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Abstract

Uterine artery (UA) hydrogen sulfide (H,S) production is augmented in pregnancy and, on stimulation by systemic/local vasodilators, contributes
to pregnancy-dependent uterine vasodilation; however, how H,S exploits this role is largely unknown. S-sulfhydration converts free thiols to
persulfides at reactive cysteine(s) on targeted proteins to affect the entire proteome posttranslationally, representing the main route for H,S
to elicit its function. Here, we used Tag-Switch to quantify changes in sulfhydrated (SSH-) proteins (ie, sulfhydrome) in H,S-treated
nonpregnant and pregnant human UA. We further used the low-pH quantitative thiol reactivity profiling platform by which paired
sulfhydromes were subjected to liquid chromatography tandem mass spectrometry—based peptide sequencing to generate site (cysteine)-
specific pregnancy-dependent H,S-responsive human UA sulfhydrome. Total levels of sulfhydrated proteins were significantly greater in
pregnant vs nonpregnant human UA and further stimulated by treatment with sodium hydrosulfide. We identified a total of 360 and 1671
SSH-peptides from 480 and 1186 SSH-proteins in untreated and sodium hydrosulfide—treated human UA, respectively. Bioinformatics
analyses identified pregnancy-dependent H,S-responsive human UA SSH peptides/proteins, which were categorized to various molecular
functions, pathways, and biological processes, especially vascular smooth muscle contraction/relaxation. Pregnancy-dependent changes in
these proteins were rectified by immunoblotting of the Tag-Switch labeled SSH proteins. Low-pH quantitative thiol reactivity profiling failed to
identify low abundance SSH proteins such as Kartp channels in human UA; however, immunoblotting of Tag-Switch—labeled SSH proteins
identified pregnancy-dependent upregulation of SSH-Katp channels without altering their total proteins. Thus, comprehensive analyses of
human UA sulfhydromes influenced by endogenous and exogenous H,S inform novel roles of protein sulfhydration in uterine hemodynamics
regulation.
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Normal pregnancy is associated with gestation age-dependent
rises in uterine blood flow mandatory to the delivery of maternal
nutrients and oxygen to the fetus and the exhaust of respiratory
gases (CO;) and metabolic wastes of the fetus (1, 2). Insufficient
rise in uterine blood flow during pregnancy results in placental is-
chemia/hypoxia, representing a major pathology underlying nu-
merous pregnancy disorders including preeclampsia, fetal growth
restriction, and preterm birth (3, 4). These diseases increase ma-
ternal and fetal morbidity and mortality during pregnancy and
harm both the mother and her child’s long-term health trajectory
in later life (5). Uterine hemodynamics is regulated by

incompletely understood complex mechanisms, but orchestrated
vasodilators produced by uterine artery (UA) locally are recog-
nized to be the dominating forces that drive uterine blood flow
to rise. Endothelium-derived nitric oxide (NO) is the most studied
UA vasodilator and mediates the convergence of other systemic/
local uterine vasodilatory signals, including elevated endogenous
estrogens and vascular endothelial growth factor (VEGF) (6).
Clinical trials targeting NO-mediated mechanisms in preeclamp-
sia and fetal growth restriction have achieved no to little success
(7, 8), suggesting mechanisms in addition to NO to be involved in
mediating uterine hemodynamics regulation.
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Endogenous hydrogen sulfide (H,S) is mainly produced by
L-cysteine metabolizing enzymes cystathionine B-synthase
(CBS) and cystathionine y-lyase (CSE). H,S possesses potent
proangiogenic, vasodilatory, anti-inflammatory, and antioxi-
dant effects at physiological levels in the low micromolar
range (9, 10). UA endothelium and smooth muscle H,S pro-
duction is stimulated via selective CBS upregulation by ex-
ogenous estrogens and is associated with elevated
endogenous estrogens during ovine and human pregnancy in
vivo (11-13). Estrogens and VEGF also stimulate human UA
endothelial cell H,S production via CBS upregulation in vitro
(14, 15). H,S stimulates pregnancy-dependent relaxation of
pressurized rat and human UA rings in vitro (13, 16). Thus,
CBS-H,S has emerged as a novel pathway alongside NO to
regulate uterine hemodynamics, although how H,S exploits
this role is largely unknown.

H.S is a small cyanide that can freely cross cell membranes,
and its reducing capacity enables it to react with many mole-
cules (10). H,S signaling is complex and incompletely under-
stood, but regulating protein function posttranslationally via
S-sulfhydration directly is recognized to be the major route
for H,S to exert its biological function. S-sulfhydration gener-
ates a hydropersulfide moiety (-SSH) from free thiols (-SH) at
reactive cysteine(s) on targeted proteins, resulting in increased
reactivity of modified cysteines because of greater nucleophilic-
ity of -SSH vs -SH (17, 18). Because cysteine is an essential ami-
no acid, sulfhydration can potentially change the entire
proteome. Sulfhydration occurs in up to 25% of all proteins
(19), thus inevitably participating in regulating diverse bio-
logical processes including Ca2* signaling, apoptosis, redox
signaling, angiogenesis, vascular tone, and cardioprotection
(20, 21). Dysregulated protein sulfthydration has been reported
in numerous diseases, including preeclampsia (22-26), highlight-
ing the need of high throughput identification of sulfhydrated
proteins (eg, sulfhydrome) in the proteome to comprehend the
importance of sulfhydration in diverse biological processes in
physiological and pathophysiological settings.

The S-SH bond is intrinsically unstable and shares similar
reactivity to other sulfur species, especially SH (10), making
it challenging to detect sulfhydrated proteins in complex
biological samples. Most methods for detecting sulfhydrated
proteins are indirect, involving incorporating a stable modifi-
cation to label S-SH with a tag so that it can be readily deter-
mined. The Tag-Switch method was invented to specifically
label SSH groups, in which SSH and SH groups are first
blocked by methylsulfonyl-benzothiazole (MSBT-A) and
then SSH is selectively labeled by a cyanoacetate-based re-
agent CN-biotin because SSH possesses enhanced reactivity
to nucleophilic attack by CN-biotin, whereas SH adducts
are thioethers that do not react with nucleophiles (27).
Biotinylated sulfhydrated proteins can then be identified by
peptide sequencing using liquid chromatography tandem
mass spectrometry (LC-MS/MS) (28). More recently, a che-
moproteomic platform called low-pH quantitative thiol re-
activity profiling (low-pH QTRP) enables direct site-specific
mapping and proteomic profiling of SSH and SH groups sim-
ultaneously (29), in which sulfhydrated proteins are preferen-
tially labeled because of an approximate 4 U lower pKa of a
persulfide than that of a free thiol (30).

Here, we used Tag-Switch to quantify sulfhydrated proteins
in H,S-treated nonpregnant (NP) and pregnant (P) human UA
sulfhydromes; we then further analyzed them by the low-pH
QTRP platform to generate site (cysteine)-specific pregnancy-
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dependent H,S-responsive human UA sulfhydrome. We also
developed bioinformatics tools to analyze UA sulthydromes
to identify the biological functions and pathways and the in-
teractomes of the differentially regulated sulfhydrated pro-
teins (DRSPs). Our study informs novel diverse roles of
protein sulfhydration in uterine hemodynamics regulation.

