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Estrogen-Responsive nitroso-Proteome in Uterine Artery
Endothelial Cells: Role of Endothelial Nitric Oxide Synthase and
Estrogen Receptor-β

Hong-hai Zhang1, Lin Feng1, Wen Wang1, Ronald R. Magness3, and Dong-bao Chen1,2

1Department of Obstetrics & Gynecology, University of California-Irvine, Irvine, CA 92697
2Experimental Pathology, University of California-Irvine, Irvine, CA 92697
3Department of Obstetrics and Gynecology - Perinatal Research Laboratories, University of
Wisconsin-Madison, Madison, WI 53715

Abstract
Covalent adduction of a NO moiety to cysteines (S-nitrosylation or SNO) is a major route for NO
to directly regulate protein functions. In uterine artery endothelial cells (UAEC), estradiol-17β
(E2) rapidly stimulated protein SNO that maximized within 10-30 min post-E2 exposure. E2-
bovine serum albumin stimulated protein SNO similarly. Stimulation of SNO by both was blocked
by ICI 182, 780, implicating mechanisms linked to specific estrogen receptors (ERs) localized on
the plasma membrane. E2-induced protein SNO was attenuated by selective ERβ, but not ERα,
antagonists. A specific ERβ but not ERα agonist was able to induce protein SNO. Overexpression
of ERβ, but not ERα, significantly enhanced E2-induced SNO. Overexpression of both ERs
increased basal SNO, but did not further enhance E2-stimulated SNO. E2-induced SNO was
inhibited by N-nitro-L-arginine-methylester and specific endothelial NO synthase (eNOS) siRNA.
Thus, estrogen-induced SNO is mediated by endogenous NO via eNOS and mainly ERβ in
UAEC. We further analyzed the nitroso-proteomes by CyDye switch technique combined with
two dimensional (2D) fluorescence difference gel electrophoresis. Numerous nitrosoprotein
(spots) were visible on the 2D gel. Sixty spots were chosen and subjected to matrix-assisted laser
desorption/ionization-time of flight mass spectrometry. Among the 54 identified, 9 were novel
SNO-proteins, 32 were increased, 8 were decreased, and the rest were unchanged by E2. Tandom
MS identified Cys139 as a specific site for SNO in GAPDH. Pathway analysis of basal and
estrogen-responsive nitroso-proteomes suggested that SNO regulates diverse protein functions,
directly implicating SNO as a novel mechanism for estrogen to regulate uterine endothelial
function and thus uterine vasodilatation.
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Introduction
Estrogens are potent vasoactive agents that dilate various vascular beds throughout the body,
with the greatest response occurring in the uterus (Magness and Rosenfeld, 1989; Markee,
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1932). In ovariectomized and intact animals, following estrogen administration uterine
vasodilatation as measured by a rise in uterine blood flow (UBF) begins to increase within
30-45 minutes and reaches up to 10-fold baseline within 90-120 minutes (Magness and
Rosenfeld, 1989). The stimulatory effect of estrogens on UBF has been verified under
physiological statuses linked to increased levels of circulating estrogens such as the
follicular phase of the ovarian cycle and pregnancy, in which UBF has been shown to be
significantly elevated (Ford, 1982; Gibson et al., 2004; Magness et al,. 2005). Of note,
during the last one third of gestation dramatic rise in UBF is directly linked to fetal growth
and insufficient rise in UBF results in intrauterine growth restriction and other serious
obstetric problems (Lang et al., 2003).

Numerous studies have shown that estrogen-induced uterine vasodilatation is largely
mediated by nitric oxide (NO) synthesized via endothelial NO synthase (eNOS) locally in
the uterine artery endothelial cells (UAEC) (Chen et al., 2006; Magness et al., 2001;
Rosenfeld et al., 1996; Rupnow et al., 2001). We have shown that estradiol-17β (E2)
stimulates rapid NO production independent of de novo eNOS synthesis in UAEC (Chen et
al., 2004). Chronic estrogen treatment stimulates uterine artery endothelial eNOS expression
similarly as shown in other vascular beds (Chen et al., 2006; Rupnow et al., 2001; Vagnoni
et al., 1998). The rapid activation and latent rises in expression of eNOS protein in
endothelial cells (ECs) on estrogen stimulation are thought to be mediated by specific
estrogen receptors (ER) localized either on the plasma membrane (Chen et al., 2004; Liao et
al., 2005) or in the nucleus (Truss and Beato, 1993). However, despite extensive studies
showing estrogen stimulation of endothelial NO production in the uterine arteries, the direct
effects of enhanced NO by estrogen stimulation in the endothelium itself has not yet being
explored.

The classical route for NO to elicit its biological functions is the formation of cyclic
guanylate monophosphate (cGMP) that is important for vascular remodeling, vessel
relaxation and platelet aggregation, etc (Murad, 1986). However, NO also possesses many
bioactivities that are cGMP independent (Wanstall et al., 2005). Covalent adduction of a NO
moiety (NO•) to cysteines defined as S-nitrosylation (SNO) represents a major mechanism
for NO to directly regulate protein functions (Stamler et al., 1992a). More recently, SNO has
been rapidly moving to “the center stage” of cell signaling and its physiological significance
has been regarded as homolog to O-phosphorylation (Lane et al., 2001). SNO is a novel
pathway for post-translational modification of proteins. This redox sensitive change in NO
moiety alters the functions of nearly all major classes of proteins, thus inevitably
participating in a plethora of important biological pathways including apoptosis, redox
signaling, and angiogenesis, etc (Hess et al., 2005).

Uterine artery endothelial NO production plays a critical role in mediating estrogen
stimulation of uterine vasodilatation linked to specific ER, i.e., ERα and ERβ (Liao et al.,
2005; Byers et al., 2005; Magness et al., 2005); however, it is unknown to date if estrogens
directly regulate endothelial protein SNO in UAEC via a specific ER-subtype mediated
mechanism. In this study, we have used a comprehensive proteomics approach to investigate
the effects of estrogens on protein SNO in primary UAEC. We reported herein for the first
time that estrogen stimulates dynamic protein SNO in UAEC, which is linked to endogenous
NO via eNOS and ERβ. Pathway analysis of the SNO-proteins identified in the resting and
estrogen-treated UAEC revealed that protein SNO regulates diverse biological functions.
Our findings hence implicate SNO as a novel mechanism for estrogens to regulate uterine
endothelial function and thus vasodilatation.
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Materials and Methods
Chemicals and antibodies

