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Abstract

Endothelial nitric oxide synthase (eNOS) plays a central role in maintaining cardiovascular
homeostasis by controlling NO bioavailability. The activity of eNOS in vascular endothelial cells
(ECs) largely depends on posttranslational modifications, including phosphorylation. Because the
activity of AMP-activated protein kinase (AMPK) in ECs can be increased by multiple cardiovascular
events, we studied the phosphorylation of eNOS Ser633 by AMPK and examined its functional
relevance in the mouse models. Shear stress, atorvastatin, and adiponectin all increased AMPK
Thr172 and eNOS Ser633 phosphorylations, which were abolished if AMPK was pharmacologically
inhibited or genetically ablated. The constitutively active form of AMPK or an AMPK agonist caused
a sustained Ser633 phosphorylation. Expression of gain-/loss-of-function eNOS mutants revealed
that Ser633 phosphorylation is important for NO production. The aorta of AMPK a2~ mice showed
attenuated atorvastatin-induced eNOS phosphorylation. Nano-liquid chromatography/tandem mass
spectrometry (LC/MS/MS) confirmed that eNOS Ser633 was able to compete with Ser1177 or acetyl-
coenzyme A carboxylase Ser79 for AMPKa phosphorylation. Nano-LC/MS/MS confirmed that
eNOS purified from AICAR-treated ECs was phosphorylated at both Ser633 and Ser1177. Our results
indicate that AMPK phosphorylation of eNOS Ser633 is a functional signaling event for NO
bioavailability in ECs.
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The endothelium is pivotal in the regulation of vascular tone, which largely depends on
endothelial nitric oxide synthase (eNOS)-derived NO bioavailability.1=3 In addition to relaxing
vessels, NO exerts such pleiotropic effects as anti-inflammation and antithrombosis on the
vascular wall.® Existing as a homodimer, eNOS contains an N-terminal oxygenase domain,
an interposed Ca2*/calmodulin (CaM) binding domain, and a C-terminal reductase domain.®
Much progress has been made in understanding the regulatory mechanisms of eNOS at
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transcriptional, translational, and posttranslational levels. The phosphorylation/
dephosphorylation of Ser and Thr of eNOS by protein kinases/phosphatases seems to be
important for its enzymatic activity in vascular endothelial cells (ECs).”

To date, 5 Ser/Thr phosphorylation sites in eNOS have been identified. They are Serl114,
Thr495, Ser615, Ser633, and Ser1177 in human and mouse eNOS, which correspond to Ser116,
Thr497, Ser617, Ser635, and Ser1179 in the bovine counterpart.® Functioning as stimulatory
phosphorylation sites, Ser633 and Ser1177 are located in each of the 2 autoinhibitory sequences
(ie, AIS 1 and 11).9711 The phosphorylation of Ser1177 appears to eliminate the blockage of
electron transfer within the C termini of the 2 eNOS monomers.12 The phosphorylation of
Ser1177 has been suggested to be critical for eNOS activation responding to several stimuli,
such as shear stress, adiponectin, and 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
inhibitors (ie, statins), known to increase NO bioavailability.13-1° These physiological and
pharmacological stimuli activate a number of protein kinases, including AMP-activated protein
kinase (AMPK), protein kinase (PK)A, PKB (Akt), CaM-dependant protein kinase (CaMK)
I, and PKG, which in turn phosphorylate Ser1177.9:13:16=21 The Ser633 residue in eNOS
resides in the flavin mononucleotide binding domain.1! The gain-of-function phosphomimetic
eNOS Ser635D mutant yielded increased basal and vascular endothelial growth factor— or
ATP-stimulated NO release in transfected COS-7 cells.19 Such experiments suggested that
Ser633 might be more efficacious than Ser1177 in augmenting the eNOS-derived NO
bioavailability. Furthermore, phosphorylation of Ser633 may enhance NO production without
changing the intracellular calcium level ([Ca2*];),22 and it seems to be a later event than that
of Ser1177.23 Thus, this posttranslational modification of Ser633 is proposed to maintain
persistent eNOS activity after its initial activation by calcium flux. Using the PKA inhibitors
H89 and PKI, Boo et al suggested that PKA, rather than Akt, phosphorylates Ser633 in ECs
subjected to shear stress.23