Materials and Methods

Chemicals and Antibodies

MSBT-A and CN-biotin were synthesized as described previously
(27). Sequencing-grade trypsin was from Promega (Madison, WI).
Fetal bovine serum, DMEM medium, penicillin-streptomycin, di-
thiothreitol (DTT), HPLC-grade water, formic acid, acetonitrile,
and methanol were from Thermo Fisher Scientific (Waltham,
MA). Electrophilic thiol-reactive probe iodo-N-(prop-2-yn-1-yl)
acetamide (IPM), light- and heavy-labeled UV-cleavable
azido-UV-cleavable-biotin reagents were from KeraFast
(Boston, MA). Streptavidin sepharose beads were from GE
(Chicago, IL). Anti-biotin antibody was from Cell Signaling
(RRID: AB_10696897, Beverly, MA). Anti-B-actin antibody
was from Ambion (RRID: AB_437394, Austin, TX).
Antibodies of a-actinin-1 (ACTN1, RRID: AB_626633), vimentin
(VIM, RRID: AB_628437), myosin 11 (MYH11, RRID:
AB_1126447), talin 1 (TLN1, RRID: AB_2303406), vinculin
(VCL, RRID: AB_1131294), and cofilin 1 (CFL1, RRID:
AB_11150468) were from Santa Cruz (Santa Cruz, CA). Kir6.1
antibody was from Biorbyt (RRID: AB_2940873, Durham,
NC). Sulfonylurea receptor (SUR2B) antibody was from Sigma
(RRID: AB_2940874, Burlington, MA). Secondary antibodies
goat anti-mouse IgG (H+L) horseradish peroxidase (RRID:
AB_1185566) and goat anti-rabbit IgG (H + L) horseradish perox-
idase (RRID: AB_1185567) were from Invitrogen (Waltham,
MA). Information on all antibodies is detailed in Supplementary
Table S1 (31). All other chemicals unless specified were from
Sigma (St. Louis, MO).

Human Subjects and UA Collection

Human UAs were collected with written consent from NP and
P women (n=3/group) undergoing hysterectomy at the
University of California Irvine Medical Center, with ethical ap-
proval (HS #20139763) from the Institutional Review Board
for Human Research, as described in our previous study (15).
All subjects were not on steroid treatment. The 3 NP subjects
were 2 premenopausal (aged 39 and 41 years) and 1 postmeno-
pausal (aged 50 years) women and their uterus were removed
because of fibroids with no other known complications. The
three P subjects were aged 25, 27, and 30 years and their uterus
were removed at gestation 34 to 36 weeks because of placenta
accreta without other complications.

Tag-Switch and Immunoblotting

Tag-Switch was performed to specifically label sulthydrated
proteins as described previously (27). Briefly, hUA segments
(~200 mg/sample) were treated with or without 0.3 mM so-
dium hydrosulfide (NaHS) in PBS at 37 °C for 30 minutes.
Sodium hydrosulfide-treated P UA was also treated with
1-mM reducing agent DTT. The hUA segments were then
minced, washed twice with ice-cold PBS, and lysed by 5 x
20s cycles of sonication in 200-uL HEN buffer (250 mM
HEPES, 50 mM NaCl, 1 mM EDTA, 0.1 mM neocuproine,
1% NP-40) containing 1% SDS, 30 mM MSTB-A, and a
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protease inhibitor cocktail (Roche, Switzerland, Basel) on ice.
The lysates were incubated at 37 °C for 1 hour. Proteins were
acetone-precipitated, resuspended in 60 . HEN buffer con-
taining 20-mM CN-biotin and 2.5% SDS, and then incubated
at 37 °C for 1 hour. Excess CN-biotin was removed by passing
the samples through Micro Bio-Spin P-6 gel columns (BioRad,
Hercules, CA). An aliquot (15 pL) of each eluate was saved as the
input mixed with nonreducing Laemmli buffer before heat de-
naturation. The rest of the eluates was mixed with streptavidin-
coated magnetic beads (40 puL, Thermo Fisher) and incubated at
4 °C overnight with gentle rotation. The beads were washed
with PBS twice, mixed with SDS sample buffer, and boiled at
95 °C for 5 minutes. The samples (purified biotinylated SSH pro-
teins) were subjected to SDS-PAGE and immunoblotted with anti-
biotin (1:10 000) and other antibodies listed in Supplementary
Table S1 (31), as previously described (15). Parallel blots of the in-
puts with anti-B-actin were conducted to serve as loading controls.
Band intensities of total SSH proteins were summed and normal-
ized to B-actin as did levels of total proteins, whereas SSH protein
was normalized to total protein, by using NIH Image] and pre-
sented as fold of corresponding controls.

Low-pH QTRP Proteomics

Human UA sulfhydromes were analyzed by using the low-pH
QTRP platform (30), with minor modifications as described here.

IPM-labeling SSH proteins and tryptic digestion: Human
UA samples (200 mg/sample) were washed with ice-cold PBS
and lysed by sonication on ice for 5 sets of 20-second pulses us-
ing a VirTis Virsonic 100 Ultrasonic Homogenizer/Sonicator at
setting 3 with a 1/8-inch probe in low-pH buffer (50 mM so-
dium acetate [NaOAc], 1% Igepal, pH 5.0) supplemented
with a protease inhibitor cocktail and catalase (200 U/mL).
The lysates were incubated with or without 0.3 mM NaHS at
37 °C for 1 hour, followed by incubation with IPM probes
(10 pM) in dark at room temperature (RT) for 1 hour. The
samples were alkylated by iodoacetamide (mM) in the dark
at RT for 30 minutes. Proteins were acetone-precipitated and
resuspended to a final concentration of 1 mg/mL in 50-mM am-
monium bicarbonate (pH 8.5).

IPM-labeled peptides were desalted with Sep-Pak tC18 1 cc
Vac cartridges (Waters, Milford, MA) and dried under vac-
uum at 45 °C. The samples were reconstituted in 30% aceto-
nitrile at pH 6. Equal amounts of NP and P UA samples were
incubated in separate click chemical reactions with either
1 mM of light or heavy UV-cleavable azido-biotin, respective-
ly, in a buffer containing 10 mM sodium ascorbate, 1 mM
TBTA, and 10 mM CuSOQy, with rotation in the dark at RT
for 2 hours, and then mixed. Samples were purified by strin-
gent cation-exchange chromatography (The Nest Group,
Ipswich, MA) as described previously (30) and captured by
streptavidin-sepharose beads in the dark at RT for 2 hours.
After sequential washing with streptavidin binding buffer
(50 mM NaOAc, pH 4.5), washing buffer (50 mM NaOAc,
2 M NaCl, pH 4.5), and HPLC-grade water twice each to re-
move nonspecifically bound peptides. The beads were recon-
stituted in 25-mM ammonium bicarbonate for photo
releasing in a glass tube by irradiation with 365-nm UV light
at RT with stirring for 2 hours. After centrifugation (2000g,
4 minutes), supernatant was collected, vacuum-dried, and
stored at —20 °C until LC-MS/MS analysis was performed.

