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A B S T R A C T   

Idiopathic pulmonary arterial hypertension (IPAH) is a progressive and devastating disease characterized by 
vascular smooth muscle and endothelial cell proliferation leading to a narrowing of the vessels in the lung. The 
increased resistance in the lung and the higher pressures generated result in right heart failure. Nitric Oxide (NO) 
deficiency is considered a hallmark of IPAH and altered function of endothelial nitric oxide synthase (eNOS), 
decreases NO production. We recently demonstrated that glucose dysregulation results in augmented protein 
serine/threonine hydroxyl-linked N-Acetyl-glucosamine (O-GlcNAc) modification in IPAH. In diabetes, dysre
gulated glucose metabolism has been shown to regulate eNOS function through inhibition of Ser-1177 phos
phorylation. However, the link between O-GlcNAc and eNOS function remains unknown. Here we show that 
increased protein O-GlcNAc occurs on eNOS in PAH and Ser-615 appears to be a novel site of O-GlcNAc 
modification resulting in reduced eNOS dimerization. Functional characterization of Ser-615 demonstrated the 
importance of this residue on the regulation of eNOS activity through control of Ser-1177 phosphorylation. Here 
we demonstrate a previously unidentified regulatory mechanism of eNOS whereby the O-GlcNAc modification of 
Ser-615 results in reduced eNOS activity and endothelial dysfunction under conditions of glucose dysregulation.   

1. Introduction 

Pulmonary arterial hypertension (PAH) is a progressive, fatal disease 
that is clinically characterized by increased pulmonary arterial blood 
pressure and structural remodeling of the pulmonary vasculature [1]. 
This vascular remodeling leads to structural changes, occlusion of pul
monary arteries, and increased pulmonary vascular resistance. The in
crease in vascular resistance eventually leads to unusually high 
pressures that strain the right ventricle of the heart causing it to hy
pertrophy, which causes right heart failure. The pathology of PAH is 
strongly associated with the dysfunction of the pulmonary vascular 
endothelium and results in an imbalance of the production and release of 
vasodilators, such as nitric oxide (NO) and prostacyclin, and vasocon
strictors such as endothelin-1 and serotonin [2,3]. 

NO is a potent pulmonary arterial vasodilator that has many roles in 

the body [4]. In the vasculature, it causes smooth muscle relaxation, 
arterial vasodilation leading to increased blood flow, and is also 
involved in the inhibition of platelet activation and inhibition of 
vascular smooth muscle cell proliferation. We and others have shown 
that lower levels of exhaled NO are observed in PAH patients, and that 
lung NO production is inversely proportional to the degree of pulmonary 
hypertension [5–7]. The importance of NO in the PAH disease process 
has been highlighted in the eNOS knockout or overexpression animal 
models [8–10]. Transgenic mice that overexpress eNOS are protected 
from hypoxia-induced PAH; whereas, mild exposure of eNOS knockouts 
to hypoxia results in PAH. Additionally, in patients, increased survival 
with therapeutic interventions that target NO bioavailability has been 
observed. NO exerts its biological effects on multiple targets including 
binding to soluble guanylate cyclase (sGC), which results in the pro
duction of cGMP that leads to vasodilatation. Therapies have targeted 
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either the inhibition of breakdown of cGMP (PDE5 inhibitors) or the 
activation of sGC [11,12]. However, NO affects multiple biological 
processes that may contribute to protection against hypoxia-induced 
vasoconstriction through the alteration of cellular respiration path
ways, inhibition of smooth muscle proliferation, inhibition of platelet 
activation, and down-regulation of the vasoconstrictor, endothelial-1 
[4]. Therefore, it is critical to understand the mechanism(s) that lead 
to reduced levels of NO production. 

NO synthesis is regulated by three different isoforms of NO synthase 
enzymes, including endothelial NOSs (eNOS) [13]. eNOS is constitu
tively expressed in the endothelium and is important for vasodilation 
and therefore, changes in its activity directly lead to problems observed 
in PAH. Expression levels of eNOS are not altered in PAH suggesting that 
regulation at the post-translational level result in changes in its activity. 
Numerous post-translational modifications of eNOS regulate activity 
including phosphorylation, and the O-GlcNAc [14]. However, very little 
is known about the latter and its regulation of eNOS activity. 