AMPK is an energy sensor/metabolic switch, because AMPK phosphorylates and hence
regulates the activity of enzymes such as acetyl-CoA carboxylase (ACC) and HMG-CoA
reductase.?4:25 AMPK consists of a catalytic « subunit and regulatory  and y subunits. The
different isoforms of the subunits of AMPK are encoded by distinct genes (a1, a2, 51, 2, y1,
y2, and y3) and expressed differentially depending on tissue types.26 Substantial evidence
demonstrates that AMPK is not only critical in regulating metabolic homeostasis but also
important in cardiovascular biology, attributable in part to AMPK-activating eNOS in ECs and
cardiomyocytes.2’~29 By far, the activation of eNOS by AMPK is thought to be mediated
through the phosphorylation of Ser1177 under many physiological conditions and
pharmacological stimuli.16:17,30,31

Despite the plausible role of Ser633 phosphorylation contributing to eNOS-derived NO
activity, the functional basis of this phosphorylation event is largely unknown. In this study,
we addressed whether AMPK is an upstream Kkinase that phosphorylates Ser633, whether
Ser633 competes with ACC Ser79 and eNOS Ser1177 for catalysis by AMPKa, and whether
Ser633 phosphorylation is required for NO bioavailability.

Materials and Methods

The resources of antibodies and reagents, as well as detailed methods for cell culture, fluid
shear stress experiments, adenoviral infection, small interfering (si)RNA knockdown, Western
blotting, kinase activity assays, and NO bioavailability assays are described in expanded
Materials and Methods section in the online data supplement, available at
http://circres.ahajournals.org.
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Animal Experiments

The animal experimental protocols were approved by the University of California at Riverside
Institutional Animal Care and Use Committee. C57BL6 mice were purchased from The
Jackson Laboratory. AMPK a2/~ mice were originally created by Dr B. Viollet.32 Atorvastatin
at 50 mg/kg body weight was administered to male mice (8 weeks old) by gastric gavage. Saline
was fed to control mice as a vehicle control. After 6, 12, or 24 hours, mice were killed, and
abdominal aortas were removed. Proteins from aortic extracts were resolved by 8% SDS-PAGE
and underwent Western blotting analysis.

SAMS, eNOS633, and eNOS1177 Binding Assays

eNOS633 and eNOS1177 peptides were synthesized with the sequences
PLVSSWRRKRKESSNTDSA and RTQEVTSRIRTQSFSLQER, respectively. Bovine aortic
endothelial cells (BAECSs) were treated with AICAR for 30 minutes, and AMPK was
immunoprecipitated. The phosphorylation of SAMS, eNOS633, and eNOS1177 peptides by
AMPK was determined by the incorporation of 32P. The kinase assays were performed in 40
mmol/L HEPES, 0.2 mmol/L AMP, 8 xCi (y-32P) ATP, 0.2 mmol/L ATP, 80 mmol/L NaCl,
5 mmol/L MgCl,, 8% glycerol, and 0.8 mmol/L dithiothreitol at 37°C for 1 hour. The reaction
mixture was spotted onto Whatman P81 filter paper and washed 5 times with 1% phosphoric
acid and once with acetone. After being air-dried, the 32P incorporation was quantified by use
of a Beckman liquid scintillation counter.

Nano-Liquid Chromatography/Mass Spectrometry

For all liquid chromatography/mass spectrometric (LC/MS) and LC/tandem MS (LC/MS/MS)
experiments, the Waters' nano-Acquity UPLC (ultra performance liquid chromatography) and
Q-TOF Premier mass spectrometer were used (Waters, Milford, Mass). The detailed
procedures of LC/MS and LC/MS/MS are described in the supplemental methods.