Peptide sequencing by LC-MS/MS: Peptide sequencing was
performed by LC-MS/MS using an UltiMate 3000 UHPLC

(Thermo Fisher Scientific) coupled in-line with an Orbitrap
Fusion Lumos MS (Thermo Fisher Scientific) using an ESI
nanospray source. Mobile phase B was 0.1% formic acid in
acetonitrile with a flow rate of 300 nL/minute. The digested
peptides were separated over a 114-minute gradient from
4% to 25% mobile phase B (run time: 120 minutes/sample)
on an Acclaim PepMap RSLC column (50 cm X 75 pm).
Survey scans (MS) were acquired in Orbitrap (FT) with an
Automated Gain Control target of 8E5, maximum injection
time 50 ms, and dynamic exclusion of 30s across the scan
range of 375 to 1800 m/z. MS/MS spectra were acquired in
data-dependent acquisition mode at the top speed for 3 sec-
onds per cycle. The Automated Gain Control target was set
to 1E4 with maximum injection time of 35 ms. Ions were sub-
jected to stepped-energy higher energy collision dissociation
fragmentation at a normalized collision energy of 20 + 5%.
Label-free quantification analysis: The acquired LC-MS/
MS data files were analyzed by Maxquant (version 2.0.3.1),
with the spectra searched against the UniProt Human database
(updated on July 1, 2022). For peptide identification, mass toler-
ances were set at 20 ppm for initial precursor ions and 0.6 Da for
fragmental ions. Two missed cleavages in tryptic digests and a
maximum of 2 variable modifications including cysteine methio-
nine oxidation and N-terminal acetylation were allowed. IPM_L
and IPM_H for -SH and IPM_SSH_L or IPM_SSH_H for -SSH
were added as additional variable modifications. The false dis-
covery rate was set at 1% for filtering peptide identification.

Bioinformatics

The clusterProfiler package in R studio (32) was used to iden-
tify and visualize enriched pathways among sulfhydrated pro-
teins. The “enrichGO” and “enrichMKEGG” functions were
used to identify overrepresented pathways (P <.01) based on
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) modules, respectively. The “barplot” func-
tion was used to visualize orthogonal GO molecular function
and biological process. The “browseKEGG” function in
KEGG module database (https:/www.genome.jp/kegg/
module.html) was used to determine KEGG pathways. The
pheatmap package (33) in R studio was used to construct a
heatmap to demonstrate the relative intensity of SH and SSH
peptides by z scores calculated by the equation: z=@; in
which x is abundance of taxonomic or functional profiles in
each group, u is mean value of abundances in all groups, and
o is SD of abundances. A volcano plot was created using P val-
ues and fold changes in disulfide peptide intensities in P over NP
UA. DRSPs were defined for SSH peptide/proteins with P < .05
and a fold change <0.5 or >2 between 2 groups in P vs NP or
treated vs untreated groups.

Putative Consensus Sequence Motif for SSH

According to sulfhydrated and unsulfhydrated peptides and
proteins from hUA (current study), and those in mouse liver,
heart, and brain tissues and human A549, A431, HEK293,
MDA-MB-231, U20S, and pancreatic cells (22, 30, 34), we
used a linear sequence prediction algorithm visualized by
pLogo (35) to analyze putative SSH vs SH cysteines in
13-amino acid consensus sequence motifs. The normal pro-
cedure for computing 1-tailed significance is to calculate
area under desired side of a probability distribution, whereas
this pLogo method determines over- and underrepresenta-
tions of appropriate sides of distribution by using logics and
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cases. A continuous probability-based score generates the
pLogo by making residue heights proportional to log odds
of significances of over- vs underrepresentations. The amino
acid frequencies observed in a set of proteins that are represen-
tative of the proteome, namely the proteomic background,
were used to calculate P values based on the binomial prob-
ability of residue frequencies with the following formula:

Pr(k, Vk > K|N, p)
Pr(k, Yk < KIN, p)

Residue height (K, N, P) o —log

P value was determined by background population, such that:

N
Pr(k, Vk > KIN, p) = _ binomial(k, N, p)
k=K

K
Pr(k, Vk < KIN, p) = _ binomial(k, N, p)
k=0

K is the actual number of residues of a particular type at a giv-
en position, N is total number of residues at a position, and P
is the probability of the residue occurring at that position.
Based on statistical significance P < .05 and the number of
the sequences, the log-odds of the binomial probability >3.68
was calculated as a threshold to predict a specific cysteine res-
iding a 13 amino-acid motif to be a putative sulfhydration site.

Statistical Analysis

Each experiment was repeated at least 3 times using samples
from different subjects. Data were presented as means + stand-
ard error of the mean and analyzed by 1-way ANOVA, fol-
lowed by the Newman Keuls test for multiple comparisons
using Sigmaplot 14 (Systat Software Inc.). Student t-test was
used to compare 2 groups. P < .05 or lower was defined as stat-
istically significant.

Results
Human UA Protein Sulfhydration—Effects of
Pregnancy and Exogenous H,S

Levels of total sulfhydrated proteins in P UA were 1.80 +
0.28-fold greater (P <.05) than that in NP UA. Treatment
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with NaHS increased total sulfhydrated proteins by 1.67 +
0.17-fold (P < .05) in NP UA but did not affect sulfhydration
in P UA. In addition, treatment with 1 mM DTT significantly
reduced baseline total sulfhydrated proteins in P UA (Fig. 1).

Workflow of Low-pH QTRP

The low-pH QTRP platform was designed to directly analyze
paired proteomes to identify SSH and SH peptides simultan-
eously in a single run, as summarized in a workflow (Fig. 2).
In this study, we paired proteomes of equal amounts of NP
and P UAs, and each was treated with and without 0.3 mM
NaHS. IPM labeling was performed in buffers at pH 5.0.
The probe-labeled proteomes were alkylated directly with io-
doacetamide and digested into tryptic peptides. The
IPM-labeled peptides in paired proteomes were conjugated
with either light or heavy Az-UV-biotin reagents via copper-
catalyzed alkyne-azide cycloaddition separately, and then
mixed. Biotinylated peptides from the paired proteomes
were captured by streptavidin beads and photo-released for
peptide sequencing by LC-MS/MS. Two types of probe-
modified peptides including disulfide and thioether forms
were used for mapping SSH and SH sites (cysteines), respect-
ively (Fig. 2A). For example, we identified an IPM-modified
disulfide peptide containing Cys796 in filamin A as shown
by the characteristic isotopic envelopes in the representative
MS1 spectrum. The ratio of the paired heavy and light pepti-
des was calculated from the extracted ion chromatogram
peaks as 1.99 E5/4.15 E4 (Fig. 2B). The fully annotated high-
energy collisional dissociation-MS2 spectrum showed the
amino acids (Fig. 2C).

Human UA Sulfhydromes—Effects of Pregnancy
and Exogenous H,S

By using low-pH QTRP analysis, we obtained a total of 2460
SH peptides and 360 SSH peptides in hUA as summed in
Supplementary Table S2 (31). Among 2460 SH peptides,
1146 were found in both NP and P UAs, whereas 93 and
1221 were unique to NP and P UA, respectively. The SH pep-
tides were mapped to a total of 1984 proteins including 756
found in both NP and P UAs, 375 unique to NP UA, and
853 unique to P UA. Among the 360 SSH peptides identified,

*k

%

*
1

ab

a
0 T T
+

+/DTT

=+ NN
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Figure 1. Human uterine artery (UA) protein sulfhydration: effects of pregnancy and exogenous H,S. Human UA segments were treated with or
without 0.3 mM NaHS or cotreated with 0.3 mM NaHS and 1 mM dithiothreitol (DTT). Human UA lysates were used for determining total SSH proteins.
Representative blots of total SSH proteins and p-actin were shown. Data (mean + standard error of the mean, n = 3) were presented as fold of controls.
*P<0.05, **P<0.01 vs control. Bars with different letters differ significantly (P< 0.05).
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45 were found in both NP and P UAs, whereas 157 and 158
were unique to NP and P UA, respectively (Fig. 3A, left).
The 360 SSH peptides were mapped to a total of 408 SSH pro-
teins because of a single SSH peptide originating from multiple
proteins, including 45 in both NP and P UAs and 186 and 177
unique to NP and P UA, respectively (Fig. 3A, right).