Distinct changes in glucose uptake and metabolism have been 
established in PAH [15]. We recently demonstrated that increased 
glucose flux into the hexosamine biosynthetic pathway resulted in 
increased O-GlcNAc modified proteins [16]. Over 1,500 proteins have 
been identified to receive the O-GlcNAc modification including those 
involved in vascular integrity, metabolism, cell cycle, signal trans
duction, and gene expression [17,18]. Multiple reports have demon
strated a reciprocal regulatory relationship between O-GlcNAc and 
phosphorylation, which have been shown to occupy the same or adja
cent serine/threonine sites on protein. 

2. Methods 

2.1. Site directed mutagenesis 

Human eNOS in pcDNA3 was used (a gift from William Sessa 
(Addgene plasmid # 22484)) for mammalian expression [19]. The eNOS 
S1177D clone was initially mutated to obtain eNOS (wt) and other 
clones were also created using the site-directed mutagenesis Quikchange 
XL kit (Agilent Technologies; Santa Clara, CA, USA) as directed by the 
manufacturer. The oligos used are shown in Table S1 and were ordered 
from IDT Technologies (Coralville, IO, USA). All clones were sequenced 
to determine the site(s) of modification. 

2.2. Protein expression-purification (O-Linked N-Acetylglucosamine 
transferase (OGT)/eNOS) 

BL21-DE3 cells were transformed using pCW-eNOS or mutant ver
sions of eNOS using Ampicillin selection. Positive clones were then 
retransformed with pET-sOGT (a kind gift from Dr. Walker; Harvard 
University) and selected using both Ampicillin and Kanamycin resis
tance [20]. Proteins were expressed using a modified procedure for the 
production of eNOS and OGT [20,21]. Briefly, an overnight culture of 
bacteria was inoculated into fresh media (1:50 vol/vol). The cells were 
grown at 37�C until the OD600 reached 0.8–1.0. The media was then 
supplemented with 0.4 mM δ-aminolevulinic acid, and the induction 
was started with 0.5 mM IPTG. The culture was then transferred to an 
18�C shaker and left to grow for 24hrs. Subsequently, the bacteria were 
harvested by centrifugation and frozen until purification was performed. 
Proteins were purified using an NTA-resin as described by Adak et al. 
[21]. Since both eNOS and OGT contained His tags, both proteins were 
co-purified using a nickel affinity chromatography. 

2.3. Lung tissue, PAEC and PASMC isolation, and culture conditions 

All explanted lungs were collected at the Cleveland Clinic, and 
Institutional Review Board approval was obtained. Human lung tissues 
used in this study were from donor lung explants not suitable for lung 
transplantation and idiopathic PAH patients. PAECs and PASMCs were 

cultured in endothelial cell growth media (EGM-2) and smooth muscle 
growth media (SmGM-2), respectively (Lonza; Walkerville MD). 

2.4. Immunohistochemistry 

For Immunohistochemistry, staining was performed as described by 
Barnes et al. [16]. 

2.5. Mammalian transfection 

pcDNA-eNOS clones were transfected into HEK293T cells cultured in 
Opti-MEM with lipofectamine 2000 (Invitrogen, USA) using the manu
facturers recommended protocol. Sixteen hours post-transfection, the 
media was changed and collected 24 h later for nitrite analysis. Nitrite 
was determined using a Sievers NOx Analyzer (Boulder, CO, USA) with 
the tri-iodide method [22–24] with standard curves generated using 
sodium nitrite. 