Estradiol-17β, β-estradiol 6-(O-carboxymethyl)oxime-bovine serum albumin (E2-BSA),
sodium ascorbate, N-2-Hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES),
diethylene triamine pentaacetic acid (DTPA), neocuproine, mercury chloride, copper
chloride, fatty acid free bovine serum albumin (BSA), N-nitro-L-arginine-methylester (L-
NAME), N-nitro-D-arginine-methylester (D-NAME), methanol, N-ethylmeleimide (NEM),
methyl methanethiosulfonate (MMTS), 3-(3-Cholamidopropyl)dimethylammonio-1-
propanesulfonate (CHAPS), sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO) and
all other chemicals unless specified, were from Sigma (St Louis, MO). N-[6-
(biotinamido)hexyl]-3′-(2′-pyridyldithio) propionamide (biotin-HPDP) were from Thermo
scientific (Rockford, IL). ICI 182, 780, 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylet hoxy)phenol]-1H-pyrazole dihydrochloride (MPP), 4-[2-Phenyl-5,7-
bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol (PHTPP), 4,4,4-(4-propyl-[1H]-
pyrazole-1,3,5-triyl)trisphenol (PPT), diarylpropionitrile (DPN) were from Tocris (Ellisville,
MO). S-nitrosoglutathione (GSNO) was from Cayman (Ann Arbor, MI). Anti-biotin
antibody was from Cell Signaling Technology (Beverly, MA). 2-(6-biotinoyl-amino-
hexanoyl amino) ethylmethanethiosulfonate (MTSEA)-Texas red was from Toronto
Research Chemicals (Downsview, ON, Canada). Cydye DIGE fluor labeling kit was from
GE Healthcare (Buckinghamshire, UK). Anti-β-actin monoclonal antibody was from
Ambion (Austin, TX). Anti-ERα antibody was from Neomarkers (Fremont, CA). Anti-ERβ
antibody was from Affinity Bioreagents (Rockford, IL). Anti-eNOS antibody was from
Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Prolong Gold antifade reagent with 4′,6-
diamidino-2-phenylindole (DAPI), MCDB131 and M199 were from Invitrogen (Carlsbad,
CA).

Cell culture
UAEC were isolated by collagenase digestion from late pregnant (D120-130 days of
gestation, term ≈145 days) ewes as described previously (Bird et al., 2000). The animal use
protocol was approved by the Animal Subjects Committees of the University of California
San Diego and the University of Wisconsin-Madison. Frozen UAEC aliquots (passage 3)
were thawed and seeded in MCDB131 containing 10% fetal bovine serum (Lonza,
Walkersville, MD) and antibiotics for experimental use at passages 4–5. Cells at ∼70%
confluence were cultured in serum-free M-199 (Phenol red-free M-199 containing 0.1%
fatty acid-free BSA and 25 mM HEPES) for 16 h. Following 1 h equilibration in fresh
serum-free M-199 medium with or without inhibitors as indicated in the figure legends,
UAEC were treated without or with E2 for various times in the presence or absence of L-
NAME or ICI 182, 780. Ethanol was used to dissolve E2 and ER antagonists; its final
concentration was <0.01% that did not alter cellular responses surveyed in this study.

Small interfering RNA (siRNA) knockdown of eNOS
An eNOS siRNA based on the sequence (5′-GAGTTACAAGATCCGCTTCdTdT-3′,
positioned at 1824–1842) of the open reading frame of bovine eNOS (Kang-Decker et al.,
2007) was synthesized by Dharmacon (Lafayette, CO). A nonspecific siRNA (5′-
AUUGUAUGCGAUCGCAGACdTdT-3′) from Dharmacon was used as a negative control.
Transfection of siRNA into UAEC was performed with RNAiMAX reagent (Invitrogen,
Carlsbad, CA) following the manufacturer's protocol with a final concentration of 200 nM.
Forty-eight hours post-transfection, UAEC were cultured in serum-free M-199 medium for 6
h for experimental use.
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Adenoviral overexpression of ERα and ERβ
Replication-defective adenovirus expressing full length wild-type human ERα (Ad5ERα)
and ERβ (Ad5ERβ) were kindly provided by Dr. Mark J. Evans (Evans et al., 2002). UAEC
were seeded in MCDB131 containing 10% FBS. When cells reached to ∼50% confluence,
medium was changed to Phenol red-free M-199 containing 1% FBS with or without
Ad5ERα, Ad5ERβ, or both at an approximate multiplicity of infection (MOI) of 50 or 500,
respectively. After 6h viral infection, the cells were cultured in MCDB131 containing 10%
FBS and antibiotics for 24 h, followed by serum-free M-199 medium overnight. Infected
cells were then subject to E2 treatment.

Biotin-switch method (BST) and avidin capture of nitrosopoteins
Biotin switch was preformed as previously described (Jaffrey and Snyder, 2001; Zhang et
al., 2010). Briefly, UAEC (∼4×106 cells) were lysed in blocking buffer (25 mM HEPES, pH
7.7, 1 mM DTPA, 0.1 mM neocuproine, 0.4% CHAPS, 50mM NEM and 2.5% SDS).
Protein content of the samples was determined and all samples were adjusted to 0.6 mg/ml.
The samples (50 μg/group) were transferred to 1.5-ml amber Eppendorf tubes and were
incubated at 50°C in dark for 30 min, followed by precipitation with cooled (-20°C) acetone
(1:3, vol/vol) and incubation at -20°C for 2 h. Following centrifugation (12,000×g, 10 min),
the acetone precipitated proteins (pellets) were washed once with 75% cold acetone, then
resuspended in labeling buffer (25 mM HEPES, pH 7.7, 30 mM sodium ascorbate, 0.1 μM
CuCl2, 0.4 mM biotin-HPDP and 1% SDS). After adjusting protein content to 0.6mg/ml, the
samples were incubated at 37°C in dark for 1 h with occasional agitation. The samples were
then mixed with SDS sample buffer (without DTT or 2-Mercaptoethanol), and used for
immunoblotting as below.

To analyze specific SNO-proteins, the biotin-labeled samples (∼0.25 mg) were mixed with
50 μl of NeutrAvidin™ Protein coated beads (Thermo scientific, Rockford, IL) and
incubated at 4°C overnight. The avidin captured biotinylated proteins were eluted from the
beads with 100 μl of 1× SDS sample buffer with 0.1 M 2-Mercaptoethenol at 37°C for 20
min, and then used for immunoblotting.

SDS-PAGE and immunoblotting for SNO-proteins
Proteins were separated on 8-12% SDS-PAGE, and transferred onto polyvinylidene fluoride
membranes as described previously (Liao et al., 2009). Total SNO-proteins for each sample
were detected by immunoblotting with anti-biotin antibody. All SNO-proteins in each lane
was summed for the level of SNO-proteins of the sample. Individual SNO-protein was
measured by immunoblotting of the avidin captured SNO-proteins by specific antibody.