Statistical Analysis

The significance of variability was determined by Student's t test or 1-way ANOVA. All results
are presented as means+SD from at least 3 independent experiments. In all cases, P<0.05 was
considered statistically significant.

Results

AMPK and eNOS Ser635 Phosphorylation in Cultured ECs

AMPK is activated by several physiological and pharmacological stimuli such as shear stress,
statins, and adiponectin, and is associated with eNOS phosphorylation at Ser1177/ 1179.17:
30,33 \We examined first the effect of these stimuli on phosphorylation of eNOS Ser633/635 in
cultured ECs. BAECs were treated with laminar flow, atorvastatin, or recombinant adiponectin
for up to 2 hours. As shown in Figure 1, these 3 stimuli increased the phosphorylation of eNOS
Ser635 as early as 5 minutes, which was sustained for up to 2 hours. The sustainable increase
in phosphorylation was also observed for AMPK Thr172 and its target ACC Ser79. However,
the phosphorylation of eNOS Ser1179 was increased only transiently in response to these
stimuli, reaching a peak level at 5 or 15 minutes and declining afterward.

AMPK Phosphorylates Both eNOS Ser635 and Ser1179 In Vitro

The temporal phosphorylation of eNOS Ser635 and AMPK Thr172 as seen in Figure 1 suggests
that eNOS Ser635 may be a catalytic target of AMPK. To test whether AMPK can

phosphorylate eNOS Ser635, we treated BAECs with AICAR, an AMPK-specific agonist, or
infected BAECs with Ad-AMPK-CA, an adenoviral vector expressing the constitutively active
form of AMPK. AICAR treatment increased the phosphorylation of eNOS at both Ser635 and
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Ser1179 in a dose-dependent manner (Figure 2A and the online data supplement, Figure I, A).
Similarly, Ad-AMPK-CA infection increased phosphorylation of eNOS Ser635 in ECs, as
compared with Ad-null infection in control cells (Figure 2B and supplemental Figure I, B).

Using immunoprecipitation (IP) kinase activity assay, we examined next whether AMPK can
directly phosphorylate eNOS Ser635. As shown in Figure 2C, AMPKa immunoprecipitated
from AICAR-stimulated BAECs phosphorylated glutathione S-transferase (GST)-eNOS at
both Ser635 and Ser1179, as revealed by Western blot analysis. Phosphorylation was elevated
with increased concentration of AMPK antibody used for IP. GST-eNOS with S/A mutation
at either Ser635 or Ser1179 was used in parallel assays. As expected, phosphorylation by
AMPK at the mutated site was abolished, but the other site was unaffected. Collectively, these
results suggest that AMPK can directly and specifically phosphorylate eNOS at Ser635.

To determine whether AMPK is necessary for eNOS Ser635 phosphorylation, BAECs were
treated with compound C, an AMPK antagonist, before treatment with laminar flow,
atorvastatin, or recombinant adiponectin. As shown in Figure 3A, AMPK and ACC
phosphorylation was impaired in ECs treated with compound C, as compared with that in
control cells. With AMPK inhibited by compound C, the phosphorylation of eNOS Ser635 by
laminar flow, atorvastatin, or adiponectin was also greatly attenuated, which suggests that
AMPK is required for eNOS Ser635 phosphorylation. We used siRNA to knock down
AMPKal or —a2 in human umbilical vein endothelial cells (HUVECSs). The isoform-specific
AMPK knockdown by siRNA also decreased eNOS Ser633 phosphorylation caused by
atorvastatin (Figure 3B).

AMPK Activation Mediates eNOS Ser633 Phosphorylation In Vivo

To correlate the in vitro findings in Figures 1 through 3 with in vivo conditions, we explored
whether AMPK regulates eNOS phosphorylation at Ser633 (rodent and human homolog of
bovine eNOS Ser635) in the mouse vessel wall. C57BL6 wild-type mice were given
atorvastatin (50 mg/kg body weight), and eNOS phosphorylation in the aorta was analyzed.
Consistent with the results obtained in vitro, AMPK Thr172 phosphorylation in vivo was
increased by atorvastatin for up to 24 hour, a pattern similar to that for phosphorylation of
eNOS Ser633 (Figure 4).