2.6. Sample preparation and western blotting 

Cells were cold lysed in buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 1 
mM EDTA, and 1% Nonidet P-40) containing a protease inhibitor 
cocktail (Sigma, St. Louis, USA) and PUGNAC (50 μM; Sigma, St. Louis, 
MO) þ Thiamet G (25nM, Sigma) and prepared for Western blot analysis 
as described above using 30 μg of protein for each sample. Samples were 
incubated at 95�C for 5 min with 4X Laemmli sample buffer and sub
jected to SDS-PAGE (4–15%) gradient gels (Bio-Rad, Hercules, CA, USA) 
followed by protein transfer to nitrocellulose for Western blot analysis. 
Membranes were probed with antisera for the following specific pro
teins: O-GlcNAc (1:4,000; clone CTD 110.6, Biolegend, San Diego, CA, 
USA) and eNOS (eNOS-total- 1:2000; Santa Cruz, CA, USA, phospho- 
Serine1177–1:2000; Millipore; Billerica, MA). Probed blots were 
developed using enhanced chemiluminescence (ECL, Amersham, Pitts
burgh, PA, USA), while blots probed for β-Actin (1:10,000; Santa Cruz, 
CA, USA) were blocked, washed, and imaged using an Odyssey Infrared 
Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). For western 
blotting using anti-eNOS1177P (Abcam, Cambridge, MA) and were 
performed in triplicate from 3 different transfections. Film based west
erns were quantified using the densitometry software from ImageJ [25]. 
For Immunoprecipitation, lysates were incubated with the 
anti-O-GlcNAC antibody (CTD110.6 and RL2) overnight at 4C and then 
bound to protein A/G sepharose beads (Genscript; Piscataway, NJ, 
USA), washed, and then separated using SDS-PAGE. 

Concentration eNOS in lysates were calculated using a direct ELISA 
assay. Briefly, lysates were diluted in coating buffer (0.1 M NaHCO3, pH 
9.6) and added to 96 well plates to bind for 24 hrs at 4�C. The plates 
were washed in washing buffer (50mM Tris/HCl, 150mM NaCl, 0.06% 
Tween 20) and probed with anti-eNOS (1:5000 in protein-free blocking 
buffer; (Thermo Scientific Pierce; Grand Island, NY, USA)) for 2hrs with 
shaking. Afterwards, the wells were washed 3 times with a wash buffer 
and probed with anti-rabbit-HRP (1:5000 in protein free blocking 
buffer) for another 2 h. After washing, the wells were analyzed using 
ultra-TMB reagent (Thermo Scientific Pierce; Grand Island, NY, USA) as 
suggested by the manufacturer). A standard curve was generated using 
purified eNOS protein to calculate the concentration of eNOS in the 
lysates. Each experiment was performed in triplicate. These concentra
tions were used to normalize the levels of nitrite in the culture media. 

2.7. Size exclusion chromatography 

Partially purified wild-type and mutant eNOS proteins were analyzed 
by fast protein liquid chromatography using an S200 gel filtration col
umn (Bio-Rad; Hercules, CA, USA). The column was pre-equilibrated 
with Tris-buffered saline and calibrated with the following protein 
molecular mass standards: thyroglobulin, 675 kDa; γ-globulin, 158 kDa; 
bovine serum albumin, 67 kDa; ovalbumin, 44 kDa; and myoglobin, 17 
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kDa. Fractions of the eNOS wt and mutant proteins were collected and 
assessed by direct ELISA using an antibody specific for the reductase 
domain of eNOS. 

2.8. Spectroscopy 

eNOS proteins were incubated with 0.1mM Arginine and 25μM H4B 
(tetrahydrobiopterin), and left at 4�C for 30 min on ice as previously 
described [21]. Optical spectra were then recorded using a 