Detection of SNO-proteins in intact cells by fluorescence microscopy
SNO-proteins were detected in intact cells by a modified BST protocol as previously
described (Zhang et al., 2010). Briefly UAEC were cultured on glass coverslips and cultured
in serum free M-199 when reaching 70% confluence and treated with E2 with or without
inhibitors. The cells were washed with cold phosphate buffered saline (PBS) and fixed with
methanol at -20°C for 15 min. Free thiols were blocked with 0.2 M MMTS in HEN/
methanol buffer (80% methanol, 100 mM HEPES, pH 7.7, 1 mM EDTA, and 0.1 mM
neocuproine) at 50°C for 30 min in dark. After 3 washes with 100 mM HEPES/80%
methanol, the cells were incubated with 0.2 M ascorbate and 0.2 μM MTSEA-Texas Red in
100 mM HEPES/80% methanol in dark at 37°C for 1h. After extensive washing with the
methanol, the cells were mounted with Prolong Gold antifade reagent with DAPI and
examined under a fluorescence microscope (Leica, Wetzlar, Germany) for image acquisition
and captured by a Hamamatsu CCD camera using the SimplePCI software.
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CyDye switch labeling and two-dimensional fluorescence difference gel electrophoresis
(2D-DIGE)

Cydye switch labeling based on the biotin switch technique was performed as previously
described (Zhang et al., 2010). Briefly, after blocking free thiols in cell lysates (100 μg
protein/sample) in blocking buffer, acetone precipitated proteins were resuspended in 35 μl
of reducing buffer (30 mM Tris-HCl, pH 8.0, 7 M urea, 2 M thiourea, 4% CHAPS)
containing 30 mM sodium ascorbate and 0.1 μM Copper(II) Chloride and incubated in dark
at 37°C for 1 h. CyDye DIGE Fluor Cy3 or Cy5 saturation dye (4 μl, 2 mM) were added into
control or E2-treated samples, respectively. The samples were incubated in dark at 37°C for
30 min. The reaction was stopped by addition of 35 μl of 2× 2D-Sample buffer (7 M urea, 2
M thiourea, 4% CHAPS, 2% pharmalytes 3-10, 130 mM dithiothreitol) and stored at -80°C
for 2D-DIGE. To prevent the disulfide (S-S) bond being reduced to free thiols (-SH) during
the CyDye labeling process as described in the standard protocol for CyDye saturation
labeling, the reducing agent tris-[2-carboxyethyl]-phosphine (TCEP) was not added.

2D-DIGE was performed by Applied Biomics, Inc (Hayward, CA). Just prior to 2D-DIGE,
equal amounts of Cy3- and Cy5-labeled samples (50 μg each) were mixed with rehydration
buffer. After adding de-streak solution (GE Healthcare, UK) and 1% pH 3-10 pharmalyte
(GE Healthcare, UK), the samples were loaded onto an IEF strip (pH 3-10 linear range, GE
Healthcare, UK). IEF was done for a total of 25,000 V-h with standard conditions using
Ettan IPGPhore II. After the IEF, electrophoresis was performed at 16°C on 10% SDS-
PAGE. The resulting 2-D gel was scanned using a Typhoon Trio scanner (GE Healthcare,
UK) with excitation and emission wavelengths for Cy3-labelled (548/560 nm) and Cy5-
labelled (641/660 nm) protein with settings that Cy3 or Cy5 labeled same samples resulted
in similar relative red or green fluorescence intensities. Image analysis for intensity
measurement of protein spots chosen was performed using the ImageQuant and DeCyder
software (GE Healthcare, UK).

Protein identification by matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) and tandem mass spectrometry (MS)

Protein identification was performed by Applied Biomics, Inc (Hayward, CA). After
analyses of the 2D-DIGE image, selected protein spots of interest (based on intensity and
visibility) were picked up from the gel using Ettan spot picker (GE Healthcare, UK). Each
individual sample was washed twice with 25 mM ammonium bicarbonate and 50%
acetonitrile to remove staining dye, once with water and once with 100% acetonitrile. The
samples were dried and rehydrated in digestion buffer (25 mM ammonium bicarbonate, 2%
acetonitrile) containing 0.5% sequencing grade trypsin (Promega, Madison, MI). Proteins
were digested in-gel at 37°C overnight. Digested peptides were extracted with TFA
extraction buffer (0.1% trifluoroacetic acid). The digested tryptic peptides were desalted
using C-18 Zip-tips (Millipore, Billerica, MA) and then mixed with alpha-cyano-4-
hydroxycinnamic acid (CHCA) matrix and spotted into wells of a MALDI plate. Mass
spectra of the peptides in each digested spot were obtained by using an Applied Biosystems
4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA). Ten to twenty of the
most abundant peptides in each sample were further subjected to fragmentation and MS/MS
analysis. Identification of each sample (2D spot) was searched based on peptide
fingerprinting MS spectra and peptide fragmentation MS/MS spectra. Combined MS and
MS/MS spectra were submitted for database search using GPS Explorer software (Applied
Biosystems, Foster City, CA) equipped with the MASCOT search engine
(http://www.matrixscience.com) to identify proteins from National Center Biotechnology
Information non-redundant Bos Taurus and Ovis aries amino acid sequence database with
oxidation and carbamidomethy and phosphorylation as variable modifications. The highest
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protein scoring hit with a protein score confidence interval over 95% from the database
search for each 2D gel spot was accepted as positive identification.

Identification of nitrosylated cysteines by mass spectrometry and database search
Once a SNO-protein was identified according to the MS spectra of its tryptic peptides, a
monoisotopic mass shift (Cy3: 672.2981 Dalton or Cy5: 684.2981 Dalton) was applied to
the MS spectra for identifying specific cysteines nitrosylated by using the MASCOT
algorithm. The shifted peaks were located in the spectra and subjected to MS/MS. Since
cysteine-CyDye Labeling is not included as peptide modification in any amino acid
sequence databases, identification of each peptide was based on fragmentation MS/MS
spectral comparisons with theoretical spectra manually. A positive identification was
defined by over 10 observed fragmental masses matched with a theoretical one.

Pathway analysis and statistics
Ingenuity pathway analysis tool (www.ingenuity.com, Ingenuity Systems, Redwood City,
CA) was used for pathway analysis of the identified SNO-proteins. Positive result was
defined as -log (p-value) more than 1.30 (P < 0.05). Statistics were performed using
SigmaStat 3.5 (Systat Software Inc., San Jose, CA). Data were analyzed by ANOVA,
followed by LSD test for comparisons between estrogen treatments vs. control. Significance
was defined as P < 0.05.