Consistent with the finding showing NaHS stimulation of pro-
tein sulfhydration in NP UA (Fig. 1), NaHS treatment also stimu-
lated significant shifts of the number of SH peptides to SSH
peptides in NP UA; the total number of SH peptides reduced
from 1239 to 208, but the total number of SSH peptides in-
creased from 202 to 1047 on NaHS treatment (Supplementary
Table S3 (31)). Similar shifts of total number of SH and SSH pep-
tides also occurred in NaHS-treated P UA; the total number of
SH peptides decreased from 2367 to 237, whereas the total num-
bers of SSH peptides increased from 203 to 1354 (Fig. 3A, left)
on NaHS treatment. Accordingly, the total number of SH pro-
teins decreased from 1984 to 365, whereas the total number of
SSH proteins increased from 408 to 1218 on NaHS treatment
in NP UA. Similar changes in SH vs SSH proteins also occurred
in P UA with NaHS treatment; the total number of SH proteins
decreased from 1609 to 258, whereas the total number of SSH
proteins increased from 222 to 980 (Fig. 3A, right), although
NaHS did not alter the total levels of sulthydrated proteins in
P UA (Fig. 1).

Pregnancy-dependent H,S-responsive
SSH-peptides
We then analyzed the SH peptides and SSH peptides in untreated
and NaHS-treated NP and P UAs. The SH peptides and SSH pep-
tides were depicted in a heatmap in which upregulated peptides
are labeled in red and downregulated peptides are labeled in
green (Fig. 4A). Most of the SH peptides were upregulated in un-
treated P vs NP UAs. Levels of detectable baseline SSH-peptides
were either upregulated or downregulated in P vs NP UAs. In
addition, the heatmap showed that treatment with NaHS dra-
matically changed the patterns of SH vs SSH peptides in NP
and P UAs. Pregnancy upregulated most of the SSH peptides
but downregulated only a few other SH peptides in UA (Fig. 4A).

We further analyzed the exogenous H,S-responsive SSH
peptides in NP vs P UAs. There were differentially regulated
SSH peptides derived from SSH proteins that were identified
in both NP and P UAs, including filamin A (FLNA), hemoglo-
bin subunit beta (HBB), fibrinogen B chain (FGB), collagen
type IV alpha 1 chain (COL4A1), myosin 9/10/11 (MYH 9/
10/11), and cysteine and glycine-rich protein 1 (CSRP1).
Some repeatedly detectable (n > 2) SSH peptides were derived
from SSH proteins present in only NP UA, including albumin
(ALB), destrin, VIM, biglycan (BGN), and decorin (DCN);
whereas other detectable SSH peptides were derived from
SSH proteins present in only P UA, including catalase, colla-
gen type IV alpha 2 chain, tubulin alpha-4A chain. The heat-
map showed that NaHS upregulated SSH peptides derived
from FLNA, FGB, destrin, HBB, COL4A1, MYH 9/10/11,
CSRP1, BGN, and DCN, but downregulated SSH peptides de-
rived from ALB, FLNA, and BGN in NP UA. NaHS treatment
upregulated SSH peptides from FLNA, FGB, HBB, MYH 9/
10/11, catalase, and CSRP1 and downregulated some other
SSH peptides from COL4A1, collagen type IV alpha 2 chain,
tubulin alpha-4A chain, and MYH 9/10/11 in P UA.

These analyses also showed that some SSH proteins only
generated 1 SSH peptide, indicative 1 specific SSH site in these

SSH proteins such as SSH-VIM. Other SSH proteins generated
multiple SSH peptides, suggesting that SSH can also occur on
multiple sites in these proteins such as FLNA, BGN, and ALB,
a-smooth muscle actin/ACTA1, TLN1, VCL, ACTN1, CFL1,
and MYH11. In the latter case, levels of the SSH peptides from
the same protein were found to be either all upregulated, un-
changed, or regulated in opposite directions, in P vs NP or by
NaHS treatment. For example, the SSH peptides derived from
FLNA or BGN were either upregulated or downregulated but
these from ALB were all downregulated in NP UA. FLNA gen-
erated different SSH peptides in NP vs P UA, showing SSH on
different cysteines in pregnancy, although they were all upre-
gulated by NaHS in P UA (Fig. 4B).

We plotted differentially regulated SSH peptides in
NaHS-treated NP and P UAs in a volcano plot (Fig. 4C), using
red dots showing upregulated SSH-peptides with fold change
>2 and blue dots showing downregulated those with <0.5
fold. Most of the pregnancy-dependent H,S-responsive SSH
peptides are upregulated, including these derived from
FLNA, MYH 9/10/11, mth938 domain-containing protein,
raftlin 1, HBB, BGN, DCAN, versican core protein, and 60S
ribosomal protein L12, as listed in Supplementary Table S3
(31). Only 2 SSH peptide derived from CSRP protein 2
(CSRP2) was found to be downregulated in pregnancy
(Fig. 4C).

Prediction of Putative SSH Peptides

The flanking amino acid sequences of SSH cysteine from in
vivo studies of human UA and mouse liver, brain, and heart
(30) tissues and in vitro studies of human A549, A431,
HEK293, MDA-MB-231, U20S, and pancreatic cells (22,
30, 34) predicted a putative SSH peptide as KXXEEECE(K)
VKIXK (Fig. 5A). The flanking amino acid sequences of un-
sulfhydrated cysteines predicted putative SH peptide as K(D)
K(D)LDND(N)CDLKKKK (Fig. 5B). The acidic amino acid
Glu (E) occurred frequently surrounding sulfhydrated cys-
teines at positions —1, —2, =3, and +1, whereas a basic amino
acid Lys (K) only appeared at positions —6, +1, +3, and +6.
Acidic amino acid Asp (D) was found nearby unsulfhydrated
cysteines at positions —6, —5, —3, —1, and +1. A basic amino
acid Lys (K) was highly overrepresented at positions —6, —35,
+1, +3, +4, +5, and +6 (Fig. 5B).