Fig. 1. The O-GlcNAc modification of eNOS is elevated in IPAH patients. (A) Human PAEC lysates were immunoprecipitated with antiserum against eNOS and 
immunoblotted for the O-GlcNAc modification (red; upper panel). Total eNOS protein levels (green) and equal loading using antisera against β-actin (red; lower panel) 
was determined. (B) Densitometry analysis of eNOS O-GlcNAc levels from control and IPAH. (C) Immunohistochemical analysis of protein bound O-GlcNAc in the 
lungs from Control and IPAH patients. Lung sections were either stained with H&E (right) or with an anti-O-GlcNAc antibody (left). O-GlcNAc reactive proteins are 
increased in IPAH vasculature (brown) including the endothelium. (D) A dose-dependent increase in Thiamet-G (an OGA inhibitor) results in a decrease of nitrite 
production in HUVECs following 20 h of treatment (n ¼ 6). ANOVA for multiple comparison and PAEC p < 0.0251 and HUVEC p < 0.0058. (E) A representative 
immunoblot, using antisera against global O-GlcNAc, demonstrates increased O-GlcNAc levels in HUVECs treated with and without the highest concentration 
(500nM) of Thiamet-G (TG) used in (D). In the lower panels the band of 120kDa O-GlcNAc modified protein was quantitated (ANOVA for multiple comparison is 
PAEC p < 0.0036 and HUVEC p < 0.054). (F,G) An immunoblot examining the phosphorylated state of eNOS Ser-1177 from control (n ¼ 3) and IPAH patient (n ¼ 3) 
PAEC lysates show a decrease in the levels of phosphorylated Ser-1177 on eNOS relative to total eNOS (p < 0.079). Ctrl ¼ control and IPAH ¼ idiopathic pulmonary 
arterial hypertension. Error bars represent the standard error of the mean (SEM) of independent triplicate experiments. The p-values are given based on a Student t- 
test determined from the independent triplicate experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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spectrophotometer. A difference in the ferrous heme-carbon monoxide 
(CO) spectrum was obtained by flushing the sample with CO gas, fol
lowed by dithionite reduction. As a reducing control, a non-reduced 
sample was used. 

2.9. Mass spectroscopy 

Partially purified proteins were reduced and alkylated. The proteins 
were then run on SDS PAGE gels and stained using GelCode blue (Pierce, 
Rockford, IL; USA). Protein bands were then excised for mass spec
trometry as described [26,27] digested, and analyzed using an LC-MS 
with a Finnigan LTQ-Orbitrap Elite hybrid mass spectrometer system. 
The HPLC column was a Dionex 15 cm x 75 μm id Acclaim Pepmap C18, 
2μm, 100 Å reversed-phase capillary chromatography column. A 5 μL 
volume of the extract was injected and the peptides eluted from the 
column by an acetonitrile/0.1% formic acid gradient at a flow rate of 
0.3 μL/min and were introduced into the source of the mass spectrom
eter on-line. The data was analyzed using peaks studio (version 7.5) 
(Bioinformatics Solutions Inc. Waterloo, Canada) [28]. The mass toler
ances were set to 5 ppm for precursor ion and 0.5 Da for fragment ion. 
For the modification conditions, we set the carbamidomethylation of 
cysteine as a fixed modification. N-Acetylhexosamine modification at a 
serine or threonine as well as oxidation of methionine residues were set 
as variables. 

2.10. Statistical analysis 

Statistical analysis was carried out using a paired t-test or 1 way 
ANOVA using Prism from GraphPad (Determined values are shown in 
the text). 

3. Results 

3.1. The O-GlcNAc modification of eNOS is elevated in the endothelium 
of IPAH patients 

We previously demonstrated that increased flux through the hexos
amine biosynthetic pathway leads to increased hyaluronan and global 
protein O-GlcNAc modification in PAH [29]. Here we show increased 
O-GlcNAc modification of protein staining in lungs from IPAH patients, 
in numerous lung regions including the endothelium (Fig. 1C). In dia
betic models, increased O-GlcNAc and reduced NO production has been 
tied to reduced phosphorylation of eNOS at Ser-1177 [16,30]. Here we 
show that O-GlcNAc specifically modifies eNOS in IPAH patients. In 
Fig. 1A and B, the levels of the O-GlcNAc modification on eNOS were 
significantly elevated in IPAH patients compared to controls (1.17 �
0.08 and 0.60 � 0.12; p ¼ 0.01). The functional consequence of the 
O-GlcNAc modification of eNOS is illustrated by the dose-dependent 
reduction of NO biosynthesis upon administration of a specific 
O-GlcNAcase inhibitor (Fig. 1D), which increases protein bound 
O-GlcNAc modification (1E). Interestingly, patient-derived IPAH PAECs 
had reduced amounts of phosphorylated Ser-1177 (Fig. 1F). Relative to 
the total eNOS protein expression, the phosphorylation of Ser-1177 was 
significantly decreased by over 50% (Fig. 1G; p ¼ 0.079). These data 
suggest that the O-GlcNAc modification of eNOS may impact the phos
phorylation of Ser-1177 in IPAH cells. 

