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Arginase |l Contributes to the Ca2+/CaMKII/eNOS Axis by
Regulating Ca®" Concentration Between the Cytosol and

Mitochondria in a p32-Dependent Manner
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Background—Arginase Il activity contributes to reciprocal regulation of endothelial nitric oxide synthase (eNOS). We tested the
hypotheses that arginase Il activity participates in the regulation of Ca?*/Ca?"/calmodulin-dependent kinase 1I/eNOS activation,
and this process is dependent on mitochondrial p32.

Methods and Results—Downregulation of arginase Il increased the concentration of cytosolic Ca?" ([Ca®']c) and decreased
mitochondrial Ca®* ([Ca*']m) in microscopic and fluorescence-activated cell sorting analyses, resulting in augmented eNOS
Ser1177 phosphorylation and decreased eNOS Thr495 phosphorylation through Ca®*/Ca?* /calmodulin-dependent kinase II. These
changes were observed in human umbilical vein endothelial cells treated with small interfering RNA against p32 (sip32). Using
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, fluorescence immunoassay, and ion chromatography,
inhibition of arginase Il reduced the amount of spermine, a binding molecule, and the release of Ca®* from p32. In addition,
arginase Il gene knockdown using small interfering RNA and knockout arginase II-null mice resulted in reduced p32 protein level. In
the aortas of wild-type mice, small interfering RNA against p32 induced eNOS Ser1177 phosphorylation and enhanced NO-
dependent vasorelaxation. Arginase activity, p32 protein expression, spermine amount, and [Ca?"]m were increased in the aortas
from apolipoprotein E (ApoE~/~) mice fed a high-cholesterol diet, and intravenous administration of small interfering RNA against
p32 restored Ca®*/Ca®"/calmodulin-dependent kinase Il-dependent eNOS Ser1177 phosphorylation and improved endothelial
dysfunction. The effects of arginase Il downregulation were not associated with elevated NO production when tested in aortic
endothelia from eNOS knockout mice.

Conclusions—These data demonstrate a novel function of arginase Il in regulation of Ca**-dependent eNOS phosphorylation. This
novel mechanism drives arginase activation, mitochondrial dysfunction, endothelial dysfunction, and atherogenesis. (/ Am Heart
Assoc. 2018;7:e009579. DOI: 10.1161/JAHA.118.009579.)
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N itric oxide (NO) plays a key role in the maintenance of
vascular homeostasis by modulating vascular tone, as
well as vascular smooth muscle cell proliferation and
migration. Endothelial dysfunction defined as decreased NO
production is considered an initial and critical event in
vascular diseases such as atherogenesis, causing vascular

stiffness.’ In reciprocal regulation of NO synthase (NOS) by
arginase, upregulation of arginase activity contributes to
vasoregulatory dysfunction.?

Two isoforms of arginase, arginase |, and arginase Il
encoded by different genes,® exhibited distinct expression
patterns.* Arginase | is considered the hepatic isoform
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Clinical Perspective

What Is New?

Arginase I inhibition decreased [Ca*lm and increased
[Ca*']c, resulting in Ca®'/Ca®"/calmodulin-dependent
kinase Il-dependent eNOS activation.

The regulation of intracellular [Ca®'] by arginase Il is p32-
dependent.

p32 knockdown with small interfering RNA enhanced the
Ca**/Ca®" /Ca®" /calmodulin-dependent  kinase 1I/eNOS
activation axis and improved endothelial dysfunction in
apolipoprotein E (ApoE~/~) mice fed a high-cholesterol diet.
» Arginase |l participates in endothelial dysfunction by
contributing to the regulation of intracellular Ca** concen-
tration in an NO-independent manner.

What Are the Clinical Implications?

+ p32, an a cytosol/mitochondria Ca®" regulator, was iden-
tified as a new therapeutic target for vascular disorders in
which NO production was interrupted and injurious reactive
oxygen species generation was promoted.

catalyzing the final step in the urea cycle, and its expression
can be induced by hypoxia and lipopolysaccharide.® Arginase
Il, as the extrahepatic isoform, is the principal form in human
and mouse aortic endothelial cells (ECs) and provides
L-ornithine for the synthesis of polyamines, putrescine,
spermidine, and spermine (SPM), associated with cell prolif-
eration and differentiation.®” Arginase Il is also inducible by
hypoxia, lipopolysaccharide, and tumor necrosis factor-o,® '°
and increased arginase Il activity in ECs has recently been
extended to other disorders in animal models, including
aging,'" ischemic reperfusion,'® ' hypertension,'*'® balloon
injury,’® and atherosclerosis.? Although arginase Il partici-
pates in the endothelial dysfunction, the mechanism through
which endothelial NOS activity is regulated remains unclear.
However, a novel mechanism showed that oxidized low-
density lipoprotein triggered translocation of arginase Il from
mitochondria to the cytoplasm via mitochondrial processing
peptidase with a simultaneous increase in arginase activity
that drove endothelial nitric oxide synthase (eNOS) uncou-
pling by depleting the substrate pool available for NO
biosynthesis.'” Similarily, we also showed that an arginase
inhibitor-enhanced eNOS phosphorylation at Ser1177'® and
arginase Il inhibition improved the loss of mitochondrial
membrane potential by a Ca’'-dependent mechanism and
prevented mitochondrial reactive oxygen species (ROS)
production.'®

eNOS activity can be regulated by various extracellular
signals, including subcellular targeting, and protein-protein
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interactions. In these regulations, Ca* principally contributes
to modulation of eNOS activity. Activated calmodulin (Ca?"/
CaM) from increased cytosolic Ca®" level binds to the
canonical CaM-binding domain in eNOS that promotes the
alignment of the oxygenase and reductase domains of eNOS
and prevents eNOS Thr495 phosphorylation by protein kinase
C, leading to efficient NO synthesis. Ca®*/CaM can also
activate Ca2+/calmodulin—dependent protein kinase Il (CaM-
KlIl), which participates in the phosphorylation of eNOS
Ser1177 to increase NO release.’®?" Intracellular Ca** can
be transported and stored in endoplasmic (sarcoplasmic)
reticulum and mitochondria. Ca®" uptake by mitochondria
controls cellular Ca?" homeostasis, regulates the oxidative
phosphorylation rate and ATP synthesis, and attenuates
transient cytosolic Ca**.?