In contrast, AMPK and ACC phosphorylation in aortas of AMPKo2/~ mice treated with
atorvastatin increased marginally. Furthermore, the phosphorylation levels of eNOS Ser633
and Ser1177 in AMPKa2 7~ mice were noticeably lower than those in the C57BL6 wild-type
mice, with atorvastatin. However, Akt Ser473 phosphorylation still increased with atorvastatin
administration in AMPKo2 7/~ mice (Figure 4).

NO Production Caused by AMPK Phosphorylation of eNOS Ser635

NO assays were performed to test the functional relevance of AMPK phosphorylating eNOS
Ser633/635. Because HEK293 cells express AMPKal and a2 but not eNOS (Z.C. and J.Y .-
J.S., unpublished results, 2008), we transfected these cells with plasmids encoding the wild-
type eNOS, 635A, or 635A1179A mutants. The cells were then treated with AICAR to activate
AMPK. HEK?293 cells were also transfected with phospho-mimetic eNOS mutants 635D or
635D1179D. In eNOS-expressing (wild-type) cells treated with AICAR, the level of NO was
elevated, similar to cells infected with Ad-AMPK-CA (Figure 5A). A comparable level of NO
production was observed in cells transfected with 635D or 635D1179D. In contrast, NO
production was low in cells expressing eNOS 635A or 635A1179A, which mimicked
dephosphorylation, with AICAR treatment or with Ad-AMPK-CA infection. The
phosphorylation of eNOS Ser635 and Ser1179 was increased in cells treated with AICAR
(Figure 5B). Phospho-eNOS (S635) antibody could not detect any phosphorylation event in
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cells transfected with eNOS 635A, which was consistent with the low production of NO. We
also compared NO production in murine embryonic fibroblasts (MEFs) isolated from C57BL6
and AMPKo2 '~ embryos. As shown in Figure 5C, the ablation of AMPKa2 resulted in
impaired NO bioavailability in MEFs expressing eNOS (wild type), at the basal level and under
AICAR stimulation. The NO production level was similar in C57BL6 and AMPKa2 '~ MEFs
transfected with 635D. In addition, supplementing AMPKo2 '~ MEFs with Ad-AMPK-CA
restored the NO production to the level of that in cells expressing 635D. Taken together, these
results suggest that AMPK regulates eNOS function, at least in part, through phosphorylating
eNOS Ser633/635.

AMPK Shows Comparable Activities Toward eNOS Ser633/635 and Ser1177/1179

Because AMPKa. could phosphorylate eNOS Ser633/635, Ser1177/1179, and ACC Ser79, we
hypothesized that the 3 substrates might share the same catalytic site(s) within AMPKa, and,
therefore, they might be mutually exclusive and compete each other for phosphorylation. To
test this, we used synthetic peptides instead of full-length proteins for the kinase activity and
substrate competition assays.

Two synthetic peptides with sequences flanking human eNOS S633 and S1177 (Figure 6A),
respectively, showed a phosphorylation level similar to that of SAMS, an ACC homology
(Figure 6B). To verify that the 3 peptides bind to the same active site of AMPK with comparable
affinities, we performed nano-LC/MS analysis to test the competition between SAMS, S633,
and S1177 peptides for AMPKa. phosphorylation. The expected mass and m/z are shown in
supplemental Table I. A mixture of SAMS and S1177 peptide was included in the AMPKa. IP
kinase assays. Nano-LC/MS revealed that the phosphorylation of SAMS and S1177 depended
on the ratios of peptide mixed (Figure 6C). A similar competition between SAMS and S633
was found (Figure 6D). Furthermore, peptides S633 and S1177 mutually competed with each
other for AMPKa (Figure 6E).