3.2. Co-expression of eNOS and OGT results in a previously unidentified 
O-GlcNAc modification site at Ser-615 

Several reports have shown that the phosphorylation of Ser-1177 
may be affected by O-GlcNAc [30–33]. However, none of these reports 
performed a detailed O-GlcNAc site-map of eNOS. To determine possible 
O-GlcNAc modification sites, we co-expressed eNOS with soluble form of 

Fig. 2. Bacterial co-expression of eNOS and OGT results in a previously unidentified O-GlcNAc modification site at Ser-615. (A) Bacterial lysates from co- 
expressed with eNOS wt/OGT or eNOS S615A/OGT were partially purified using NTA-resin, and subjected to SDS-PAGE followed by Western blot analysis for eNOS 
and O-GlcNAc. While eNOS protein levels were unaffected for eNOS wt and eNOS S615A (left panel), immunoreactivity for O-GlcNAc is only observed in the co- 
expression system with eNOS wt (right panel), which is negligible with eNOS S615A. Note that OGT auto O-GlcNAc modifies itself (right panel). (B) eNOS wt co- 
expressed with OGT was subjected to LC/MS/MS and analyzed for post translational modifications. A representative MS spectra shows an unmodified peptide 
(870.903 Da: Z ¼ 2) and an O-GlcNAc modified peptide at Ser-615 (972.4427: Da: Z ¼ 2), both covering residues 613–627. Due to the unstable nature of the GlcNAc 
moiety on the modified peptide, peaks of the neutral ion loss of GlcNAc are also observed. 
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OGT (sOGT). We observed O-GlcNAc modification of both the sOGT and 
eNOS (Fig. 2A), which is consistent with previous reports [30,34]. Using 
mass spectrometry, we obtained approximately 99% coverage of the 
proteolyzed modified eNOS protein (Supplementary Figs. S1A–C), 
which covers all potential O-GlcNAc and phosphorylation sites 
(Thr-495, Ser-615, Ser-633, and Ser-1177). Only the peptides of eNOS 
containing Ser-615 were modified by O-GlcNAc (Fig. 2B). To validate 
our findings we mutated the Serine-615 to an Alanine (S615A) and 
found substantially lower O-GlcNAc modification compared to eNOS wt 
(Fig. 2A). Interestingly, a small amount of residual modified protein 
(<5%) was observed and may reflect promiscuous modification of sites 
adjacent to Ser-615 (Ser-617 or Ser-619) upon removal of the Ser-615 
residue. It is also possible that another site of modification may exist 
at lower abundancy but escaped our MS detection. Nevertheless, it is 
clear that Ser-615, and not Ser-1177, is the prominent site of O-GlcNAc 
modification. 

3.3. Mutation of specific eNOS residues results in altered O-GlcNAc 
modification and eNOS activity 

While bacterial expression studies suggested that Ser-615 was the 
primary site of O-GlcNAc modification on eNOS, mammalian cells may 
modify the eNOS protein differently. We, therefore, expressed eNOS 
mutants to determine the potential sites in mammalian cells. Expression 
of eNOS S615A or eNOS S1177A reduced the O-GlcNAc modification of 
eNOS compared to wild-type. This was also repeated with another anti- 
O-GlcNAc antibody (RL2) with similar results. The expression of eNOS 
S615D reduced the O-GlcNAc levels on eNOS by 86% (n ¼ 2), which was 
greater than that observed with either S615A (49%) (n ¼ 2) or S1177A 
(71%) (n ¼ 2) (Fig. 3A). 