Functional Analysis of Pregnancy-dependent
H,S-responsive Human UA SSH proteins

We further performed GO classifications to identify the biologic-
al functions, pathways, and the interactomes of protein sulfhy-
dration in human UA. The DRSPs unique to NP UA were
involved in various biological processes including metabolisms
of nucleotides (eg, purine ribonucleotide, ribose phosphate, pur-
ine ribonucleotide triphosphate), axon development, ATP me-
tabolism, protein folding, and negative regulation of protein
procession linked to molecular functions including cadherin
binding, actin filament binding, oxidoreductase activity, and
cyclosporin A binding (Fig. 6A). Especially, the metabolisms of
nucleotide-related biological processes were highly represented
among the DRSPs unique to NP UA, including nucleoside di-
phosphate kinase 1 and 2, adenylate kinase, pyruvate kinase, sig-
nal transducer and activator of transcription 3, glyceraldehyde
3-phosphate dehydrogenase, ATP synthase subunit epsilon,
mitochondrial (Supplementary Table S2) (31). The DRSPs
unique to P UA were found to be involved in different biological
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Figure 2. Low-pH quantitative thiol reactivity proteomics (low-pH QTRP) platform. (A) General workflow. Equal amounts of nonpregnant and pregnant
human uterine arteries (UAs) were labeled with iodo-N-(prop-2-yn-1-yl) acetamide (IPM) directly in a buffer at pH 5.0, and then tryptically digested. The
IPM-labeled peptides in paired proteomes were conjugated with either light or heavy Az-UV-biotin reagents via copper-catalyzed alkyne—azide cycloaddition
(CUAAC) separately and then mixed. Biotinylated peptides from the paired proteomes were captured by streptavidin-coated beads and photo-released for
peptide sequencing by LC-MS/MS. Two types of probe-modified peptides including SSH and SH forms for mapping SSH and SH sites (cysteines),
respectively. (B) Quantification of Cys796-containing SSH-peptide of filamin A in human UA. MS1 spectrum of an IPM-tagged SSH-peptide containing
filamin A C796. Triply charged monoisotopic precursors of light and heavy peptides are observed at m/z 932.0960 and 934.1025, respectively, with mass
errors less than 10.0 ppm. Extracted-ion chromatogram (XIC) shows the profiles for the same light and heavy peptides. (C) Characterization of
Cys796-containing SSH-peptide of filamin A. Fully annotated MS/MS spectra was applied to the light and heavy IPM-modified SSH peptide.

processes such as wounding healing, cellular responses to growth binding, ECM binding, and epidermal growth factor receptor
factor stimulus and hemostasis, blood coagulation, and fibrin- binding (Fig. 6B). The wound healing-related biological proc-
olysis, which were linked to molecular functions including tubu- esses were highly represented among the DRSPs unique to P
lin binding, microtubule binding, flavine adenine dinucleotide = UA, including A disintegrin and metalloproteinase with
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Figure 3. Summary of human uterine artery sulfhydromes. Venn diagram of SH peptides and SSH peptides (left) and SH-proteins and SSH-proteins
(right) in nonpregnant (NP) and pregnant (P) human uterine arteries (UA) without (upper) or with (lower) NaHS treatment.

thrombospondin motifs 18, dual oxidase 1, ephrin type-B recep-
tor 2, annexin 1, fibrinogen y chain, peroxiredoxin 2, and F12
(Supplementary Table S2) (31). The H,S-responsive DRSPs in
NP UA were enriched in different biological processes, including
actin filament organization, muscle system process, actomyosin
structure organization, muscle cell development, and actin-
filament sliding movement, which were linked to molecular
functions of actin binding, ECM structural constitute, oxidore-
ductase activity, integrin binding, NAD binding, microfilament
motor activity, and vinculin binding (Fig. 6C). Except for these
in NP UA, the H,S-responsive DRSPs in P UA also highlighted
biological process of protein polymerization and molecular func-
tions of ECM binding and laminin binding (Fig. 6D). KEGG
analyses indicated that SSH proteins in NaHS-treated UA relate
to several pivotal pathways, including vascular smooth muscle
contraction (Fig. 7), focal adhesion (Supplementary Fig. S1)
(31), ECM-receptor interaction (Supplementary Fig. S2) (31),
regulation of actin skeleton (Supplementary Fig. S3) (31), and
motor proteins (Supplementary Fig. S4) (31).

Verification of Pregnancy-dependent H,S-reponsive
Human UA SSH Proteins

KEGG analyses revealed that human UA SSH proteins were
associated with various biological pathways (Fig. 7 and
Supplementary Figs. S1-54 (31)) important for vascular regu-
lation, including vascular smooth muscle contraction
(a-smooth muscle actin/ACTA1), focal adhesion (TLN1 and
VCL), regulation of actin skeleton (ACTN1), VCL and
CFL1, and cytoskeletal motor activity (MYH11). Direct
proteomic profiling by the low-pH QTRP platform revealed
that SSH-VIM was the only SSH protein detected in untreated
UA sulfhydromes, whereas SSH-ACTA1, SSH-TLNI1,
SSH-VCL, SSH-CFL1, and SSH-ACTNT1 were identified in
NaHS-treated UA sulfhydromes. We further analyzed the
SSH peptides/proteins in NP and P UAs that were treated
with NaHS and presented the pregnancy-dependent DRSPs
in a heatmap (Fig. 8A). One SSH-peptide from SSH-VIM
was only detected in P UA, whereas multiple SSH peptides
were identified in SSH-ACTA1, SSH-TLN1, SSH-VCL,
SSH-CFL1, and SSH-ACTNI1. In addition to upregulating
the only SSH peptide from SSH-VIM, pregnancy also simul-
taneously upregulated or downregulated different SSH pepti-
des derived from the same SSH protein (ie, SSH-ACTA1,
SSH-TLN1, SSH-VCL, SSH-CFL1, and SSH-ACTN1), as
listed in Supplementary Table S4 (31). Moreover, the uneven
changes in the levels of different SSH peptides from the same
protein make it impossible to plot SSH-proteins obtained by
low-pH QTRP in heatmap for comparisons.

Finally, we determined changes of the low-pH QTRP identi-
fied SSH proteins by immunoblotting of the purified SSH
proteins labeled by Tag-Switch. Baseline SSH-ACTNI,
SSH-TLN1, and SSH-ACTA1 were detectable in NP UA; their
levels in P UA were 1.92-fold (P < .05), 1.66-fold (P < .05), and
4.66-fold (P < .01), respectively, in P vs NP UAs. SSH-VIM was
low in NP UA but increased by 2.70-fold (P <.05) in P vs NP
UAs. SSH-MYH11, SSH-VCL, and SSH-CFL1 were detectable
in NP UA, but their levels in P UA did not differ from that in NP
UA (Fig. 8B). Total levels of ACTN1, VIM, MYH11, TLN1,
ACTA1, CFL1, and VCL proteins did not differ between NP
and P UA (Supplementary Fig. S5) (31).

Activation of ATP-sensitive potassium (Katp) channels me-
diates the vasodilatory effect of H,S in systemic arteries via
SSH of its pore-forming subunit Kir6.1 (23) and its
ATP-binding cassette protein SUR2B subunit (36), which
were not detected in human UA sulfhydrome by using
low-pH QTRP. Immunoreactive Kir6.1 and SUR2B proteins
were detectable in NP and P UA. Kir6.1 level in P UA was
1.23-fold (P <.001) that of NP UA, whereas SUR2B level
did not differ significantly. Immunoblotting of purified SSH
proteins labeled by Tag-Switch showed that baseline
SSH-Kir 6.1 and SSH-SUR2B were still detectable in NP UA
and that their levels in P UA were 2.69-fold (P <.05) and
1.71-fold (P < .01) that of NP UA, respectively (Fig. 8C).