p32, also known as HABP1 (hyaluronan-binding protein 1),
is a receptor for gC1gR (globular head domains complement
1q), or C1gbp (complement 1g-binding protein), and has been
recognized as a pre-mRNA splicing factor SF2-binding protein
in the nucleus?® and a receptor interacting with the comple-
ment component C1q on the cell surface.?* Although p32 can
be existed in multicellular compartments, it is predominantly
targeted to mitochondria because of the mitochondrial
targeting sequence contained in the 73N-terminal amino
acids.?® Functional studies have shown that p32 is required
for the induction of mitochondria-dependent cell death?®?’
and for the metabolic shift between oxidative phosphorylation
and aerobic glycolysis.?® Moreover, the crystal structure of
p32 has been determined and indicates that p32 can form a
pore-like homotrimer and may serve as a high-capacity
divalent cation storage protein.?’ However, in ECs, the
function of p32 and its regulatory mechanism remain
unknown.

Therefore, we investigated whether arginase Il activity
participates in the regulation of cytosolic Ca?* concentration
([Ca%*]c) and mitochondrial Ca?" concentration ([Ca?“]m) that
may be associated with Ca**-dependent eNOS activation. We
also examined the function of p32 as a Ca®*-modulating
protein in mitochondria and investigated the regulatory
mechanism between arginase |l and p32. Finally, we tested
whether the small interfering RNA (siRNA) against p32 (sip32)
restored endothelial dysfunction in the atherogenic mouse
model (ApoE ™/ "-null) fed a high-cholesterol diet (HCD).

Materials and Methods

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure. The data that support the
findings of this study are available from the corresponding
author upon reasonable request.
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Materials

The 2(S)-amino-6-boronohexanoic acid (ABH), NG-nitro-L-
arginine methyl ester, manganese (lll) tetrakis (4-benzoic
acid) porphyrin chloride (MnTBAP), KN-93, and BAPTA-AM
were purchased from Calbiochem (Darmstadt, Germany). All
other chemicals including polyamine and L-arginine were
obtained from Sigma (St. Louis, MO) unless otherwise stated.
Anti-sera against eNOS, phospho-eNOS (Ser1177, Thr 495),
phosphor-CaMKIl, and pan-actin were obtained from BD
Biosciences (San Jose, CA), and p32 and p32 antiserum was
from Abcam Co. (Cambridge, MA). siRNA against arginase I
(siArgll, sc-29729) and scramble RNA (scmRNA, sc-37007)
were purchased from Santa Cruz Biotechnology (Dallas, TX).

Cell Culture and Animals

Human umbilical vein endothelial cells (HUVECs) were pur-
chased from Cascade Biologics (Portland, OR) and maintained
in Medium 200 containing low serum growth supplement
according to the supplier’s instructions. Male C57BL/6J wild
type (WT, n=12) and male ApoE /" mice (Daehan Biolink Co.
Chungbuk, Korea, n=15) were obtained at 10 weeks of age and
fed a normal diet (ND) or a high-cholesterol diet (HCD,
D12108C, Research Diet Inc.) for 8 weeks, respectively.
ApoE~/~ mice fed an HCD were administered with scramble
(scm) or siRNA against p32 (sip32) by intravenous injection
(30 umol/L/mouse per day, dissolved in PBS, with an injection
volume of 50 pL) 5 times with 2-day intervals before experi-
ments were performed. Two pairs of the arginase Il knockout
(KO) breeders with a C57BL /6 background were a generous gift
from Professor Jaye P.F. Chin-Dusting for establishment of a
colony at Kangwon National University Animal Services Facility
and 10-week male mice (n=15) were used for all experiments.
The study was approved in accordance with the Guide for the
Care and Use of Laboratory Animals (approval no. KW-17002,
Institutional Animal Care and Use Committee, Kangwon
National University) and adhered to guidelines that are in
compliance with the current international laws and policies
(Guide for the Care and Use of Laboratory Animals, The National
Academies Press, 8th edition, 2011).

Isolation of Mouse Endothelial Cells

Endothelial cells were isolated from the aorta of anesthetized
mice of WT, Arg II”/~, and ApoE /~ mice as previously
described.? All experiments were performed with the second
passage of endothelial cells.

siRNA Treatment and Knockdown of
Mitochondrial p32

For siRNA transfection, HUVECs were incubated in starvation
medium (DMEM plus 5% FBS and antibiotics) containing siRNA

against p32 (sip32, 100 nmol/L, 5-TGT CTC CGT CGG TGT GCA
GC-Cy5- 3'), scramble siRNA (scmRNA) (100 nmol/L, 5’-GCT
GCA CAC CGA CGG AGA CA-Cy5-3') or no oligonucleotide for
24 hours without a reagent. Dissected thoracic aortas of mice
were incubated for 24 hours in DMEM (2% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin) containing sip32
(100 nmol/L, 5'-TGT CTC CTT CCG TGT GCA GA-Cy5-3') and
scmRNA (100 nmol/L, 5-CAG CAC AGC CCT GGA GCA CC-
Cy5-3').

Arginase Activity Assay

Arginase activity was assessed by measuring urea content
using o-isonitrosopropiophenone as previously described.?
Briefly, supernatants of extracted cell lysates were prepared
by incubation with lysis buffer (Tris-HCI 50 mmol/L, pH 7.5,
EDTA 0.1 mmol/L, and protease inhibitors) for 30 minutes at
4°C and centrifugation for 20 minutes at 14 000 g at 4°C.
Aortic vessel samples were assayed following homogenization
in lysis buffer.

Measurement of NO and ROS

Aortic rings from 10-week-old male C57BL/6 WT mice were
prepared for assays of fluorescent probe labeling of super-
oxide (dihydroethidine [DHE] 1 pmol/L, for 5 minutes with
30-seconds intervals) or NO (4-amino-5-methylamino-2’,7'-
difluorofluorescein diacetate ([DAF-FM DA], 5 pumol/L, for
5 minutes with 30-seconds intervals). Images were acquired
using an Olympus BX51 epifluorescence microscope. Fluo-
rescence intensity was measured as previously described?
using Metamorph software.