To further determine the loss- and gain-of-function of Ser-615 
phosphorylation on eNOS activity, we measured the activity of 

multiple eNOS mutants (Fig. 3B). The expression of the S615A mutant 
resulted in a 60% reduction of eNOS activity (p < 0.005) (n ¼ 7), which 
was comparable to the S1177A mutant (~70% reduction in eNOS ac
tivity; p < 0.005)(n ¼ 7). Interestingly, the S615D mutant demonstrated 
greater than a four-fold increase in activity (p < 0.001) (n ¼ 20) and was 
similar to the activity increases for both S1177D (p < 0.001) (n ¼ 3) and 
the S615D:1177D (p < 0.001) (n ¼ 3) mutants (~3- and 5-fold, 
respectively), which have been reported previously [19,35]. Upon 
double mutation, the S615A:S1177A resulted in an almost complete 
inactivation of eNOS (n ¼ 4). Having either S615A:S1177D (n ¼ 4) or 
S615D:S1177A (n ¼ 4) rescued some activity but not to the same degree 
as having the serine residues at the reciprocal positions. Collectively, 
these data indicate that phosphorylation of Ser-615 impacts phosphor
ylation of other sites in the molecule. 

We next examined whether the mutation of Ser-615 to aspartic acid 
itself was responsible for the activity change or it induced other changes 
in eNOS. HEK 293T cells have high levels of Akt activity, which targets 
both Ser-615 and Ser-1177 phosphorylation. We, therefore, investigated 
whether the O-GlcNAc modification of eNOS at Ser-615 altered Ser-1177 
phosphorylation. As expected, eNOS wt was phosphorylated at Ser-1177 
(Fig. 3C). However, the S615A mutant resulted in a 40% loss in Ser-1177 
phosphorylation compared to eNOS wt but a 35% increase in phos
phorylation of Ser-1177 was observed with the S615D compared to 
eNOS wt (Fig. 3C). Altogether, these data indicate that the phosphory
lation state of Ser-615 impacts the phosphorylation of Ser-1177 in eNOS 
and that O-GlcNAc modification of that site would prevent its phos
phorylation and so decrease Ser-1177 phosphorylation. It is also possible 
that GlcNAc modification of Ser-615 could interfere Ser-1177 
phosphorylation. 

Fig. 3. Mutation of specific eNOS residues results in altered O-GlcNAc modification and eNOS activity. (A) A representative Immunoblot of eNOS mutants 
(S615A, S615D, and S1177A) expressed in Hek293T cells and Immunoprecipitated with an anti-O-GlcNAc antibody (CTD 110.6) followed by immunoblotting using 
antiserum against eNOS. As an input, cell lysate before immunoprecipitation was subjected to SDS-PAGE and immunoblot analysis. Comparison of the amount of O- 
GlcNAc on eNOS relative to eNOS wt is shown using the CTD110.6 and RL2 antibody. (B) Multiple eNOS mutants were expressed in Hek293T cells and media was 
collected to determine the activity of eNOS by detecting nitrite levels with Sievers NOx Analyzer using the tri-iodide method. Activity of the different eNOS mutants 
was recorded and compared to eNOS wt after quantification of eNOS protein from cell lysates by ELISA. Error bars represent the standard error of the mean (SEM). A 
comparison between the groups was determined using an ANOVA test, while Tukey’s post-hoc test was performed for individual comparisons. Asterisks represent 
statistical significance (*p < 0.005; **p < 0.001). (C) eNOS proteins from HEK293T expression were immunoprecipitated followed by immunoblotting to determine 
the phosphorylation state of eNOS Ser-1177. As an input, cell lysate before immunoprecipitation was collected and subjected to SDS-PAGE and immunoblot analysis. 
As a control, immunoreactivity of the eNOS-1177P antibody was tested against the S1177A eNOS mutant and no reactivity was observed. The quantitation relative to 
eNOS wt is shown derived from 3 independent transfections. 
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3.4. Increased O-GlcNAc modification of eNOS Ser-615 leads to a 
reduction in eNOS dimerization, which is crucial for eNOS function 

Besides phosphorylation, it has been widely recognized that the 
monomer/dimer formation of eNOS is a major regulatory mechanism 
that controls eNOS activity and function. Using size exclusion chroma
tography, we demonstrated that the O-GlcNAc modified eNOS wt (co- 
expressed with sOGT) contains less stable dimers as compared to the 
unmodified protein (eNOS wt) (Fig. 4A). Co-expression of eNOS S615A 
mutant with sOGT gave a similar dimer/monomer ratio to that observed 
in the eNOS wt (unmodified) (Fig. 4A). These data suggest that the O- 
GlcNAc modification at Ser-615 alters eNOS conformation and affects 
the stability of the dimer. 