Results
E2 stimulates protein SNO UAEC in a time- and concentration- dependent manner

When the SNO-proteins were labeled with biotin by BST and measured by immunoblotting
with an anti-biotin antibody, basal levels of various SNO-proteins separated on SDS-PAGE
were readily detectable. Treatment with E2 stimulated total levels of SNO-proteins in a time-
and concentration-dependent fashion. Following E2 treatment, total levels of SNO-proteins
rapidly increased at 2 min, maximized around 15-30 min, and returned to baseline after 60
min (Fig. 1A). When treated with 0.1 nM to 1 μM E2 for 30 min, both 10 and 100 nM E2
significantly stimulated total levels of SNO-proteins (Fig. 1B).

E2 stimulation of protein SNO is mediated by endogenous NO via eNOS
Estrogen stimulation of endothelial NO production has been well documented and we have
shown that estrogen stimulates rapid NO production via mitogen-activated protein kinase
dependent eNOS activation in UAEC (Chen et al., 2004); this raises a question whether E2-
induced endothelial protein SNO is mediated by endogenous NO. To address this, we tested
the effects of E2 on protein SNO in UAEC pretreated with or without a specific NOS
inhibitor L-NAME (1 μM) or its inactive stereo isoform D-NAME. L-NAME, but not D-
NAME, completely abolished E2 stimulated SNO (Fig. 2A). Since eNOS is the dominant
NOS isoform for synthesizing NO in ECs (Bird et al., 2000; Forstermann et al., 1998;
Magness et al., 1997; Vagnoni et al., 1998), we further tested the role of eNOS in E2-
induced SNO. When UAEC was transfected with a specific eNOS siRNA, but not a control
siRNA, eNOS protein was reduced by 90%. In eNOS siRNA, but not control, siRNA
transfected UAEC, E2-induced SNO was completely inhibited (Fig. 2B). These findings
clearly demonstrate that E2 induced SNO requires endogenous NO derived from eNOS in
UAEC. These findings were then verified with a modified BST (Fig 2C) by using a
fluorescent tag for visualizing SNO-proteins in intact cells. Basal MTSEA-Texas-Red
labeled SNO-proteins were detected in methanol-fixed UAEC. Treatment with E2 (10 nM,
30 min) increased the labeling intensity (indicative SNO-proteins). Pretreatment with L-

Zhang et al. Page 6

J Cell Physiol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ingenuity.com


NAME, but not D-NAME, drastically lowered the labeling intensity on E2 stimulation (Fig.
2C).

E2 stimulation of protein SNO is mediated mainly by ERβ
Both ERα and ERβ are expressed in UAEC (Byers et al., 2005; Jobe et al., 2010; Liao et al.,
2005), raising a question as to their specific roles in estrogen stimulation of protein SNO in
UAEC. To this end, we pretreated UAEC with or without a pure but nonselective ER
antagonist ICI 182,780 (1 μM) for 1 h, and then determined the effects of E2 on protein
SNO. Compared to controls, ICI 182,780 alone did not alter total SNO-protein levels. In the
presence of ICI 182,780, however, E2 stimulation of protein SNO was blocked (Fig 3).
Since estrogen induced protein SNO within minutes (Fig. 1), suggesting non-classical rapid
“non-genomic” action possibly mediated by receptors on plasma membrane, we tested the
effects of a cell-impermeable estrogen compound E2-BSA on protein SNO in the presence
or absence of ICI 182,780. Treatment with 10 nM E2-BSA for 30 min significantly
stimulated total levels of SNO-proteins; similar to E2 treatment alone, the E2-BSA-induced
SNO was blocked by ICI 182,780 (Fig. 3A). These results were confirmed by in situ SNO-
protein detection with MTSEA-Texas-Red labeling (Fig. 3B).

To determine the specific roles of ERα and ERβ, we used an adenoviral system to
selectively overexpress ERα, ERβ, or both in UAEC. High levels of ERα or ERβ were
detected in UAEC infected with AdERα or AdERβ, respectively; when cells were infected
with both AdERα and AdERβ, comparable high levels of both ERα and ERβ proteins were
detected. Treatment with E2 increased the level of SNO-proteins in UAEC infected with
control adenovirus carrying green fluorescence protein (GFP). Of note, the overexpressed
GFP were readily S-nitrosylated in both UAEC with and without E2 treatment (Fig. 4A). In
comparison with GFP overexpressed controls, overexpression of ERβ, but not ERα,
significantly enhanced the total level of E2-induced SNO-proteins that excluded SNO-GFP
(Fig. 4A). Overexpression of both ERα and ERβ increased baseline of SNO-proteins in
UAEC; however, it did not further enhance E2-induced SNO. Specific antagonists of ERα
(MPP) and ERβ (PHTPP) were used to further consolidate this conclusion. In the presence
of PHTPP or in combination of MPP, but not MPP alone, E2-induced SNO proteins was
attenuated in UAEC (Fig. 4B). Moreover, the selective agonists of ERα (PPT) and ERβ
(DPN) were used to further delineate the role of specific ERs. Treatment with DPN but not
PPT significantly induced SNO in UAEC (Fig. 4C). These findings demonstrate that ERβ is
the primary receptor that mediates E2-induced SNO in UAEC and that ERα may help to
partially facilitate these actions with a small subset of proteins.

Cyde Switch, 2D-DIGE analysis of estrogen regulated endothelial nitroso-proteome
As only a limited number (∼20) of SNO-proteins can be separated on SDS-PAGE and
visualized by immunoblotting with anti-biotin antibody, to fully analyze estrogen-regulated
nitroso-proteome we recently established the much more powerful proteomics approach 2D-
DIGE to separate the SNO-proteins (Zhang et al., 2010). First, in the BST procedure
fluorescent CyDye flours were used to replace the biotin tag for labeling SNO-proteins in
control (labeled with Cy3, green) and E2 (labeled with Cy5, red) treated UAEC,
respectively. After the samples were labeled with BST using CyDye (termed as CyDye
switch), protein concentrations in the samples were re-determined. Equal amounts of total
proteins (50 μg/group) from control and E2 treated cells were mixed and then separated on a
2D analytic gel. Following 2D electrophoresis, the resulting gel was scanned in both Cy3
and Cy5 channels and relative fluorescence intensities were calculated as a ratio between
control and E2 for the spots chosen (Table 1).
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We achieved very similar results of the nitroso-proteomes in control and E2-treated UAEC
isolated from three different pregnant ewes (Supplemental Fig. 1). A representative merged
2D-DIGE image of the resting and E2-responsive nitroso-proteomes is shown in Fig. 5.
Approximately 1000 fluorescent spots are visible on the 2D-gel, which should be all SNO-
proteins. Notably, many proteins were readily nitrosylated under resting conditions.
Treatment with E2 (10 nM, 30 min) significantly altered the nitroso-proteome in UAEC; E2
treatment increased the levels of many SNO-proteins (red spots) but also unexpectedly
decreased some others (green spots) that were unable to detect on SDS-PAGE. The rest
(yellow spots) were unchanged by E2.