Aortic Vascular Tension Assay

Heparin was administered 1 hour before mice were
euthanitized. Mice were anesthetized using isoflurane, and
the thoracic aorta from aortic root to the bifurcation of the
iliac arteries was rapidly isolated and cut into 1.5-mm rings.
The aortic rings were placed in ice-cold oxygenated Krebs-
Ringer bicarbonate buffer (NaCl 118.3 mmol/L, KCI
4.7 mmol/L, MgS04 1.2 mmol/L, CaCl2 1.6 mmol/L,
NaHCO3 25 mmol/L, glucose 11.1 mmol/L; pH 7.4) and
suspended between 2 wire stirrups (150 mm) in a myograph
(Multi Myograph System, DMT-620) containing 10-mL Krebs-
Ringer (95% 0,-5% CO,, pH 7.4, 37°C). One stirrup was
connected to a 3-dimensional micromanipulator, and the
other to a force transducer. The aortic rings were passively
stretched at 10-minutes intervals in increments of 100 mg
to reach the optimal tone (600 mg). After the aortic rings
were stretched to their optimal resting tone, the contractile
response to 60 mmol/L KCI was determined. The response
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to a maximal dose of KCI was used to normalize the
responses to agonist across vessel rings. Dose responses to
the vasoconstrictor phenylephrine (PE, 10°—10"° mol/L)
were assessed, and responses to the vasodilators acetyl-
choline (Ach, 107°~107° mol/L) and sodium nitroprusside
(sodium nitroprusside, 107 '°~107° mol/L) were assessed
after pre-constriction with PE (10° mol/L). To further
confirm the NO-dependent vasorelaxation activity, aortic
rings were treated with 1H-[1,2,4]oxadiazolo[4,3-a]quinoxa-
lin-1-one (ODQ, 10°° mol/L), a soluble guanylyl cyclase
inhibitor.

Western Blot Analysis

Aortic vessels and cell lysates were subjected to SDS-PAGE
followed by Western blot.? Band intensities were analyzed
using NIH Image).

Polyamine and L-Arginine Analyses

Intracellular concentrations of L-arginine (L-Arg) and poly-
amine, spermine (SPM), spermidine, and putrescine were
determined using high performance liquid chromatography
(HPLC) with pre-column derivatization with o-phthalaldehyde
according to a modification of previously published meth-
0ds.®® Briefly, L-arginine (100 pmol/L) and polyamine
(30 pmol/L/each) were added to cell lysate (0.1 mmol/L)
as an internal standard. The samples were extracted on
solid-phase extraction cartridges (CBA Bond elute, Varian),
and the recovery rate was 87.5+3.9% to L-Arg. Eluates
were dried over nitrogen and resuspended in double-
distilled water for HPLC analysis. HPLC was performed on
a computer-controlled Waters chromatography system
(M600OE) consisting of an automatic injector (M7725i,
Waters Co.) and a fluorescence detector (FP-1520, Jasco
Co.). Samples were incubated for 1 minute with o-
phthalaldehyde reagent (5.4-mg/mL o-phthalaldehyde in
borate buffer, pH 8.4, containing 0.4% 2-mercaptoethanol)
before automatic injection into the HPLC. The o-phthalalde-
hyde derivatives of L-Arg and polyamine were separated on
a 150x4.6 mm > um Zorbax Eclipse XDB-C18 column with
the fluorescence detector set at excitation 340 nm and
emission 450 nm. Samples were eluted from the column
with 0.96% citric acid/methanol (70:30), pH 6.8 at a flow
rate of 1.5 mL/min.

[Ca®*]m and [Ca®*]c Measurement using Confocal
Microscopy and Flow Cytometry

Direct assessment of the mitochondrial Ca®" content was
performed by an established loading procedure of the cells

with Rhod-2 AM (ThermoFisher Scientific Co., Waltham, MA).
Briefly, cells were loaded with 2.5 pmol/L Rhod-2 AM at
37°C for 1 hour in starved media. Subsequently, cells were
washed free of Rhod-2 AM and incubated in Tyrode’s
modified solution (NaCl 150 mmol/L, KCI 4 mmol/L, CaCl,
2 mmol/L, MgCl, 2 mmol/L, HEPES 10 mmol/L and glucose
10 mmol/L). For detection of Rhod-2 AM fluorescence, a
552 nm excitation and 581-nm emission filters were used.
MitoTracker green FM (ThermoFisher Scientific Co.) was
incubated to confirm the mitochondria at 100 nmol/L for
1 hour and imaged at 490-nm excitation and 516-nm
emission. [Ca’']lc was monitored using Fluo-4 AM
(100 nmol/L, 1 hour, ThermoFisher Scientific Co.) at
494 nm excitation, and emission at 506 nm was detected.
Intensity values were normalized according to the initial
fluorescence values after subtraction of background using
Metamorph program (Molecular Probe).

[Ca*'Im and [Ca®']c were also determined using flow
cytometry (FACSCalibur). The fluorescence intensity for each
sample was determined using CellQuest software. The Ca®"
level was determined by comparing the fold changes in the
fluorescence intensities of treated cells versus control cells.

Mitochondrial Fractionation

Cells and aortic segments were homogenized twice in
subcellular fractionation buffer (sucrose 250 mmol/L, HEPES
20 mmol/L, pH 7.4, KCI 10 mmol/L, MgCl, 1.5 mmol/L,
EDTA 1 mmol/L, EGTA 1 mmol/L, and protease inhibitors
(Roche Co.)) for 3 minutes and centrifuged at 1000 g for
10 minutes to remove cell debris and unbroken cells. The
supernatants were centrifuged at 21 000 g for 45 minutes at
4°C. The cytosolic (supernatant) and mitochondrial (precipi-
tate) fractions containing 20 pg proteins were used for
subsequent Western blot analyses. Purity of the fractions was
measured using Western blotting for HSP60 and actin,
respectively.