Discussion

Local UA endothelium and smooth muscle H,S production is
significantly upregulated during pregnancy, which is also stimu-
lated by endogenous and exogenous estrognes (11, 13, 14, 37,
38) and VEGF (15, 39). Augmented H,S production contributes
to human UA relaxation at least in part through activation of
large conductance Ca2*-activated voltage-dependent potassium
(BK¢,) channels (16) and stimulates endometrial and placental
angiogenesis (40, 41). Vasodilation and angiogenesis are the 2
key mechanisms that promote uterine blood flow during preg-
nancy (42). Thus, H,S has been emerging as a “new” UA proan-
giogenic vasodilator at the maternal-fetal interface, where it
plays a role in uterine and placental hemodynamics regulation.
However, how H,S achieves these functions is unknown.
Because sulfhydration is a major mechanism that mediates
H,S actions, we performed comprehensive proteomic analyses
of sulfthydrated proteins in NP and P human UAs treated with
and without an H,S donor NaHS to uncover the targeted pro-
teins affected by endogenous and exogenous H,S during preg-
nancy. We obtained a total of 408 SSH proteins from NP and
P human UAs, and this number increased to 1218 on NaHS
treatment. Bioinformatics analyses of the pregnancy-dependent
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Figure 4. Analysis of SH and SSH peptides: effects of pregnancy and NaHS. (A) Heatmap of SH-peptides and SSH-peptides from untreated (left panel)
and NaHS-treated (right panel) nonpregnant (NP) and pregnant (P) human uterine arteries (UA). The intensity values of unidentified SH-peptides and
SSH-peptides in conditions were assigned with 1. (B) Heatmap showing H,S-responsive SSH-peptides in NP (left panel) and P (right panel) human UAs.
SSH-peptides that were repeatedly present (n> 2) were counted. (C) Volcano plot showing differentially regulated SSH-peptides in NaHS-treated NP
and P human UA. The SSH-peptide with a P<0.05 and a |log,Fold Change| > 1 was considered as significantly differentially regulated. SSH-peptides
that were repeatedly present (n> 2) were counted. Upregulated peptides (fold change > 2) and downregulated peptides (fold change < 0.5) were
shown in the plot.

€20z ¥snbny Q| uo Jasn INIAYI VINHOLITYD 40 AINN Ad 956£222/.01Ppeba/6/¥91 /o1011e/0pus/woodno-olwapede//:sdiy woly papeojumoq



Endocrinology, 2023, Vol. 164, No. 9

A 6 5 4 -3 -2 -1 C 41 42 +3 +4 +5 46
O oo cBEADOA |
p— FG - unknown; BG - Human protein

2
g
§ g
:
E " &
£ g
3 &
é
g g
, &

(#-)3.68 =>p <0.05 n(fg) = 1157 http://plogo.uconn. edu

=> fixed position  n(bg) = 268407 vi.2.0

B 6 54 -3 -2 -1 C+1 +2 +3 +4 +5 +6

QOAOC @°cOoA00O0m0

_— FG - unknown; BG - Human protein

] [
g g
[k :
E — Gle
- =l 2
5 =1 = = =3 &
3 = === 2
) =< 8
@
2
e = g

(+-)3.68 =>p <0.05 n(fg) = 1792 http://plogo.uconn. edu

=> fixed position n(bg) = 268407 vi.2.0

O Amino acids with negative side chain
O Amino acids with positive side chain
A Amino acids with hydrophobic/uncharged side chain

Figure 5. Modeling of consensus motifs of putative SSH peptide.
Comparison of calculated sequence motifs of (A) SSH- (1157
sequences as inputs) and (B) SH-cysteines (1792 sequences as
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the largest column within the sequence visualization. The red
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H,S-responsive human UA sulfhydrome demonstrate that these
sulfhydrated proteins are linked to a plethora of biological proc-
esses and pathways as well as molecular functions, informing
novel roles of protein sulfhydration in uterine hemodynamics
regulation.

Sulfhydration was initially described in 2009 as a posttransla-
tional modification (PTM) on cysteine on proteins with import-
ance comparable to that of S-nitrosylation (SNO) and
phosphorylation (17), but it has been gained momentum in re-
search lately because of recent discoveries of its role in diverse
biological processes in physiology and pathophysiology. SSH
converts -SH group at cysteines to -SSH groups, typically occur-
ring on reactive cysteine(s) with a low pK,. However, the intrin-
sically unstable nature of the S-SH bond makes it challenging to
detect its changes in complex biological samples. A modified bio-
tin Tag-Switch assay was initially developed to detect SSH, in
which unmodified cysteines are blocked by methyl methanethio-
sulfonate, whereas SSH-cysteines is reduced by DTT to -SH that
is then labeled with biotin to be readily captured with avidin and
quantified by immunoblotting (17). Other indirect methods are
then developed to improve specificity, involving selectively label-
ing SSH such as the Tag-Switch method that uses MSBT-A to
block SH groups, whereas a reagent incorporating a nucleophilic

component and a biotin reporter moiety selectively labels SSH
groups (27). In addition, a quantitative persulfide site identifica-
tion (QPers-SID) method based on selective elution of persulfides
using a reducing agent has also been developed for indirect site-
directed identification of SSH proteins via LC-MS/MS (43).
More recently, a low-pH QTRP proteomics platform has
made it possible to directly analyze protein sulfhydration at a
proteome scale in cells in vitro (30) and multicell organisms
such as Caenorbabditis elegans in vivo (44). These studies signify
significant advancements in SSH detection methods and redox
biology.

Quantification of total SSH proteins by using Tag-Switch
labeling and immunoblotting has shown that pregnancy in-
creases protein sulfhydration human UA. In these assays, add-
ition of a reducing agent DTT significantly reduces total levels
of SSH proteins, indicating that SSH proteins are sensitive to
reducing conditions. Treatment with exogenous H,S increases
total levels of SSH proteins in NP UA to that in untreated P UA
but does not significantly alter total levels of SSH proteins in P
UA. These results suggest that protein sulthydration in human
UA may be maximized by augmented endogenous H,S during
pregnancy in vivo. However, mapping site-specific human UA
sulfhydrome by low-pH QTRP has shown great shifts in SH
peptides/SH proteins to SSH peptides/SSH proteins in NP vs
P UAs by exogenous H,S, suggesting that endogenous and ex-
ogenous H,S differentially regulate protein sulfhydration.

Here, low-pH QTRP platform is used to further map
site-specific SSH proteins directly in human UA tissues treated
with NaHS. We have identified a total of 1617 SSH peptides
from 1218 SSH-proteins in the human UA sulfhydrome. The
total SSH sites and SSH proteins in human UA sulfhydrome
are less than these in the human endothelial cell Sulfhydrome,
as reported in a recent study (45). In that study, QPers-SID
was used to map human endothelial cell sulfhydrome, which
contains a total of 3446 individual SSH sites from 1591 SSH
proteins in shear stress-treated human endothelial cells in vitro.
Human UA sulfhydrome overlaps 110 SSH proteins in human
endothelial cell sulfhydrome mapped by QPers-SID, including
proteins of muscle structural and cytoskeleton functions (ie,
MYHY9/10, VIM, FLNA, and ACTN1) and redox signaling
(ie, glyceraldehyde 3-phosphate dehydrogenase and mitochon-
drial dihydrolipoyl dehydrogenase, and thioredoxins) (46).
However, the number of SSH peptides/proteins in untreated
human UA tissues is much greater than that reported in human
serum previously (30), showing that low-pH QTRP platform is
capable of direct mapping site-specific sulfhydrome in biospeci-
mens under physiological conditions.