Identification of SNO-proteins in UAEC by MALDI-TOF MS
According to the intensity and visibility of the spots on the analytic 2D-DIGE image, the
ratios between the intensities of the relative levels of the SNO-proteins in E2-treated and
control cells were determined for the spots as listed in Table 1. Ratios greater than 1 and
with P < 0.05 represented spots up-regulated by E2; while ratios ranging from 0 to 1 and
with P<0.05 represented spots decreased by E2. Based on these data, 200 μg total proteins of
both control and E2-treated samples were prepared by CyDye switch and run on a
preparative 2D DIGE. After image acquisition, spots were matched with the analytic gel.
The spots on the new gel same as chosen from the analytic gels were picked up. Each of the
60 spots obtained were trypsin digested and subjected to MELDI-TOF MS. Spot
identification was performed based on the peptide fingerprinting MS/MS spectra with the
MASCOT algorithm. With confidence interval greater than 95%, we identified 54 of the 60
spots. The identifications of these SNO-proteins were summarized in Table 1, in which
ratios between the relative levels of all identified SNO-proteins were listed. All peptides
matched for each of these spots were listed in Supplemental Table 1.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is one of the SNO-proteins identified
in UAEC. It is an abundant enzyme required for glycolysis and participates in nuclear events
including gene transcription, RNA transport and DNA replication (Sirover, 1999). SNO of
GAPDH causes cell apoptosis (Hara et al., 2005). In the current study we focused specific
interest to this target owing to these reported functions of SNO-GAPDH. We further
developed a method to identify the specific cysteines of SNO in GAPDH by MALDI-TOF/
MS. We observed a peptide of m/z=2390.1621 in agreement with the expected m/z value of
IVSNASC139TTNC143LAPLAK, a cysteine-containing peptide in GAPDH (m/
z=2390.1593, with mass shift of Cy5: 684.2981). Additional analysis of this peptide by MS/
MS de novo sequence analysis using the MASCOT algorithm showed that Cys139 is one of
the CyDye binding sites in GAPDH (Fig. 6C & D). In addition, comparable levels of SNO-
GAPDH were detected in resting and E2-treated UAEC by 2D-DIGE (Spot 40, Fig. 6A) and
immunoblotting of the avidin captured total SNO-proteins with specific anti-GAPDH
antibody (Fig. 6B), implicating SNO-GAPDH is a stable SNO-protein in UAEC similar to
that in rat brain (Paige et al., 2008). As a control, exogenous NO derived from GSNO did
stimulated SNO of GAPDH in UAEC (Fig. 6B).

Pathway analysis of SNO-proteins in UAEC
Collectively, among the 54 SNO-proteins identified, 32 targets were significantly increased,
8 were decreased, and the rest were unchanged by E2 treatment. Pathway analysis suggested
that theses SNO-proteins are linked to the regulation of basic cellular physiology including
metabolism and molecular transport, cellular assembly and organization, signaling, protein
modification, cell viability and proliferation, cell cycle, cellular movement, DNA
replication/recombination/repair, gene expression, etc. Many SNO-proteins are enzymes that
are critical for protein synthesis, folding, post-translational modification and degradation. Of
note, 9 were novel SNO-proteins that had never been reported. Some house-keeping proteins
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such as β-actin, Hsp60, cofilin-1, GAPDH, vimentin and annexin, were also identified as
SNO-proteins. Of note, only a portion (∼1/10) of the nitroso-proteome in UAEC observed
on 2D gel was identified in this study. According to these data, apparently SNO plays a
critical role in normal cell physiology and in response to E2 regulation in UAEC.

Discussion
We have investigated herein the effects of estrogens on SNO in the maternal artery derived
UAEC by using a comprehensive proteomics approach based on the original BST (Jaffrey
and Snyder, 2001). Our current study has demonstrated that E2-induced SNO requires
endogenous NO derived from NOS because it was blocked by the NOS inhibitor L-NAME,
consistent with the recent reports using HUVEC (Chakrabarti et al., 2010; Zhang et al.,
2010). Our present study has further confirmed a critical role of eNOS as specific eNOS
siRNA is able to completely attenuate E2-induced SNO in UAEC. Estrogen-induced SNO in
both UAEC and HUVEC occurs within minutes, implicating a rapid “nongenomic” event
that appears to be mediated by receptors localized on the plasma membrane. This is because:
1) the membrane impermeable E2-BSA stimulates SNO in HUVEC (Zhang et al., 2010) and
UAEC within minutes (Fig. 1&3) and 2) both were blocked by ICI 182, 780. However,
major differences between the two EC types also exist. In HUVEC estrogen-induced SNO
seems to require both ERα and ERβ because: 1) neither ERα or ERβ agonist alone, but their
combination, stimulated protein SNO; and 2) either ERα and ERβ antagonist blocked E2-
induced protein SNO (Zhang et al., 2010). By contrast, in UAEC E2-induced SNO is
primarily mediated by ERβ because: a) overexpression of ERβ, but not ERα, greatly
enhanced E2-induced protein SNO and, b) the ERβ antagonist PHTPP, but not ERα
antagonist MPP, blocked E2-induced protein SNO (Fig. 4). These findings demonstrate that
the fetal vein-derived HUVEC and maternal artery-derived UAEC are different in terms of
the mechanisms underlying estrogen stimulation of protein SNO. This is consistent with our
previous study suggesting that estrogen activation of eNOS in UAEC only requires ERK2/1
(Chen et al., 2004); whereas in HUVEC Akt appears to be the protein kinase for mediating
estrogen stimulation of eNOS activation (Haynes et al., 2000). Thus, our data have further
strengthened the use of UAEC to be the suitable model for investigating estrogen-induced
and pregnancy-associated uterine vasodilatation.