MALDI-TOF Mass Spectrometry

p32 protein (200 ng in distilled water, pH7.4, Abcam Co.) and
polyamine, L-Arg, and L-ornithine (10 mmol/L) were incu-
bated for 1 hour at room temperature. MALDI-TOF mass
spectrometry analyses were performed using a Bruker
Autoflex speed TOF/TOF mass spectrometer (Billerica, MA).
Analyses were performed in the reflector mode at a mass
range of 20 000 to 45 000 m/z with an accelerating voltage
of 20 kV and a delay time of 300 ns. The instrument was
externally calibrated. A low-mass gate value of 20 000 m/z
was selected to avoid saturation of the detector. 2,5-
Dihydroxybenzoic acid at 10 mg/mL in 70% acetonitrile-
0.1% trifluoroacetic acid was used as a matrix.
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Fluorescence Immunoassay

Monoclonal antibody against p32 (Abcam Co. Cambridge,
MA) was coated onto 96-well plates for 2 hours at 37°C
with shaking at 150 rpm, and unbound antibody was
removed by washing with phosphate-buffered saline with
Tween 20 (PBST). Unbound sites in wells were blocked with
bovine serum albumin (3% in PBST) for 1 hour at 37°C,
followed by washing with PBST. The prepared p32 protein
(500 ng/100 pL) was added to the wells and incubated for
2 hours at 37°C, and followed by washing with PBST. Next,
different concentrations of Rhodamine B-tagged SPM were
added to the wells and incubated for 1 hour at 37°C, and
the wells were washed 5 times with PBST. The fluorescence
intensity of each well was read at 553 nm excitation and
627 nm emission using epifluorescence microscopy (10x
objective lens) equipped with the Metamorph program. Kg4
values were calculated using GraphPad Prism 5 software.

lon Chromatography

p32 (10 ng and 100 ng) was added to Ca®' standard
solutions (1 pg/mL, Merck Co., Darmstadt, Germany) and
incubated for 30 minutes at 37°C. The solutions were filtered
using the centrifugal filter Amicon Ultra-4 (ultracel-3K, Cork,
Ireland) and the filtrates (25 pL) were subjected to ion column
(cation analytical column, 4x250 nm CS12A) chromatogra-
phy (Thermo Dionex, ICS-5000+) equipped with a DC detector
at a 1 mL/min flow rate.

Statistics

Each graph represents cumulative data from 3 independent
experiments performed at least in triplicate. Statistical
significance was determined using one-way ANOVA (mean
+SEM) with a post hoc test or t test (mean+SEM) or two-
way ANOVA (mean4SD; GraphPad Prism 5 software). A
P<0.05 was considered statistically significant.

Results

Arginase Il Plays an Important Role in the
Regulation of [Ca?*]m and [Ca®']c

We first analyzed the role of arginase Il in the Ca®"
concentration changes with isolated mouse aortic ECs and
HUVECs using the mitochondrial Ca**-sensitive fluorescence
dye Rhod-2 AM and the cytosolic Ca**-sensitive fluorescence
dye Fluo-4 AM. [Ca®*]m was reduced in mouse aortic ECs of
arginase Il KO mice compared with wild-type (WT, Figure 1A).
The Rhod-2 fluorescence was clearly merged with Mito-
Tracker green fluorescence. To further confirm that arginase
Il inhibition decreased [Ca?‘]m, HUVECs were treated with

the arginase inhibitor ABH and stained with Rhod-2 AM.
Consistent with the results observed in arginase Il KO mice,
[Ca*'Im was decreased (Figure 1B). Based on these data, we
next determined the change in [Ca®‘]c. As shown in
Figure 1C and 1D, [Ca®']c was reciprocally increased in
both mouse aortic ECs from arginase Il KO mice and ABH-
treated HUVECs. Fluorescence-activated cell sorting analysis
was performed to further confirm the data. Arginase |l
downregulation with siRNA (siArgll) and ABH showed
decreased [Ca?']m (Figure 1E) and increased [Ca®']c (Fig-
ure 1F). The increased [Ca®*]c caused by arginase inhibition
was not from extracellular Ca®* (Figure S1).

Increased [Ca®*]c Via Arginase Il Downregulation
Results in Phosphorylation of CaMKIl and eNOS
Ser1177

Since arginase inhibition increased [Ca*‘]c, CaMKIl activa-
tion was investigated based on the premise that Ca*'-
dependent protein kinase participates in eNOS activation. In
aortic lysates from arginase Il KO mice, phosphorylation of
CaMKIl and eNOS Ser1177 was significantly increased, but
eNOS Thr495 phosphorylation was reduced (Figure 2A).
These results were consistent with the results observed in
HUVECs treated with the arginase inhibitor ABH (Figure 2B).
Next, whether phosphorylation was associated with
increased [Ca®']c caused by arginase inhibition was inves-
tigated using siRNA. siArgll incubation significantly blocked
arginase Il expression, and the phosphorylation of eNOS
Ser1177 and CaMKIl was enhanced without the changes in
the expression levels of total protein. The phosphorylation
of these proteins was completely blocked with the
intracellular ~ Ca**  chelator ~ BAPTA-AM  (Figure 2C).
Furthermore, CaMKIl inhibition with KN93 prevented
siArgll-dependent eNOS Ser1177 phosphorylation (Fig-
ure 2D). Therefore, increased [Ca®‘]c caused by arginase
downregulation  augmented  CaMKIl-dependent  eNOS
Ser1177 phosphorylation and attenuated eNOS Thr495
phosphorylation.

sip32 Decreases [Ca®*]m, Increased [Ca®*]c, and
Induces CaMKII-Dependent eNOS Ser1177
Phosphorylation

Because arginase Il inhibition decreased [Ca®"]m, the proteins
participating in arginase activity-dependent regulation of
[Ca*Im were investigated. Among the mitochondrial proteins,
we focused on a protein p32, even though its biological
function associated with Ca®" in mitochondria has not been
clearly demonstrated. In a previous crystal structure study,
p32 was shown to have structural similarity to Ca®" storage
protein and may serve as a high-capacity divalent cation
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storage protein.”’ We designed siRNA against mitochondria-
targeted p32 (sip32) and tested the efficacy according to
incubation time and dose. As shown in Figure 3A (top and
bottom), incubation of 100 nmol/L sip32 for 24 hours
showed significant inhibition of p32 expression in both
mitochondrial and cytosolic fractions. Under the same
conditions, sip32 treatment decreased [Ca?‘]m (Figure 3B)
and increased [Ca®']c (Figure 3C). Furthermore, sip32 dose-
dependently increased the phosphorylation of CaMKIl and
eNOS Ser1177, however, the eNOS Thr495 phosphorylation
was decreased (Figure 3D). sip32 incubation resulted in
increased [Ca®']c (Figure 3E) based on fluorescence-activated
cell sorting analysis, and pretreatment with the CaMKIl
inhibitor, KN-93 prevented sip32-dependent eNOS Ser1177
phosphorylation (Figure 3F).

