a transducer data acqui-
sition system (PowerLab, Chart v5, AD Instruments, Colorado
Springs, CO, USA). Resting tension was set at 1.0 g and rings
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were allowed to equilibrate for 60 min. KHB was changed
before and twice after each concentration-response curve.
Cumulative concentration-response curves for acetylcholine
(ACh; 1 nM to 100 uM), 8-nitro-cGMP and 8-bromo-cGMP
(1 nM to 300 uM) were generated after contraction of rings
with an o;-agonist, phenylephrine (Phe; 0.1 pM). All experi-
ments for tension recording were conducted following induc-
tion of 20-30% of maximal Phe-induced contraction, to get a
significant response to 8-nitro-cGMP or 8-bromo-cGMP. All
inhibitors/scavengers used in this study were allowed to incu-
bate with the preparation for 30 min before the construction
of the concentration-response curve.

Detection of eNOS dimer disruption and
superoxide production

For measurements of eNOS dimer/monomer ratio and in situ
superoxide production, the isolated aortas were treated with
8-nitro-cGMP or 8-bromo-cGMP as follows: isolated mice
aortas were removed, cleared of connective tissue and
immersed in warm KHB (37°C) for equilibration for 90 min.
Subsequently, vessel segments were incubated for 30 min in
control KHB or in KHB containing 8-nitro-cGMP or 8-bromo-
c¢GMP. The segments were then snap-frozen at -80°C for
immunoblotting and dihydroethidium (DHE) staining.

For immunoblotting, homogenates of thoracic aorta were
prepared from the frozen segments in lysis buffer containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100
and protease inhibitors. Protein concentrations were deter-
mined using BCA protein assay kit (Pierce, Rockford, IL, USA).
Aortic eNOS dimer and monomer were separated, using low-
temperature SDS-PAGE followed by Western blot analysis, as
described in our previous study (Yamamoto et al., 2007a). In
brief, protein extracts were mixed with fivefold SDS sample
buffer (0.31 M Tris-HCl, pH 6.8, 10% SDS, 50% glycerol,
0.5 M dithiothreitol and 0.03% bromophenol blue) at 0°C.
Electrophoresis was performed in a cold room (4°C). eNOS
dimer and monomer were detected with anti-eNOS antibody
(1:2000, BD Biosciences, Lexington, KY, USA). The immu-
noreactivity was detected by enhanced chemiluminescence
method (ECL; GE Healthcare Bioscience, Piscataway, NJ, USA)
and quantified using a luminescence image analyser LAS-
4000mini and image analysis software Multi Gauge Ver.3.11
(Fuji Film, Tokyo, Japan).

In situ superoxide production was determined in vessel
cryosections with the oxidative fluorescent dye DHE, as pre-
viously described (Yamamoto et al., 2007b; Nakamura et al.,
2009). Cryosections (8 pm in thickness; Leica, Weltzar,
Germany) from the aortas treated with 8-nitro-cGMP or
8-bromo-cGMP were incubated with DHE (5 uM) at 37°C for
30 min and then viewed by fluorescent microscopy (Nikon,
Eclips, Tokyo, Japan). For each slide, at least five images from
different sections of the slide were captured, and average
staining intensity was calculated using image analysis soft-
ware (Lumina Vision version 2.2, Mitani-Corp., Fukui, Japan).

Data analysis

Relaxation responses are expressed as a percentage reversal of
the Phe-induced contraction. Responses are plotted graphi-
cally as means from at least four separate experiments with
vertical bars representing SEM. Curves were fitted to all the
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