Consistent with our recent study in HUVEC (Zhang et al., 2010) and the current study in
UAEC, many diverse proteins are readily nitrosylated in resting endothelial cells. These
findings indicate that protein nitrosylation plays a critical role in the maintenance of
numerous aspects of endothelial homeostasis. In this regard, the production of NO is one of
most important physiologic activity of endothelial cells, which is clinically critical for
vascular health. NO is an active gaseous molecule with a short half-life (∼1 sec) (Smith et
al., 2003). Once produced in vivo, it will be quickly converted to other more stable
metabolites, including NO2

-/NO3
- and nitrosothiols (Radi et al., 2001; Stamler et al., 1992b;

Zhang et al., 2011). The high levels of SNO-proteins in resting endothelial cells indicate that
nitrosothiols including SNO-proteins accumulate in endothelial cells. Indeed, numerous
SNO-proteins have been also reported to be stably nitrolsylated in tissues (Paige et al., 2008;
Zhang et al., 2011). This is significant because the relative stable nitrosothiols can serve as a
reservoir for bioavailable NO (Stamler et al., 1992b); when needed, NO can be released
from this source to exert its function. The importance of SNO in vascular health has been
clearly implicated in the phenotypes of mice lacking the major S-nitrosoglutathione (GSNO)
metabolizing enzyme GSNO reductase. In GSNOR-/- mice, GSNO turnover is required not
only for preventing the accumulation of SNO that predisposes to cardiovascular diseases,
but also for regulating SNO turnover in the context of physiological signaling especially
important for regulation of blood pressure and vascular homeostasis (Lima et al., 2010; Liu
et al., 2004) as well as angiogenesis (Lima et al., 2009).
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S-nitrosylation is a redox-sensitive and reversible post-translational modification on
proteins, providing an important mechanism for regulating the activity of various proteins in
most biological pathways (Hess et al., 2005). Over two hundred proteins have been found to
be nitrosylated in vivo, consistent with the ubiquity of regulatory and/or active-site thiols
across protein classes (Hess et al., 2005). Functional studies have demonstrated that SNO
leads to decreased activity of most enzymes, such as cytochrome c oxidase (Zhang et al.,
2005), creatine kinase (Arstall et al., 1998), Ca2+/calmodulin-dependent protein kinases
(Takata et al., 2011), protein tyrosine phosphatases (Xian et al., 2000), caspase-3 (Maejima
et al., 2005), hypoxia-inducible factors (Li et al., 2007), eNOS (Ravi et al., 2004), and
NADPH oxidase (Selemidis et al., 2007), but also increases the activity of α-ketoglutarate
dehydrogenase (Sun et al., 2007) and cyclooxygenase-2 (Atar et al., 2006).

Because the direct protein targets affected by NO in UAEC and whether this plays a role in
UBF regulation by estrogen and pregnancy have never been investigated, differential display
of the nitroso-proteomes in resting and estrogen-treated UAEC will provide abundant first-
hand information to these ends. We therefore used the powerful CyDye switch/2D-DIGE
proteomics method as described in our recent report (Zhang et al., 2010) to analyze the
estrogen-responsive nitroso-proteomes in UAEC. We observed numerous SNO-proteins on
the 2D-DIGE gel. According to their visibility and estrogen-responsiveness we have focused
our attention on 60 spots, of which 54 were positively identified and 32 were significantly
enhanced by E2 stimulation. Similar to recent reports in cardiomyocytes (Lin et al., 2009)
and HUVEC (Zhang et al., 2010), E2 acutely decreased the levels of some other SNO-
proteins. Protein “de-nitrosylation” by estrogen stimulation in ECs is very intriguing and
was quite unexpected. This is because within the time frame tested estrogens stimulate
endothelial NO production (Chen et al., 2004; Haynes et al., 2000), which presumptively
leads to enhanced SNO in ECs. Although the underlying mechanism is elusive, this is likely
linked to “trans-nitrosylation” by which these SNO-proteins may denote their NO moiety for
nitrosylating other proteins. Other scenarios for estrogen-induced “de-nitrosylation” might
be due to changes in the activity of the enzymes important for “trans- or de-” nitrosylation,
such as GSNO reductase (Liu et al., 2001) and thioredoxin reductase (Benhar et al., 2008),
that in turn regulate dynamic protein SNO. These ideas are critical for delineating the
mechanism underlying estrogen regulation of SNO and waiting for further investigations.

It is noteworthy that different spots on 2D-DIGE may be the same protein. For example,
spots 2 and 53 have been identified as cofilin-1; however, each responded differently in
SNO to E2 stimulation. SNO of spot 2 is significantly increased by 2.47 fold, while spot 53
was significantly decreased 70% by E2. Similar scenarios also apply to annexin A2 (spots
13&43), pyruvate kinase (spots 18&36&37), phosphoglycerate mutase 1 (spots 27&47), and
triosephosphate isomerase 1 (spots 7&9&39). The position shift of proteins on 2D-DIGE is
specifically due to a change in isoelectric point (PI) as a result of various posttranslational
modifications. Thus, these data illustrate that SNO of the same protein with different PI
responds to E2 stimulation differently, demonstrating that protein post-translational
modifications may lead to different responses in SNO to stimulation by estrogens. Also of
note is that the powerful Cydye Switch/2DIGE MS for proteomics analysis of SNO-proteins
is also capable for identifying specific SNO site in proteins. Further analysis by MS/MS and
the MASCOT algorithm of the trypsin-digested peptides of GAPDH subjected from Cydye
Switch showed that the CyDye binding site was Cys139, which was identical to a previous
report (Paige et al., 2008).

The partial cellular nitroso-proteomes identified in UAEC contains some of the same SNO-
proteins that we have recently identified in HUVEC (Zhang et al., 2010), including
peroxiredoxins, annexin, cofilin-1, enolase1, glutathione transferases, ubiquitin and
proteasome, triosephosphate isomerase, transketolase, eukaryotic translation elongation
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factor 1 gamma, eukaryotic translation elongation factor 2. Identification of these SNO-
proteins in both UAEC and HUVEC demonstrates that SNO regulates some common
functions in both endothelial cells derived from maternal artery and fetal vein, respectively.
Among the partial endothelial nitroso-proteomes in UAEC, we found a sub-class of proteins
known to be important in cytoskeleton regulation, like vimentin, spectirn, fascin and
cofilin-1. Of particular note, cofilin-1 is a member of small (15-20 kDa) actin-binding
protein family essential for actin remodeling via severing and nucleating actin filaments
(Bamburg and Wiggan, 2002). A recent study suggested a possible role of cysteine
modification in cofilin-1 function (Klamt et al., 2009). Of interest, SNO-cofilin-1 is a highly
estrogen-responsive protein in the nitroso-proteome in UAEC (current study) and HUVEC
(Zhang et al., 2010). We have recently observed that SNO results in enhanced actin severing
activity of cofilin-1 and further initiates cytoskeleton reorganization and endothelial cell
migration (Zhang and Chen, unpublished data). This pathway may also partly account for
the E2 induced UAEC angiogenic processes seen in these cells that occur solely via ERβ
activation (Jobe et al., 2010).