SPM Triggers Ca®>* Movement into Mitochondria
in a p32-Dependent Manner

Since downregulation of arginase and p32 increased [Ca®'lc
and reciprocally decreased [Ca®‘]m, we investigated the
molecules involved in the regulation of [CaZ+]. Therefore,
[Ca*'Im and [Ca’']c were measured after incubation with
the arginase substrate, L-Arginine (L-Arg) and products
L-ornithine, putrescine, spermidine, and SPM. L-Arg induced
increased [Ca®']c, and SPM incubation decreased [Ca®‘]c
(Figure 4A). Conversely, only SPM incubation caused an
increase in [Ca®‘]m (Figure 4B). Based on these results,
whether SPM acts as an activator of mitochondrial p32 was
investigated by measuring the [Ca®?‘]m in sip32-treated
HUVECs. sip32 prevented SPM-stimulated increase in [Ca®’]
m based on microscopic images (Figure 4C) and fluores-
cence-activated cell sorting analysis (Figure S2A). Addition-
ally, the direct interaction of SPM with p32 at a ratio of 1:1
was confirmed using MALDI-TOF analysis (Figure S2B). The
SPM-induced increase in [Ca’‘]m was dependent on
intracellular Ca®*, not extracelluar Ca®* (Figure S2D and
S2E). To further confirm the Ca®**-binding capacity of p32,
ion chromatography was performed (Figure S2F, Methods
section). [Ca®?'] in the filtrate was significantly reduced
dose-dependently in p32 and was completely recovered
with SPM preincubation (Figure S2G). These results suggest
that the Ca®'-storage capacity of p32 may be regulated by
SPM level. Finally, we analyzed the phosphorylation of
CaMKIl and eNOS caused by SPM stimulation in the siRNA-
preincubated HUVECs. SPM stimulation  significantly
reduced the phosphorylation of CaMKIl and eNOS
Ser1177, but increased eNOS Thr495 phosphorylation in
both siRNA-untreated and -treated HUVECs (Figure 4D).
Consistent with the results shown in Figure 3D, only sip32
incubation increased the phosphorylation of CaMKIl and
eNOS Ser1177 (Figure 4D).

Arginase Il Regulates Intracellular SPM
Concentration and Mitochondrial p32 Protein
Concentration ([p32]m)

The previous results indicated that arginase inhibition/gene
knockdown and p32 downregulation showed the same
effect on Ca”*-dependent eNOS phosphorylation, and SPM
acts as an activator of p32-dependent increase in [Ca®‘]m.
Next, whether arginase regulates the concentration of
intracellular SPM and the expression of mitochondrial p32
was investigated. First, in intracellular SPM concentration
analysis using HPLC, arginase inhibition and siArgll incuba-
tion significantly reduced SPM concentration (Figure 5A).

siArgll-dependent downregulation of arginase Il protein
downregulated p32 at protein level (Figure 5B). p32 level
was reduced in the aortas of arginase Il KO mice,

(Figure 5C), however, intracellular L-Arg and SPM concen-
trations did not differ from those of WT mice (Figure 5D).
Conversely, increased arginase Il protein level of in the
aortas of eNOS KO mice and increased p32 level were
observed (Figure S3A and S3B). Therefore, we hypothesized
that arginase activity-dependent regulation of SPM concen-
tration and arginase protein-dependent regulation of p32
protein levels are important mechanisms in arginase-
dependent controls of [Ca’']m and [Ca?‘lc. However,
knockdown of p32 protein did not effect arginase Il protein
level or activity (Figure S4).

sip32 Induces CaMKIIl-Dependent eNOS Ser1177
Phosphorylation Associated With Enhanced NO
Production and Vasorelaxation in the Aortas of
WT Mice

Since sip32 increased [Ca®‘]c and CaMKIl-dependent eNOS
activation in HUVECGs, the effect of sip32 on NO production in
the aortas of WT mice was investigated. First, we confirmed
that sip32 incubation with aortic vessels without a transfec-
tion reagent downregulated [p32]m (Figure 6A) and induced
the phosphorylation of CaMKIl and eNOS Ser1177, but
blocked eNOS Thr495 phosphorylation (Figure 6B). NO pro-
duction in endothelia was significantly enhanced (Figure 6C)
and ROS production was prevented (Figure 6D) in sip32-
treated vessels compared with ABH-treated aortic vessels
from WT mice and aortic vessels from arginase Il KO mice.
Furthermore, sip32 augmented Ach-dependent vasorelaxation
(Figure 6E, WT versus WT+sip32, log EC50=—6.94+0.12
versus —7.29+0.06 mol/L, Ena, 73.084+3.51 versus
96.61+2.15%, P<0.01) without difference in sodium nitro-
prusside responses (Figure 6F) and delayed PE-dose
responses in vasoconstriction (Figure 6G, WT versus
WT+sip32, log EC50=—7.2040.07 versus —7.144+0.08 mol/L,
Emax, 100.90£2.66 versus 77.94+2.26%, P<0.01).
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Figure 1. Arginase inhibition and arginase Il gene knockout induced an increase in cytosolic Ca®" level ([Ca®*]c) and a decrease in
mitochondrial Ca®* level ([Ca®*]m). A, ECs were isolated from the aortas of WT and Argll ™/~ mice and stained with Rhod-2 AM to measure [Ca*"]
m and MitoTracker green, a mitochondria-specific fluorescence dye. B, HUVECs were stained with Rhod-2 AM and MitoTracker green after
pretreatment with the arginase inhibitor, ABH (10 pumol/L, 1 hour). Isolated mouse ECs (C) and HUVECs incubated with ABH (D) were stained
with Fluo-4 AM to measure [Ca®*]c. E, HUVECs were pretreated with siArgll, scmRNA (100 nmol/L, 24 hours), and ABH and stained with Rhod-2
AM for FACS analyses. Relative Rhod-2 AM fluorescence intensities were quantitated. F, [Ca®*]c in HUVECs treated with siRNAs and ABH
(10 umol/L, 4 hours) were analyzed using FACS. Relative Fluo-4 AM fluorescence intensities are presented as a bar graph. ABH indicates 2(S)-
amino-6-boronohexanoic acid; Argll’/’, arginase ll-null mice; FACS, fluorescence-activated cell sorting; EC, endothelial cells; HUVECs, human
umbilical vein endothelial cells; WT, wild-type. *vs WT and untreated (-), P<0.01. Images are representative of 15 samples (n=4 experiments) and
FACS analyses were performed 4 times.