Although LC/MS analysis indicated that both S633 and S1177 peptides were phosphorylated
by AMPK, the exact amino acids were undetermined. To further elucidate whether Ser633/635
phosphorylation is physiologically relevant, we immunoprecipitated eNOS from AICAR-
treated BAECs for nano-LC/MS/MS analysis. As shown in Figure 7, phosphorylation of eNOS
Ser635 and Ser1179 indeed occurred concurrently in ECs with activated AMPK. The
phosphorylated Ser within the corresponding tryptic peptides was shown by characteristic
neutral loss of the phosphate group (H3PO,), which reduced the mass value of Ser from 87 to
69 Da. This result, together with that from peptide competition assay, suggests that Ser633 and
Ser1177 are comparable AMPK substrates in ECs.

Discussion

Shear stress, statins, and adiponectin are physiological, pharmacological, and hormonal stimuli
that are beneficial for NO bioavailability. All 3 of these stimuli exert positive effects on the
phosphorylation of AMPK Thr172 and eNOS Ser633/ 635. In complementary experiments,
genetic or pharmacological inhibition of AMPK attenuated phosphorylation of eNOS
Ser633/635, with attendant decrease in NO production. IP kinase assay was previously used
to reveal the phosphorylation of Ser1177/1179 by Akt.%13 Here, we used a similar approach
to demonstrate that Ser633/635 is a direct target site of AMPKa.. The hierarchy of AMPK in
phosphorylating eNOS Ser633 in vivo was confirmed in AMPKa2 '~ mice receiving
atorvastatin. Because endothelium-dependent vessel dilation is mainly regulated by eNOS-
mediated NO release, our data suggest that AMPK-eNOS Ser633/635 is a major signaling
pathway for endothelial biology.
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The phosphorylation of Ser633/635 and Ser1177/1179 is stimulatory for eNOS activity with
increased NO production.19 The phosphorylation of Ser635 was more sustained than that of
Ser1179 in BAECs, regardless of type of stimulation (Figure 1). Among the 4 putative “gain-
of-function” eNOS mutants (ie, S116D, S617D, S635D, and S1179D), eNOS S635D was the
most efficacious in enhancing NO production.1%Figure 5 indicates that NO production with
this mutant was similar to that with 635D1179D, which suggests a possible redundancy of
Ser1179 phosphorylation in regulating NO production. Structurally, Ser633/635 may be
phosphorylated once Ser1177/1179 is phosphorylated and hence removes the hindrance
imposed by AIS I, where Ser1177/1179 resides.34 IP kinase assay (Figure 2C) showed that
Ala mutation of Ser1177/1179 or Ser633/635 did not affect the AMPK phosphorylation of
either. This finding seems inconsistent with previous observations of Ser1179 phosphorylation
level unchanged with Ser635 mutated to Ala, whereas Ser635 phosphorylation was increased
with Ser1179 mutated to Ala.10 This discrepancy might be caused by distinct protein folding
of GST-eNOS and endogenous eNOS in living cells.

Several other kinases are implicated in phosphorylating eNOS Ser633/635 and Ser1177/1179.
PKA, but not Akt, was suggested to phosphorylate eNOS Ser633/635.11:15:19 However, PKA,
Akt, and CaMKI1 have been suggested to phosphorylate Ser1177/1179.18:19,9,13,20 one major
experimental approach in these previous studies was the use of various kinase inhibitors. For
example, H89, a PKA inhibitor, when used at 10 umol/L, also suppressed the AMPK kinase
activity by 80%.3% We found statin-induced ACC Ser79 phosphorylation impaired in ECs
pretreated with H89 at 10 pmol/L (data not shown). The use of Ad-Akt-DN, H89, KN-93 (a
CaMKII inhibitor), and PKA siRNA did not inhibit the shear stress-induced phosphorylation
of AMPK Thr172 or eNOS Ser633/635 (supplemental Figures Il and I11). Although the
atorvastatin-induced eNOS Ser633 phosphorylation was much attenuated in aortas of
AMPKa2 "~ mice, the level of Akt Ser473 phosphorylation, an indication of Akt activity,
remained high (Figure 4). The a1 of AMPK seems to be the major isoform in the endothelium.
36 However, knocking out a2 was sufficient to reduce the ACC and eNOS phosphorylation in
the ECs and mouse aorta (Figures 3B and 4). These results are consistent with a previous finding
that the AMPKa2 subunit is more important than a1 in MEFs for the activation of AMPK by
hypoxia or glucose deprivation.3” Previous study by Kemp and colleagues indicated that p1 is
crucial for the assembly of AMPK heterotrimer.38 Apparently, the aortic expression of p1 was
slightly affected by the ablation of a2 (data not shown). Thus, the AMPK trimeric complexes
consisting of a1f1 in AMPKa2~/~ mice did not seem to exert compensatory activity to
phosphorylate eNOS Ser633.