We have identified several SNO-proteins in UAEC that have never been reported to date.
For example, aconitase II is an enzyme that catalyses the stereo-specific isomerization of
citrate to isocitrate via cis-aconitate in the tricarboxylic acid cycle, a non-redox-active
process (Beinert et al., 1996). Exposure of aconitase to a NO donor resulted in loss of its
enzyme activity (Kennedy et al., 1997). Aldehyde reductase is primarily known for
catalyzing the reduction of glucose to sorbitol, the first step in polyol pathway of glucose
metabolism (Petrash, 2004). Pyruvate kinase is an enzyme also involved in glycolysis
(Liapounova et al., 2006). Citrate synthase exists in nearly all living cells and stands as a
pace-making enzyme in the first step of the citric acid cycle (Wiegand and Remington,
1986). Superoxide dismutase 2 transforms toxic superoxide to water (Muller et al., 2007).
Zyxin is a zinc-binding phosphoprotein that concentrates at focal adhesions and along the
actin cytoskeleton and is thought to modulate the cytoskeletal organization of actin bundles
(Macalma et al., 1996). Fascin binds beta-catenin and colocalizes at the leading edges and
borders, regulating cytoskeletal structures for the maintenance of cell adhesion, coordinating
motility and invasion (Adams, 2004). Hypoxia up-regulated protein 1 plays an important
role in protein folding and secretion in the endoplasmic reticulum (Ikeda et al., 1997). Even
though these proteins play important roles in cellular functions, the complete consequence of
SNO on their functions have yet to be determined.

What are the physiological significances of estrogen stimulation of SNO in UAEC as to
whether this relates to UBF biology and pregnancy? Normal pregnancy is associated with
dramatic rises in UBF (partly indicative of vasodilatation) that provide oxygen and nutrient
supplies instrumental for fetal/placental development. Insufficient elevations in UBF result
in a deficit of oxygen and nutrient supplied, which further causes fetal intrauterine growth
restriction and higher prenatal and neonatal morbidity or even mortality (Lang et al., 2003).
Concomitantly, levels of circulating estrogens increase substantially, exemplified by more
than 1000-fold greater levels of total plasma estrogens in the third trimester pregnant
compared to nonpregnant women (Albrecht and Pepe, 1990). These data implicate an
important role of estrogens for normal pregnancy by upregulating UBF, which is directly
supported by animal and human studies showing rapid and dramatic uterine and systemic
vasodilatation following estrogen administration (Magness and Rosenfeld, 1989; Volterrani
et al., 1995). It is evident that the most reasonable biological pathway that partly underlies
estrogen-induced uterine vasodilatation and rises in UBF is enhanced endothelial NO
production via rapid activation (Chen et al., 2004) or latent expression of eNOS protein in
UAEC (Chen et al., 2006; Rupnow et al 2001; Vagnoni et al., 1998). Despite extensive
studies showing a critical role of NO in estrogen-induced and pregnancy-associated uterine
vasodilatation, surprisingly, the direct targets of NO itself in UAEC have not yet
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determined. SNO represents a major pathway for NO to directly control the functions of a
plethora of proteins that regulate nearly all major biological pathways (Derakhshan et al.,
2007; Hess et al., 2005; Lane et al., 2001). Our current findings clearly demonstrate that
estrogen stimulates dynamic SNO of a plethora of proteins in UAEC that are linked to
endogenous NO production via eNOS and mostly ERβ that is possibly located on the plasma
membrane. Pathway analysis of the SNO-proteins identified in the resting and estrogen-
treated UAEC revealed that protein SNO regulates diverse biological functions. Thus, the
present studies implicate that SNO may offer a novel mechanism that estrogens utilize to
regulate uterine vasodilatation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Effects of estradiol-17β (E2) on total SNO-protein profiles in ovine uterine artery
endothelial cells (UAEC) on SDS-PAGE: time courses and Dose-responses
Subconfluent UAEC were treated with or without 10 nM E2 for the indicated times (up to
1h, A) or with increasing concentration of E2 (0.1 nM to 1 μM, B) for 30 minutes. Total
protein extracts were harvested and subjected to biotin-switch reaction. The biotin-labeled
SNO-proteins were analyzed by 10% SDS-PAGE and detected by Western blot with an anti-
biotin antibody. Representative blots of SNO-proteins and β-actin (loading control) of one
typical experiment are shown. Lower graphs summarize data (mean ± SEM, n =3) from
three independent experiments using UAEC from different pregnant ewes. Bars with
different letters differ significantly.
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Fig. 2. Effect of nitric oxide synthase inhibition on E2-induced SNO in ovine uterine artery
endothelial cells (UAEC)
UAEC were pretreated with or without L-NAME or D-NAME (1 mM) for 1 h, then treated
with or without E2 (10 nM) for 30 min. A: SNO-proteins were detected by the biotin-switch
method. Representative blots of SNO-proteins and β-actin of one typical experiment are
shown. Lower graphs summarize data (mean ± SEM, n =3) from three independent
experiments using UAEC from different pregnant ewes. B: Effect of knockdown of
endothelial nitric oxide synthase by specific siRNA on E2-induced SNO. UAEC transfected
with or without scramble control siRNA or eNOS siRNA were treated with or without E2
(10 nM) for 30 min. SNO-proteins were detected by the biotin-switch method.
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Representative blots of SNO-proteins, eNOS and β-actin of one typical experiment are
shown. Lower graphs summarized data (mean ± SEM, n =3) from three independent
experiments using UAEC from different pregnant ewes. CTL: control. Bars with different
letters differ significantly. C: SNO-proteins were detected in intact cells by a modified BST
using MTSEA-Texas Red as the labeling reagent. Nuclei were labeled by DAPI (blue).
Fluorescence micrographs (200×) shown depict one of four separate experiments using cells
from different pregnant ewes.
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Fig. 3. Effects of ICI 182,780 on E2-induced SNO in ovine uterine artery endothelial cells
(UAEC)
UAEC were pretreated with or without ICI 182,780 (1 μM) for 1h, then treated with or
without 10 nM of E2 or E2-BSA for 30 min. A: SNO-proteins were detected by the Biotin-
switch method. Representative blots of SNO-proteins and β-actin of one typical experiment
are shown. Lower graphs summarize data (mean ± SEM, n =3) from three independent
experiments using UAEC from different pregnant ewes. Bars with different letters differ
significantly. B: SNO-proteins were detected in intact cells by a modified BST using
MTSEA-Texas Red as the labeling reagent. Nuclei were labeled by DAPI (blue).
Fluorescence micrographs (200 ×) shown depict one of three separate experiments using
cells from different pregnant ewes.
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Fig. 4. Specific Roles of ERα and ERβ in E2-induced SNO in ovine uterine artery endothelial
cells (UAEC)
A: UAEC infected with Ad-GFP or Ad-ERα, Ad-ERβ, or both were treated with or without
E2 (10 nM, 30 min). B: UAEC were pretreated with or without the selective antagonist (1
μM) of ERα (MPP), ERβ (PHTPP), or their combination for 60 min, followed by E2
treatment (10 nM, 30 min). C: UAEC were treated with 10 nM of specific agonists of ERα
(PPT), or ERβ (DPN), or both for 30 min. SNO-proteins were detected by the biotin-switch
method. Representative blots of SNO-proteins and β-actin of one typical experiment are
shown. β-actin was used as a loading control. Bar graphs summarize data (mean ± SEM, n
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=3) from three independent experiments using UAEC from different pregnant ewes. Bars
with different letters differ significantly.
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Fig. 5. CyDye switch, two dimensional fluorescence difference gel electrophoresis (2D-DIGE)
analysis of nitroso-proteomes in control and estrogen treated ovine uterine artery endothelial
cells (UAEC)
UAEC were treated with or without E2 (10 nM) for 30 minutes. Total cell extracts (50 μg
protein/treatment) were incubated with ascorbate. Control samples were labeled with Cy3
(green) and E2-treated samples were labeled with Cy5 (Red). The samples were then mixed
(total 100 μg protein) and then separated on analytical 2-D DIGE. The gel was scanned with
a fluorescence scanner in green (Cy3, 548/560nm) and red (Cy5, 641/660nm) channels. A
merged fluorescence image shown represents one of three separate experiments using cells
from different placentas. Red, green and yellow spots represent SNO-proteins that were
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increased, decreased or unchanged by E2, respectively. The spots circled and numbered
represent 54 SNO-proteins as listed in table 1, which were successfully identified by matrix-
assisted laser desorption ionization/time of flight and tandem mass spectrometry. The lower
black and white images shown represent fluorescent signals obtained from the red and green
channels of one of three experiments using UAEC from different pregnant ewes.
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Fig. 6. SNO of Glyceraldehyde 3-phosphate dehydrogenase (GADPH) in E2 treated ovine uterine
artery endothelial cells (UAEC) and identification of its Cydye binding site
(A) Spot identified as GAPDH was shown in a small area (32-40kDa and pH8.0-9.0) of the
CyDdye switch/2D-DIGE gel as shown in Fig. 5 with images of Cy3 labeled control (green,
up panel left) and Cy5 labeled E2-treated (red, up panel middle) samples and their merged
one (up panel right). ImageQuant software was used to generate the 3D-images (lower
panel) in control and E2-treated cells. (B) Whole cell lysates of UAEC treated with E2,
GSNO, or vehicle were prepared and subjected to Biotin Switch/Avidin caputure. Total and
SNO-GAPDH levels were determined by immumoblotting with anti-GAPDH antibody. Fold
changes compared to control were listed on each lane. (C, D) Cydye labeled GAPDH spots
were picked up from the 2D-DIGE gel, subjected to trypsin digestion and MALDI-TOF MS,
then searched with the NCBI non-redundant Bos Taurus and Ovis aries amino acid sequence
databases. The trypsinized peptides with CyDye-bound cysteines were analysed by
comparing tandom MS/MS spetra with a monoisotopic mass shift (672.2981 Dalton for Cy3
or 684.2981 Dalton for Cy5). The identified peptides of GAPDH were labeled by underlines
and SNO-cysteine is labeled in red in the full amino acid sequence of ovine GAPDH. The
MS/MS analysis of CyDye-bound peptide is shown as a peak list.
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Table 2