Arginase activity, mitochondrial p32 level, SPM expression of p32. [p32]m in the aortas of age-matched WT
concentration, and [CaZ+]m were increased in and ApoE-null mice was analyzed. As shown in Figure S6A,
ApoE_/_ mice fed an HCD and intravenous [p32]m was not different between these mice, however, ox-

LDL time-dependently induced p32 expression (Figure S6B).
Therefore, based on the results, an HCD may play an
important role in p32 expression. Since sip32 enhanced NO

administration of sip32 improved endothelial
dysfunction

Next, the expression level of p32 and [Ca?’"]m in ECs of an production in mouse aortas and increased expression of p32
atherogenic animal model, ApoE-null mice fed an HCD for in the aortas from ApoE-null mice fed an HCD, we investigated
8 weeks, was investigated. Arginase activity in the aortas of whether intravenous administration of sip32 restores
ApoE-null mice fed an HCD was significantly increased endothelial dysfunction in ApoE-null mice fed an HCD.
(Figure 7A). [p32]m level was also increased in the aortas Administration of sip32 downregulated increased p32 expres-
(Figure 7B). Consistent with increased arginase activity, L-Arg sion (Figure 7E) and improved the phosphorylation of CaMKII
concentration was decreased and SPM level was increased in and eNOS Ser1177, however, eNOS Thr495 phosphorylation
the aortas of ApoE-null mice fed an HCD (Figure 7C). was decreased (Figure 7F) in the aortas of ApoE-null mice fed
Conversely, arginase inhibition resulted in decreased SPM an HCD. Furthermore, sip32 restored the attenuated NO
level and increased L-Arg concentration (Figure S5). Further- production (Figure 7G) and augmented ROS generation
more, [Ca?'lc was decreased and [Ca’‘]m was increased (Figure 7H) in ApoE-null mice fed an HCD. In the vascular
(Figure 7D), consistent with results observed in HUVECs. tension assay, sip32 significantly improved Ach-dependent
Additionally, it was confirmed that HCD induces the vasorelaxation (Figure 71, log ECso; WT versus ApoE ™~/ ~+HCD,
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Figure 2. Downregulation of arginase Il elicited an increase in CaMKIll-dependent eNOS Ser1177 phosphorylation and a decrease in eNOS
Thr495 phosphorylation. A, Aortic lysates were prepared from WT and Argll ™/~ mice, and Western blot analyses were performed 9 (n=3 mice).
B, HUVECs lysates treated with ABH were analyzed using Western blotting (n=3 experiments). C, HUVECs were incubated with siArgll and
scmRNA (24 hours) and then treated with BAPTA-AM (10 pumol/L, 1 hour). Cell lysates were analyzed for the expression and phosphorylation of
proteins. D, siRNA-incubated HUVECs were treated with KN-93 (1 pmol/L, 1 hour). Protein amounts and phosphorylation were analyzed (n=4
experiments). ABH indicates 2(S)-amino-6-boronohexanoic acid; CaMKIl, Ca2+/caImodulin—dependent protein kinase Il; EC, endothelial cells;
eNOS, endothelial nitric oxide synthase; HUVEC, human umbilical vein endothelial cells; siRNA, small interfering RNA; WT, wild-type. *vs WT,

P<0.05, n=3 mice; "vs untreated, P<0.01.

—7.16%0.04 versus —7.12£0.19 mol/L, Enax, 86.75+1.48
versus 56.85+3.91%, P<0.01; log ECsg; ApoE_/_+HCD
versus ApoE / +HCD+sip32, —7.12+0.19 versus —7.30
+0.14 mol/L, Ena, 56.854+3.91 versus 92.25+4.42%,
P<0.01) and attenuated PE-dependent vasoconstriction (Fig-
ure 7J, log ECso; WT versus ApoE / +HCD, —6.79-+0.07
versus —7.064+0.19 mol/L, Ena, 135.90+£4.33 versus
333.304+24.92%, P<0.01; log ECsg; ApoE_/_JrHCD Versus
ApoE_/_+HCD+sip32, —7.06+0.19 versus —6.7240.
25 mol/L, Enax 333.30+24.92 versus 111.20+£12.19%,
P<0.01), however, sodium nitroprusside responses were the
same in all groups (Figure 71). As shown in Figure S7,
fluorescent-labeled siRNAs were predominantly localized in
the endothelia of aortic vessels.

Discussion

In the present study, we showed that arginase Il inhibition
decreased [Ca?]m and increased [Ca®‘]c, resulting in
CaMKIl-dependent eNOS activation. The regulation of intra-
cellular [Ca®'] by arginase Il is p32-dependent. Arginase Il
activity controls the concentration of free SPM, a molecule
binding to p32 and facilitating Ca?" release from p32, and
arginase |l protein level controls p32 protein concentration.
p32 knockdown with siRNA enhanced the Ca%*/CaMKll/
eNOS activation axis and improved endothelial dysfunction
in ApoE™/~ mice fed an HCD. The increase in [Ca®‘]m

caused by arginase Il inhibition was not associated with
enhanced NO production, as shown in the results from
eNOS KO mice. Finally, we conclude that arginase I
participates in endothelial dysfunction by contributing to the
regulation of intracellular Ca®* concentration in an NO-
independent manner.