To further confirm our findings, we subjected variants of eNOS co- 
expression with OGT to heme spectral analysis looking at the differ
ence in the ferrous heme-carbon monoxide (CO) spectrum. The eNOS 
S615A mutant co-expressed with OGT formed a single peak at 445-nm, 
which was indicative of homodimer formation (Fig. 4B) [36]. However, 
eNOS wt co-expressed with OGT produced peaks at 420-nm and 445-nm, 
suggesting an altered heme environment (Fig. 4B), that possibly repre
sents a mixture of both O-GlcNAc modified (monomer; 420-nm) and 
unmodified (dimer; 445-nm) protein. Altogether, these data suggest that 
the eNOS protein dimer formation and activity can be reduced by the 
presence of the O-GlcNAc modification at the Ser-615 position. 

4. Discussion 

The pathology of PAH is strongly associated with the dysfunction of 
the pulmonary vascular endothelium and an imbalance of the produc
tion and release of nitric oxide. The precise mechanism of this decreased 
NO production is unclear. In PAH it is clear that abnormal glucose 
metabolism occurs. In this study, we showed that O-GlcNAc levels were 
augmented in the IPAH endothelium and primary endothelial isolates 
compared to controls. Interestingly, the increased O-GlcNAc levels in the 

IPAH endothelial cells was inversely proportional to Ser-1177 phos
phorylation. We further demonstrated that the sustained O-GlcNAc 
modification on eNOS results in a dose-dependent decrease in NO gen
eration (Fig. 1D), which would be consistent with the decreased pro
duction of NO observed in PAH patients. 

In type II diabetes, a disease with known endothelial dysfunction, 
increased O-GlcNAc modification of eNOS has been observed [30,32]. In 
these reports, increased O-GlcNAc modification of eNOS and its 
concomitant decreased activity was also linked to reduced phosphory
lation at Ser-1177, consistent with our results (Fig. 1F and G). These 
reports have also suggested that Ser-1177 was the main site of O-GlcNAc 
modification. We used a systematic O-GlcNAc site-mapping strategy by 
mass spectrometry and demonstrated that Ser-615 is the primary site of 
O-GlcNAc (Fig. 2A and B). We also showed that co-expression of the 
wild-type eNOS with sOGT resulted in reduced dimer formation, which 
was not observed when eNOS S615A was co-expressed with OGT or 
when wild-type eNOS was expressed by itself (Fig. 4A). This finding was 
confirmed with heme spectra of the eNOS wt or eNOSS615A 
co-expressed with sOGT (Fig. 4B). 

It is known that dimer formation is essential for eNOS function and is 
a mode of activity regulation. We could not purify enough eNOS from 
mammalian cells to determine the O-GlcNAc modification site. How
ever, using O-GlcNAc immunoprecipitation, we demonstrated that both 
eNOS 1177A and 615A are less modified when expressed in HEK273T 
cells (Fig. 3A). The eNOS S615D mutation appeared to show a larger 
decrease (Fig. 3A). The protein determinant required for modification by 
OGT has not been fully characterized. It is apparent, however, that 
adjacent sites can be modified by O-GlcNAc. In OGT, we observe 
numerous sites of modification with many that are adjacent to each 
other, which suggests low specificity for the target site (data not shown). 
Therefore, it is likely that if Ser-615 is unavailable then adjacent sites 
(Ser-617 or Ser-619) may be utilized albeit with lower affinity. This 
would explain the residual modification on the eNOS S615A mutants. 
However, it is possible that some sites of modification may have been 