Endogenous H,S is a pluripotent gaseous signal that regu-
lates various reproductive processes. In males, H,S protects
spermatogenic failure and testicular dysfunction because of
its potent anti-inflammatory and antioxidative effects (47).
In females, granulosa cells derived endogenous H,S regulates
ovulation potentially by promoting follicle rupture (48).
CBS-derived H;S regulates oviduct transportation of embryos
(49) and decidualization (50). CBS/CSE-derived H,S main-
tains uterine quiescence via suppressing inflammation and
the expression of myometrial contractile proteins in human
pregnancy (51). Human trophoblast—derived H,S regulates
placental angiogenesis (40) and plays a role in maternal—fetal
immune hemostasis during early pregnancy (52). Endometrial
stroma—derived H,S regulates microvascular endothelial cell
angiogenesis in the menstrual cycle and pregnancy in women
(41). Dysregulated H,S signaling results in preeclampsia-like
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Figure 6. Functional analysis of pregnancy-dependent H,S-reponsive human UA SSH proteins. Significantly (P< 0.01) enriched gene ontology (GO)
terms of biological processes and molecular functions among differentially regulated SSH proteins (DRSPs) are visualized in left and right panels,
respectively. Each dot is proportional in size to the number of SSH-proteins associated with the term. The DRSPs were unique in NP (A) and P (B)

untreated UA, and NP (C) and P (D) UA treated with NaHS.
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Figure 7. KEGG pathway analysis revealed that sulfhydrated proteins regulate vascular smooth muscle contraction. The identified SSH proteins in
pregnancy-dependent H,S-responsive human uterine artery sulfhydrome were subjected to KEGG pathway analysis to map the network. The network
initiates from extracellular stimuli such as intravasal pressure/stretch, vasoconstrictors (angiotensin [I/Ang2, endothelin, vasopressin/AVP, vasodilators
[prostacyclin/PGI2, calcitonin gene-related peptides/CGRPs, adrenomedullin/ADM, epoxyeicosatrienoic acids/EETs, natriuretic peptides/NPs]), acting
through corresponding membrane receptors and/or channels to (de)polarize plasma membrane, activating effectors (G-proteins) and various cytosolic
signaling pathways (Ca2* signaling, arachidonic acid metabolism, phospholipases [PLA/PLCI, protein kinases [PKA, PKC, and PKG]); these signaling
pathways collectively activate myosin light-chain kinase (MLCK) to (de)phosphorylate myosins that harmonize muscle contraction and relaxation.
Significantly (P< 0.01) enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) terms among SSH proteins were mapped in the KEGG pathways
as archived in the KEGG module database (https:/www.genome.jp/kegg/module.html).

syndromes because of impaired angiogenesis, trophoblast in-
vasion, and impaired uterine spiral artery remodeling, leading
to adverse fetal outcomes including intrauterine growth re-
striction, placental abruption, and fetal demise in utero (24).
Although the clinical importance of H,S signaling has been
appreciated in diverse reproductive processes, especially in
pregnancy, further revealing the specific pathways and bio-
logical processes activated by H,S in these processes is re-
quired to underscore future therapeutic potentials.

Our bioinformatics analyses have shown that among the
many biological processes, pathways, and molecular func-
tions that are linked to the SSH proteins in the human UA sulf-
hydrome, pregnancy-dependent H,S-responsive DRSPs are
mostly vascular smooth muscle proteins (FLNA and
MYH11) and ECM proteins (raftlin 1, BGN, DCN, and ver-
sican core protein), with different responses to endogenous

and exogenous H,S. DRSPs between NP and P UAs, presump-
tively from endogenous H,S that is augmented in pregnancy,
are proteins forming microtubules and ECM, implicating
that sulfhydration is involved in vascular wall remodeling dur-
ing uterine artery adaptation to pregnancy (53). Interestingly,
we found the biological processes of nucleotide metabolisms
and wound healing are exclusively shown in NP and P unique
DRSPs, respectively, suggesting that transcriptional activity is
highly active in NP UA, whereas angiogenic capillaries can in-
vade wound clots and quickly form microvascular networks
in the P state. The DRSPs in response to exogenous H,S are
proteins linked to pathways of vascular smooth muscle
contraction, ECM, and redox biology, which are present
in both NP and P UAs. For instance, ACTA1 and TLN1
are H,S-responsive DRSPs that are directly linked to mechan-
ical coupling actin cytoskeleton with integrins (54, 55).
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Figure 8. Identification of vascular smooth muscle contraction/
relaxation related SSH proteins in human uterine artery. (A) The
intensity values of SSH peptides from the typical muscle
contraction-related proteins identified by low-pH QTRP from
NaHS-treated nonpregnant (NP) and pregnant (P) human uterine
arteries (UAs) were used to generate the heatmap of
pregnancy-dependent changes. The intensity values of the SSH
peptides were assigned with 1 when unidentified in 1 condition; the
fold changes were differences of their intensities between P and NP
UAs (n=3/group). The SSH peptides listed were vascular smooth
muscle contraction-related proteins including from VIM, VCL, CFL1,
TLN1, MYH11, ACTN1, and ACTA1. Immunoblotting of Tag-Switch—
labeled total SSH proteins in NP and P human UA to verify SSH
proteins identified (B) and to detect Katp channels unidentified (C) by
low-pH QTRP. Bar graphs summarized pregnancy-dependent
changes in SSH proteins (B) and total/SSH proteins of Katp channels.
Data (mean + standard error of the mean) were presented as fold of
controls. *P<0.05, **P<0.01, ***P<0.001 vs control.
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Another human UA H,S-responsive DRSP is integrin f1.
Interestingly, integrins are the most abundant SSH proteins
in the human endothelial cell sulthydrome, and SSH of integ-
rin B3 is required for endothelial cell mechanotransduction in
vitro and flow-induced dilation in mouse mesenteric arteries
in vivo (45). Thus, SSH of integrin f1 may play a role in
endothelium-dependent mechanisms of the uterine vasodila-
tory effects of H,S. Other pregnancy-dependent DRSPs in hu-
man UA sulfhydrome are peroxiredoxins 1 through 4 and
superoxide dismutase; these proteins are responsive to ex-
ogenous H,S as shown in previous studies, which regulate
cell redox homeostasis (30). Phosphodiesterase type 3
(PDESA) is another pregnancy-dependent DRSP in human
UA, and is also responsive to exogenous H,S. PDES is a key
enzyme that breaks down the second messenger cyclic GMP
(cGMP) that mediates NO-mediated vasodilation. Previous
studies have shown that H,S enhances PDESA sulfhydration
to inhibit its dimerization, thereby inhibiting cGMP degrad-
ation and activating the cGMP/PKG pathway for vascular re-
laxation (56, 57). However, the specific SSH cysteine has not
been identified. Our current study has first identified Cys149
(FDHDEGDQC149SR) as the only SSH site in PDESA, sug-
gesting that SSH of PDESA at Cys149 plays a physiological
role in mediating H,S interactions with NO in uterine hemo-
dynamics regulation.