Two different mechanisms are responsible for the critical
role of arginase Il in p32-dependent intracellular [Ca®’]
regulation between the cytosol and mitochondria. One
mechanism involves arginase |l activity that controls the
concentration of free SPM, a key molecule inducing
decreased eNOS-dependent NO release through augmented
phosphorylation at Thr495 and attenuated phosphorylation at
eNOS Ser1177 (Figure 4D). In the present study, SPM level
was controlled by arginase activity in HUVECs with arginase
downregulation, ABH, and siArgll, (Figure 5A) and in ApoE /"~
mice fed an HCD with increased arginase activity (Figure 7B
and 7C). Reportedly, intracellular SPM mostly binds to RNA,
DNA, and phospholipids, as well as ATP at submillimolar levels
(<mmol/L) and free SPM at pumol/L levels.®" In our exper-
iments, the measured SPM concentration was 18+3.4 pumol/
L in HUVECs and 8%£2.1 umol/L in the aorta of WT mice.
SPM, a biological polyamine, has various biological functions
and can be taken up by mitochondria.*? Among the polyami-
nes, putrescine, spermidine, and SPM, only SPM with 4 amino
groups induced an increase in p32-dependent [Ca®‘m
(Figure 4C). This difference in polyamine activity is likely
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Figure 3. sip32-activated Ca®"/CaMKIl/eNOS axis phosphorylation. A, sip32 was incubated at different concentrations (top) and for different
time periods (bottom), and the silencing efficacy was determined after mitochondrial fractionation. HSP60 and actin were used as marker
proteins for the mitochondria and cytosol fraction, respectively (n=4 independent experiments).sip32 incubation (100 nmol/L, 24 hours)
resulted in decreased [Ca’']m (B) and increased [Ca®']c (C) (n=12 to 15 images from 3 independent experiments). D, sip32 treatment
(100 nmol/L, 24 hours) induced the phosphorylation of CaMKIl and eNOS Ser1177, but decreased eNOS Thr495 phosphorylation (n=4
independent experiments). E, FACS analysis of sip32-treated HUVECs was performed to confirm the change in [Ca®‘]c. n=3 independent
experiments. F, The effect of sip32 on eNOS Ser1177 phosphorylation was tested in the presence of CaMKIl inhibitor (KN-93, 1 umol/L, 1 hour)
(n=3 independent experiments). CaMKIl indicates Ca®"/calmodulin-dependent protein kinase II; eNOS, endothelial nitric oxide synthase;
HUVECs, human umbilical vein endothelial cells. *vs untreated, P<0.05; #vs untreated without siRNA, P<0.05; #ys untreated with sip32, P<0.05.

attributable to the different polycationic structures of these
compounds, which accounts for their flexibility and hydration.
Because of the presence of 2 N atoms in the middle of the
molecule, SPM is the most flexible of the 3 polyamines and
has positive charges at fixed lengths along a conformationally
flexible carbon chain, which can bridge critical distances.®
As shown in MALDI-TOF analysis (Figure S2B), only SPM
could bind to p32, at the ratio of 1:1. These SPM properties
may affect the Ca®*-binding capacity of p32 (Figure S2F and
S2G). Fluorescence immunoassay (Figure S8) showed that
only rhodamine B-tagged SPM bound to p32, with a
dissociation constant (Ky) of 66.24+4.8 pmol/L. The high
Kq value may be attributed to rhodamine B tag conjugated to
one of the SPM amino groups. We also found that urea, a
product of arginase reaction, had no effect on the Ca®'-
binding capacity of p32. The second mechanism is involved
in the association of the arginase Il protein level with p32
protein level observed in HUVECs treated with siArgll
(Figure 5B) and in the aortas of Argll™/~ mice (Figure 5C),
however, treatment of HUVECs with ABH and L-Arg had no

effect on p32 protein level (Figure S4A and S4B). In the
aortas of Argll™/~ mice, L-Arg and SPM concentrations were
not changed (Figure 5D), however, decreased p32 expres-
sion, increased [Ca®‘Ic, and increased eNOS Ser117 phos-
phorylation were observed. Furthermore, p32 protein level
did not effect on arginase Il protein level (Figure S4C) or
arginase activity (Figure S4D). Therefore, these results
suggested that arginase Il protein may be involved in the
regulation of p32 protein stability without affecting on
protein synthesis because siArgll did not downregulated
HSP60 protein level (Figure 5B) and siArgll did not also have
an effect on mRNA level of p32 in quantitative real-time PCR
(gQRT-PCR) analysis. The regulation of p32 level apparently
differs between humans and mice. In mice, increased
arginase activity without a change of protein abundance?
showed increased p32 level (Figure 7A and 7B). However, in
HUVECs, arginase Il protein level, not activity, was associated
with p32 level (Figure S4A and S4C). Additionally, the half-life
of p32 was =6 hours in cycloheximide-treated HUVECs.
Therefore, arginase Il plays an important role in mediating
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bar graph (n=15 to 16 images from 4 different experiments). D, siRNA-treated HUVECs were incubated with SPM (100 pmol/L, 1 hour) and
phosphorylation of CaMKIl and eNOS was analyzed using Western blotting. The band intensities are shown as bar graphs (n=3 different
experiments). CaMKIl indicates Ca2+/caImodulin—dependent protein kinase Il; HUVECs, human umbilical vein endothelial cells; eNOS,
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intracellular [Ca?"] between mitochondria and cytosol
through a p32-dependent mechanism.

p32 has both mitochondrial and non-mitochondrial localiza-
tion, although p32 predominantly targets to mitochondria with
an N-terminal mitochondria-targeting sequence.?® In this study,
we have fractionated the cell lysate into mitochondria and
cytosol and found that p32 was abundantly presented in the
mitochondria. Interestingly, downregulation of [p32]m using
sip32-targeting mitochondria-targeting sequence (Figure 3A)
and upregulation of [p32]m in ApoE~/~ mice fed an HCD
(Figure 7B) showed decreased and increased [p32]c, respec-
tively. These results suggest that [p32]c can be released from
mitochondrial p32 during mitochondrial events. p32 silencing
enhanced mitochondrial fission and the loss of mitochondrial
fusion with the loss of detectable levels of Mfn1/2 proteins.34
Additionally, the difference in molecular weight of p32 observed
in Western blot and MALDI-TOF mass spectrometry analysis is
probably because of glycosylation and strong charges.>®

In the present study, we report a novel function of p32 in a
Ca**-dependent eNOS regulation of ECs. Although how p32
regulates Ca®" levels between cytosol and mitochondria
remains unknown, we suggest several plausible explanations.