Fig. 4. Increased O-GlcNAc modification of eNOS Ser-615 leads to a reduction in eNOS dimerization, which is crucial for eNOS function. (A) Partially 
purified eNOS wt, eNOS wt co-expressed with OGT, or eNOS S615A co-expressed with OGT from bacteria were subjected to size exclusion chromatography as 
described in the methods. eNOS wt (green) or eNOS S615A co-expressed with OGT (blue) predominately fractionate as a dimer with very little monomer. eNOS wt co- 
expressed with OGT (red), however, fractionates with a higher abundance of monomer compared to the eNOS wt alone or eNOS S615A mutant. * denotes the ~80 
kDa peak that corresponds to the cleaved eNOS reductase domain upon fractionation of eNOS wt co-expressed with OGT. Inset in (A) shows a representative western 
blot of the column fractions of both eNOS wt and eNOS S615A þ OGT. (B) The heme spectra of eNOS wt (0.64uM) and eNOS S615A (0.23uM) co-expressed with OGT 
was obtained as described in the methods. eNOS S615A co-expressed with OGT (blue) exhibits a single similar peak at 445nm, which is also shown in the eNOS wt co- 
expressed with OGT(red). However, a second peak at 420 nm, indicative of monomeric eNOS, is also shown for eNOS wt co-expressed with OGT (red). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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missed by our analysis and so the residual activity may be due to these 
unaffected residues. 

The eNOS S615D mutant may deter the targeting of O-GlcNAc to that 
region due to the presence of the negative charge. Consistent with our 
results, previous reports demonstrate that eNOS mutant S1177A caused 
a reduction of O-GlcNAc levels on eNOS but did not completely abolish 
the modification [32]. This reports suggested that Ser-1177 as is the site 
of O-GlcNAc modification. However, Devika et al. showed the presence 
of intramolecular interactions between Ser-1177 and other major serine 
residues [37]; and altering these could have profound effects on the 
overall accessibility of these residues. 

Ser-615 lies in the auto-inhibitory loop of eNOS [38]. From the 
structure, it is clear that the auto-inhibitory loop needs to move to allow 
for protein activity. We believe that phosphorylation of either Ser-615 
altered the position and accessibility of Ser-1177 and vice-versa. 
Hence, mutating Ser-1177 to Alanine may alter accessibility of 
Ser-615 and thereby reduce its modification by O-GlcNAc. We explored 
the gain- and loss-of-function of eNOS through mutagenesis of several 
key serine residues that are known to receive phosphorylation. Our data 
clearly show a decrease in NO generation in the eNOS S1177A or S615A 
mutants suggesting its importance (Fig. 3B). With the eNOS S615A 
mutant, we also observed decreased phosphorylation of Ser-1177 
(Fig. 3C), whereas, the eNOS S615D mutant increased eNOS activity 
(Fig. 3B). This finding was consistent with Tran and colleagues [39] 
where S615D or S1177D were more active than the wild-type protein, 
likely due to the reduced Ca2þ requirement for calmodulin binding [35]. 
Interestingly, loss of Ser-615 phosphorylation in the S615A:S1177D 
double mutant resulted in a lower activity than the S1177D alone and 
S615D:S1177D double mutant lead to maximal activity of eNOS. These 
combined results suggest that phosphorylation of Ser-615 impacts the 
Ser-1177 modification state. We postulate that the modification state of 
Ser-615 is a ‘checkpoint’ that may affect multiple regulatory mecha
nisms (i.e., phosphorylation of Ser-1177 and eNOS dimerization) of 
eNOS activity. 

In this paper, our data puts forth a previously unidentified control 
mechanism of eNOS through the O-GlcNAc modification of Ser-615. The 
O-GlcNAc modification of eNOS at Ser-615, through increased glucose 
uptake and shunt into the hexosamine biosynthetic pathway, alters the 
phosphorylation state of Ser-1177. These findings have broader impli
cations for diseases where glucose metabolism/uptake is altered such as 
pulmonary hypertension, diabetes, and cancer. This therefore represents 
a new target whereby inhibition of O-GlcNAc may augment eNOS 
activity. 
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