The SAMS peptide is a modified version of the 15 amino acids flanking ACC Ser79. AMPK
phosphorylates SAMS peptide with a K, of 30+2 pmol/L and Vpyax of 8.1+ 1.5 umol/min per
milligram, 3940 which is ~2.5 times higher than that of ACC. A peptide encompassing HMG-
CoA reductase Ser871, the putative AMPKa phosphorylating site, had a Ky, of 22+4 umol/L.
41 A 16-aa peptide containing eNOS Ser1177 was phosphorylated by AMPK, with a K, of 54
+6 umol/L and Vpax of 5.8+0.3 umol/min per milligram.1® We showed that each of the 19-aa
eNOS peptides (ie, S633 and S1177) could compete with SAMS for AMPKa phosphorylation,
and the competition occurred at similar concentrations of the peptides. Thus, AMPKa would
phosphorylate eNOS Ser633/635, eNOS Ser1177/1179, ACC Ser79, and HMG-CoA reductase
Ser871 with comparable enzyme kinetics. Such comparability has physiological implications.
ACC and HMG-CoA reductase, the rate-limiting enzymes for fatty acid and cholesterol
synthesis, are ubiquitously expressed in almost all cell types. Depending on cellular energy
level and the ensuing AMPK activation status, ACC, HMG-CoA reductase, and other enzymes
involved in metabolism are phosphorylated to regulate energy storage/ mobilization. However,
eNOS expression is highly restricted to endothelial cells and cardiomyocytes, where NO
bioavailability is imperative.#2 AMPK phosphorylates ACC, HMGCOoA reductase, and other
AMPK targets in cells where eNOS expression is limited, thereby controlling lipid metabolism.

Circ Res. Author manuscript; available in PMC 2009 October 13.
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In cardiovascular cells, where eNOS is abundant, eNOS and ACC are competitive substrates
for AMPK. Not only energy balance (eg, lipid synthesis) but also eNOS-mediated NO
bioavailability is thus regulated by AMPK in these cells.

The similar enzyme kinetics among eNOS 633, eNOS 1177, HMG-CoA reductase, and SAMS
peptides suggests that eNOS, HMG-CoA reductase, and ACC may compete for the same
catalytic site(s) of AMPKao. LC/MS/MS analysis showed that both eNOS Ser633 and Ser1177
are phosphorylated in AICAR-treated cells (Figure 7). Scott et al suggested that a
pseudosubstrate sequence, conserved in the eukaryotic AMPKYy, binds to the catalytic groove
of AMPKa when AMP does not bind to the y subunit.3 Because of the resemblance between
the peptide sequence of the pseudosubstrate and those flanking AMPK target sites, including
ACC Ser79, HMG-CoA reductase Ser871, and eNOS Ser1177, an AMPK consensus
recognition motif (~22 aa) was thereby proposed.** Interestingly, the deduced hydrophobic
and basic residues that are important for AMPK recognition align similarly with those between
eNOS 11e616 and Asp637.