Pathway analysis of S-nitroso-proteins in uterine artery endothelial cells - potential functionality.

Biological functions -log(p-value)1 S-nitroso-proteins identified2

Small Molecule Biochemistry 5.52-1.35
ALB*, ACO2*, AKR1A1*, ANXA2*, ECHS1*, GAPDH, GNAI2*, GST*,
HSP60, IL18*, IMPDH2, LPP*, PGAM1*, PRDX2*, PRDX3*, PRDX6*,
SOD2*, TKT*, TPI1*, VIM*

Cellular Assembly and Organization 4.27-1.66 ACTB*, ANXA2*, CAP1*, CFL1*, FSCN1*, GAPDH, GNAI2*, PRDX3*,
SOD2*, SPTAN1, TAGLN, VIM*, HSC70, ZYX*

Molecular Transport 4.01-1.42 ALB*, EIF5A*, GAPDH, GNAII2*, HSC70, IL18*, PRDX2*, PRDX3*,
PRDX6*, SOD2*, VIM*

Cell-To-Cell Signaling and Interaction 3.88-1.33 ANXA2*, CFL1*, GNAI2*, HSP60, HYOU1*, IL18*, IMPDH2, PDLIM1*,
PRDX2*, PRDX3*, PRDX6*, SOD2*, SPTAN1, VIM*

Metabolism 3.53-1.35
ALB*, AKR1A1*, ANXA2*, CAP1*, CS*, ECHS1*, ENO1*, GAPDH,
GNAI2*, GST*, HSP60, IL18*, IMPDH2, LPP*, PGAM1*, PKM2, PRDX2*,
PRDX3*, PRDX6*, SOD2*, TKT*, TPI1*

Post-Translational Modification and
Protein Folding 3.50-1.92 ALB*, ANXA2*, HSC70, HSP60, SOD2*

Cell Death 3.46-1.33
ACTB*, ALB*, CFL1*, DDX3X, EIF5A*, ENO1*, GAPDH, GST*, HSC70,
HSP60, HYOU1*, IL18*, PRDX2*, PRDX3*, PRDX6*, SOD2*, UBE2K*,
ZYX*

Cellular Growth and Proliferation 3.06-1.33
ACTB*, ALB*, ANXA2*, CFL1*, DDX3X, EIF5A*, ENO1*, FSCN1*,
GNAI2*, GST*, HNRNPAB, HSP60, IL18*, IMPDH2, PKM2, PRDX2*,
PRDX3*, PSMB2*, SOD2*, SPTAN1, VIM*, ZYX*

Cellular Movement 2.97-1.33 ACTB*, ANXA2*, CAP1*, CFL1*, DDX3X, FSCN1*, GNAI2*, HSP60,
IL18*, LPP*, SOD2*, TAGLN, VIM*, ZYX*

Cell Cycle 2.52-1.32 CFL1*, DDX3X, GNAI2*, SOD2*, SPTAN1, VIM*

DNA Replication, Recombination, and
Repair 2.52-1.68 CFL1*, GST*, HNRNPAB, L18*, SOD2*, VIM*

Gene Expression 2.52-1.32 ALB*, ENO1*, HNRNPAB, IL18*

1
The significance value associated with Functional Analysis for a dataset is a measure of the likelihood that the association between a set of

Functional Analysis molecules in the experiment and a given process or pathway is due to random chance. The smaller the p-value the less likely
that the association is random and the more significant the association. In general, p-values less than 0.05 indicate a statistically significant, non-
random association. The p-value is calculated using the right-tailed Fisher Exact Test.

2
Protein with altered S-nitrosylation by estrogen stimulation was labeled by a “*”.
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