Since SSH is a PTM occurring at 1 or more specific reactive
cysteine(s), quantitatively measurement of changes in SSH at
each specific cysteine is needed for functional analysis of a giv-
en SSH protein. The low-pH QTRP platform provides a
powerful tool for direct mapping site-specific protein sulfhy-
dration with measurement of changes of all SSH sites in all
SSH proteins in paired proteomes simultaneously (29). In hu-
man UA sulfhydrome, we have observed 3 patterns of SSH on
specific cysteines in different proteins. First, SSH occurs in a
protein at only 1 cysteine in some structural proteins such as
VIM at Cys328 with higher level in P vs NP UA.
Interestingly, Cys328 SSH-VIM is also greater in endothelial
cells (with greater endogenous H,S) isolated from plaque-free
than plaque-containing mesenteric arteries (45), suggesting
that SSH of VIM at Cys328 is involved in physiological and
pathophysiological processes in association with endogenous
H,S. Second, SSH occurs in a protein at multiple cysteines and
levels of the multiple SSH peptides from the same protein
change in the same direction such as lactate dehydrogenase
A (LDHA). SSH of LDHA occurs at Cys131 and Cys163
and the 2 SSH peptides containing Cys131 and Cys163 are
greater in P vs NP UA. Exogenous H,S dose-dependently in-
creases SSH-LDHA in HCT116 cells and a C163A mutation
decreases LDHA catalytic activity in response to H,S stimula-
tion (57). Third, SSH occurs in a protein at multiple cysteines
and levels of the SSH peptides from the same protein change
in opposite directions such as cofilin 1 (CFL1) with 3
SSH-peptides containing Cys80, Cys139, and Cys147; levels
of the SSH peptide containing Cys80 is greater in NP vs P
UA, whereas SSH peptides containing Cys139 and Cys147
are greater in P vs P UA. The opposite patterns of changes in
levels of these SSH peptides may be the reason that total levels
of SSH-CFL1 does not differ in P vs NP UA when quantified
by immunoblotting of total SSH proteins labeled by
Tag-Switch (Fig. 8). This also makes it impossible to visualize
changes of SSH proteins in heatmap, similar to proteomics
data analyses of other PTMs (44). We previously reported
that SNO occurs in CFL1 at 4 cysteines (39/80/139/147),
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but only SNO at Cys80/139 mediates endothelial cell cyto-
skeleton remodeling and migration on VEGF and estradiol
stimulation (58, 59). In general, SNO and SSH regulate pro-
tein function paradoxically (17). Thus, our studies show
that SSH and SNO may occur at the same or different cys-
teines in a protein to mediate NO and H,S interactions in uter-
ine hemodynamics regulation and potentially in any other
physiological regulations.

Unique consensus motifs facilitate sulfhydration at thiol
groups in specific cysteines. By modeling the flanking sequen-
ces of cysteine-containing SSH peptides and SH peptides in
our human UA sulfhydrome and datasets in other studies
(22, 30, 34), we have obtained the intrinsic characteristics of
consensus amino acid sequence containing a cysteine to be pu-
tatively sulfhydrated. A putative consensus sequence of SSH
site contains negatively charged acidic amino acid Glu (E) at
positions —1, =2, =3, and +1 to SSH-cysteine. Except acidic
amino acid Asp (D) at positions —1 and +1, negatively charged
amino acids are less frequently present in proximity to
SH-cysteine. The protonated Glu is capable of lowering pKa
of an adjacent thiol by forming a hydrogen bond, the presence
of overrepresented Glu in close proximity to a cysteine can re-
sult in reduced pKa, possibly promoting deprotonation and
SSH formation. A unique observation is that cysteine is under-
represented near the SSH-cysteine(s), offering an explanation
why SSH only occurs at unique but not all cysteine(s).
Nonetheless, our modeling analyses show that SSH occurs
at specific cysteine(s) surrounded by acidic amino acids with-
out other cysteine(s) in proximity.

The total numbers of SSH peptides and SSH proteins in hu-
man UA identified by low-pH QTRP platform increase signifi-
cantly after the samples are treated with exogenous H,S,
suggesting potential limitations of the method in direct prote-
omic profiling protein sulfhydration in tissue samples associ-
ated with endogenous H,S. VCL and ACTNI1 bind to actin
filaments to form the actin bundles, playing a regulatory
role in actin cytoskeleton as shown in our KEGG analysis
(Supplementary Fig. S4) (31). However, SSH-VCL along
with others (SSH-ACTA1, SSH-MYH11, SSH-TLN1, and
SSH-ACTN1) important for cytoskeleton remodeling and
muscle function are only detected in NaHS-treated human
UA by low-pH QTRP. However, when total SSH proteins
from untreated NP and P human UA samples are enriched
by Tag-Switch labeling followed by avidin purification, we
show pregnancy-dependent changes in SSH in these proteins
(Fig. 8B), suggesting a crucial role of protein sulfhydration
in smooth muscle contraction/relaxation that underlines the
major mechanism for vascular tone regulation.

Of specific interest, we hoped to identify the specific K*
channels to be sulfhydrated in human UA because Ka1p and
BKc, channels are known to be important for uterine hemo-
dynamics regulation in pregnancy (60-64). BKc, channels at
least partially mediates H,S stimulation of human UA relax-
ation in vitro (16). Interestingly, low-pH QTRP identified
the BKc, channel pore-forming a-subunit (KCNMA1/BKa)
as a target of SSH, which is only identified in pregnant human
UA as listed in Supplementary Table S3 (31). Particularly,
Cys710 (MRRAC710CFDCGR) is the specific SSH site in
BKa. This suggests a role of SSH in BK¢, channel activation
in pregnancy-associated uterine vasodilation, although how
SSH-BKa activates BK, channels needs to be further de-
lineated. Activation of vascular smooth muscle K y1p channels
is the first mechanism known to mediate the vasodilatory
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effects of H,S in systemic arteries (20, 65), which is achieved
through SSH of Kir6.1 at Cys43 (23) and SUR2B at Cys24
and Cys2455 (36). Unexpectedly, low-pH QTRP fails to dig
out these proteins in human UA even after treated with ex-
ogenous H,S. However, herein we show that immunoblotting
with specific antibodies can detect SSH-Kir6.1 and SSH-
SUR2B in enriched total human UA SSH proteins and that lev-
els of SUR2B and SSH-Kir6.1 and SSH-SUR2B are significant
greater in P versus NP human UA, suggesting a role of Katp
channels and their sulfhydration in pregnancy-associated
UA dilation; although how pregnancy affects SSH of Katp
channels in human UA is currently elusive, this seems not to
be directly related to enhanced H,S production because
Katp channels seem not to play a key in H,S-stimulated hu-
man UA relaxation in vitro (16). Nonetheless, this shows an-
other limitation of low-pH QTRP in identification of SSH in
low expression/abundance proteins. Although identification
of SSH of low-abundance proteins of importance can be
achieved by immunoblotting of enriched samples using
Tag-Switch labeling followed by avidin purification, peptide
sequencing is still needed to identify specific SSH site(s) for
functional analysis.

In summary, our current study provides the initial datasets
about the targeted proteins in human UA associated with aug-
mented endogenous H,S in pregnancy and influenced by ex-
ogenous H,S to inform novel diverse roles of protein
sulfhydration in uterine hemodynamics regulation. In keeping
with the emerging roles of H,S in uterine hemodynamics regu-
lation, additional functional studies are needed to further elu-
cidate the importance of sulfhydration in specific pathway(s)
that H,S activates to mediate its uterine proangiogenic
and vasodilatory effects in pregnancy and pregnancy
complications.
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