In conclusion, this study suggests that AMPKa is the primary kinase phosphorylating eNOS
Ser633/635, which is functionally linked to NO bioavailability. The functional and kinetic
information reported herein should be useful for future investigation of the structure-function
relationship of AMPK catalysis in endothelial biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Shear stress, statin, and adiponectin enhance phosphorylation of AMPK Thr172 and eNOS
Ser635 in BAECs. Confluent monolayers of BAECs were preexposed to laminar shear stress
at 5 dyn/cm? for 6 hours, which was increased to 12 dyn/cm? for the durations shown (A),
treated with atorvastatin at 1 zmol/L (B), or adiponectin at 30 xg/mL (C) for the indicated
times. The cells were then lysed and underwent SDS-PAGE, followed by Western blotting
with various primary antibodies. The bar graphs below are densitometry quantifications of the
ratios of phospho-eNOS at Ser635 or Ser1179 to total eNOS and that of phospho-AMPK
Thr172 to total AMPKa. The data are means+SD from 3 independent experiments, with static
cells (A) or untreated controls (B and C) set as 1. *P<0.05 compared to control groups.
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Figure 2.

AMPK phosphorylates eNOS Ser635 in cultured ECs. Confluent BAECs were treated with
various concentrations of AICAR for 15 minutes (A) or infected with Ad-AMPK-CA at
different multiplicities of infection (MOI) for 24 hours (B). The control cells were infected
with Ad-null virus at 50 multiplicities of infection. Cell lysates were analyzed by Western
blotting with the indicated antibodies. C, BAECs were treated with AICAR at 1 mmol/L for
15 minutes or left untreated as controls. AMPKa was immunoprecipitated from cell lysates
with the use of anti-pan-AMPKa at 1:20 or 1:15 dilution. Rabbit 1gG was used as an IP control.
The kinase activity of immunoprecipitated AMPKa was assayed with recombinant GST-eNOS
(wild type [WT]), GST-eNOS (S1179A), or GST-eNOS (S635A) as substrates. Left, The
expressed GST-eNOS is shown by Coomassie blue staining and Western blotting. The
phosphorylation of GST-eNOS S1179 and S635 by the immunoprecipitated AMPKa was
detected by Western blotting. The level of immunoprecipitated AMPKoa and GST-eNOS used
in the assays was also shown by immunoblotting. Data represent results from 3 independent
experiments.
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Figure 3.

AMPK inhibition attenuates eNOS Ser635 phosphorylation in ECs. A, BAECs were pretreated
with compound C at 20 umol/L for 30 minutes before undergoing 30-minute treatment with
laminar shear stress at 12 dyn/cm?, atorvastatin at 1 zmol/L, or adiponectin at 30 xg/mL. In B,
HUVECs were transfected with AMPKal siRNA, AMPKa2 siRNA, or scramble RNA (10
nmol/L) before atorvastatin treatment. Phosphorylation of eNOS Ser635, AMPK Thr172, and
ACC Ser79 was revealed by Western blotting. The bar graphs represent the densitometry
analyses of Western blotting as means£SD of 3 or 4 independent experiments. *P<0.05
between groups as indicated.
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Figure 4.

AMPK mediates eNOS Ser633 phosphorylation in mouse aortas in vivo. C57BL6 (A) or
AMPKa2 '~ (B) mice were given atorvastatin at 50 mg/kg body weight for the indicated times
before euthanasia. In the control group, mice received the same volume (0.5 mL) of saline 6
hours before euthanasia. Tissue extracts from 2 aortas were pooled into 1 sample to be analyzed
by Western blotting with various antibodies as indicated. The bar graphs are results of
densitometry analyses of the ratio of phospho-eNOS to total eNOS, phospho-AMPK, and
phosphor-ACC to a-tubulin. The saline controls were set as 1. Data represent means+SD from
3 independent experiments. *P<0.05 between atorvastatin-treated and control mice.
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Figure 5.
AMPK is necessary for eNOS S635-mediated NO bioavailability. A, HEK293 cells were

transfected with various plasmids expressing the wild-type (WT) and mutated eNOS (ie, 635A,
635D, 635A/1179A, and 635D/1179D). One set of cells transfected with WT or 635A was
treated with AICAR (1 mmol/L), and in parallel experiments, another set was infected with
Ad-AMPKa2-CA (100 multiplicities of infection). The NO bioavailability from various cells
was determined by Griess assay and expressed as NOy. In all experiments, the NO, produced
from cells transfected with pcDNA3 was considered background and thus subtracted from total
NO, values of all cell groups. On Western blotting, the relative level of expressed eNOS was
normalized to that of a-tubulin. NO, production was further normalized to the relative level
of eNOS. B, HEK293 cells transfected with WT or 635A eNOS were treated with AICAR (1
mmol/L) for 15 minutes. Cell lysates were resolved on SDS-PAGE and subjected to Western
blotting with various antibodies as indicated. C, MEFs isolated from C57BL6 or
AMPKa2 7"~ mice were transfected with various eNOS plasmids in the presence or absence of
AICAR or coinfected with Ad-AMPK-CA, as indicated. NO, production was measured
accordingly. In A, NOy produced from HEK293 cells transfected with WT-eNOS was set as
1. In C, NOy value corresponding to C57BL6 MEFs transfected with WT-eNOS was set as 1.
Data are means+SD from 5 independent experiments. In A, *P<0.05 compared with HEK293
cells transfected with WT eNOS. In C, *P<0.05 between C57BL6 MEFs and AMPK o2/~
MEFs transfected with WT-eNOS; #P<0.05 between C57BL6 MEFs and AMPK a2/~ MEFs
transfected with WT-eNOS and then treated with AICAR.
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Figure 6.

Competition between eNOS Ser633/635 and Ser1177/1179 for AMPK phosphorylation
detected by LC/MS. Shown in A are peptide sequences of SAMS and those adjacent to human
ACCL1 Ser79, human eNOS Ser633, and human eNOS Ser1177. The sequences shown indicate
the synthesized S633 and S1177 oligopeptides. B, BAECs were treated with AICAR (1 mmol/
L) for 15 minutes and lysed. AMPK was immunoprecipitated from BAEC lysates by anti-pan-
AMPKa. SAMS, S633, or S1177 (1 mmol/L) together with (y-32P) ATP (8 uCi) were mixed
with the immunoprecipitated AMPKa for IP kinase activity assays. The phosphorylation of
SAMS, S633, and S1177 peptides was determined by the incorporation of 32P. The scintillation
counts of various samples were normalized to that of control containing reaction cocktail (40
pL), SAMS (10 pL), and lysis buffer (50 pL) set as 1. *P<0.05 compared with control. C,
SAMS and S1177 peptides were mixed at ratios of 1:0, 1:1, and 1:10, and the peptide mixture
was included in AMPKa IP kinase assays. Nano-LC/MS was performed to detect the
phosphorylated SAMS and S1177. The spectra show m/z around 466 and 802, with the dashed,
solid, and dotted lines representing SAMS: S1177 at 1:0, 1:1, and 1:10, respectively.
Phosphorylated SAMS and eNOS633 peptides were detected as positive ions with m/z 465.49,
4+, and m/z 571.79, 4+, respectively. Quantitation of signal intensity for individual ions was
based on the maximal apex-peak height (ie, ion counts) displayed on the m/z spectrum derived
from summing all individual scans across the entire retention time of the corresponding ion on
the extracted ion chromatogram. The baseline background was subtracted from the above peak
height to obtain extracted ion total counts (EITC), which was then used to quantify the changes
of phosphorylation level for each peptide, with the highest value set as 1. Data are means+SD
from triplicate experiments. Similar analyses were performed to assess the competition
between SAMS and S633 (D) or that between S633 and S1177 (E) for AMPKa
phosphorylation.
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Figure 7.

LC/MS/MS analysis of eNOS Ser635 and Ser1179 phosphorylation in BAECs. eNOS
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immunoprecipitated from AICAR-treated BAECs was trypsin-digested and then passed
through TiO,- coated magnetic beads to enrich phosphopeptides. Nano-LC/MS/MS was used
to map the phosphorylation site within the peptides containing Ser635 (A) or Ser1179 (B).
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