First, p32 may regulate Ca" level if p32 directly forms a Ca**
channel and a pore-like homotrimer,?? indicating a plausible
candidate for a permeability transition pore (PTP) channel.®®
Second, p32 may function as a mitochondrial Ca®*-storage
protein (Figure S2F). Further studies are necessary to test
this hypothesis because currently we cannot explain why
sip32 elicited an increase in [Ca’*]c and CaMKIl-dependent
eNOS phosphorylation even though [p32]c was decreased.
Third, released Ca®" from p32 may activate the other Ca®"
channels in the mitochondria. We designed siRNA against
the mitochondrial  Ca®"  uniporter (accession  No.
NM_138357), however, the siRNA had no effect on [Ca®’]
m caused by arginase inhibition. In addition, siRNA knock-
down of cyclophilin D, a prominent mediator of the
mitochondrial permeability transition pore, did not show
any effect on SPM-induced increase in [Ca®"]m. Finally, we
cannot exclude out the possibility that p32 in the cytosol
may also act as a regulator of [Ca®'lc.

Arginase activation was associated with increased [Ca®*]m
(Figure 7D), and arginase inhibition reversely enhanced
increased [Ca®']c (Figure 1C and 1D) that was not from
extracellular Ca®* (Figure S1). The central role of cellular Ca®*
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Figure 5. Arginase Il inhibition reduced SPM level, and siArgll and gene knockout decreased p32 protein
level. A, Intracellular SPM amounts were measured using HPLC in siRNA (siArgll and scmRNA)- and ABH-
treated HUVECs., n=3 independent experiments. B, siArgll (100 nmol/L) were incubated with HUVECs for
24 hours, and p32 level was detected in both mitochondria and cytosol fractions using Western blot
analysis. Detection of arginase Il was used as a control for siArgll treatment (n=4 independent
experiments). C, Aortas of WT and Argll~/~ mice were isolated, and mitochondria and cytosol fractions
were separated. P32 and arginase Il expression levels were detected (n=4 independent experiments from 4
mice). D, Aortic lysates from WT and Argll™~ mice were analyzed using HPLC to L-Arg and SPM. ns, non-
significant, n=4 independent experiments from 4 mice. HPLC indicates high performance liquid
chromatography; HUVECs, human umbilical vein endothelial cells; siRNA, small interfering RNA; SPM,

spermine; WT, wild-type. *vs WT, P<0.01.

homeostasis is controlled by the endoplasmic reticulum (ER),
and mitochondria. First, mitochondrial ca?* uptake can
activate several dehydrogenases (pyruvate dehydrogenase,
isocitrate dehydrogenase, and o-ketoglutarate dehydroge-
nase) in the matrix and elevate the respiration rate and ATP
production.>”  Consistently, arginase inhibition and sip32
treatment reduced intracellular ATP level (Figure S9). How-
ever, a prolonged increase in [Ca®"]m can induce mitochon-
drial swelling, cytochrome C release, and apoptotic cell
death.®® In addition to altering the mitochondrial activity,
increased [Ca®']c played an important role in eNOS activation
through CaM and CaMKIl in vascular ECs. CaM binds to a
CaM-binding motif that inhibits Thr495 phosphorylation and
then facilitates NADPH-dependent electron flow from the

reductase domain to the oxygenase domain by displacing an
adjacent autoinhibitory loop of eNOS. CaMKIl mediates
Ser1177 phosphorylation in the reductase domain, and then
NO production is increased by enhancing the electron flux
through the reductase domain.®” Therefore, arginase activity
adjusts the phosphorylation of 2 important amino acids,
Ser1177 and Thr495, when eNOS is activated through a Ca®*-
dependent mechanism.

NO generated by eNOS increases mitochondrial biogenesis
and enhances respiration and ATP content.*® Reciprocally,
arginase inhibition increased NO production, and L-Arg
supplementation increased [Ca®‘]c (Figure 4A). Therefore,
we investigated the effect of arginase inhibition on [Ca®*]m in
eNOS™/~ mice to clearly demonstrate arginase inhibition
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Figure 6. sip32-induced NO-dependent vasorelaxation in the aortas of WT mice. A, Aortic segments from WT mice were incubated with
siRNA (final concentration,100 nmol/L) for 24 hours. p32 level was detected using Western blot analysis after mitochondrial fractionation
(n=4 independent experiments from 4 mice). B, Aortas of WT mice were treated with siRNA, and proteins phosphorylation was analyzed
using Western blotting (n=3 independent experiments from 3 mice). NO production (C) and ROS generation (D) were measured as time-
dependent changes in DAF (4-amino-5-methylamino-2',7'-difluorofluorescein) and DHE (dihydroethidine) fluorescence intensities, respec-
tively. The slopes were defined as the change in fluorescence intensity, and relative slopes are presented as a bar graph. siRNA and ABH
(2(S)-amino-6-boronohexanoic acid) were incubated with aortas for 24 hours. NG-nitro-L-arginine methyl ester (100 pumol/L) was used as a
control (n=8 aortic segments from 4 mice). Endothelium-dependent vasorelaxation responses to A (E), endothelium-independent relaxation
responses to SNP (F), and contractile responses to PE (G) were determined using siRNA-treated aortas (n=8 aortas from 4 mice). NO

indicates nitric oxide; ROS, reactive oxygen species; siRNA, small interfering RNA; WT, wild-type. *vs untreated, P<0.01.

effects. As shown in Figure S3, arginase inhibition with ABH-
induced CaMKII phosphorylation, and arginase Il and mito-
chondrial p32 expressions were significantly augmented (A
and B). Consistent with previous results, [Ca%‘]Jm in ECs from
eNOS ™/~ mice was increased compared with that of WT mice,
which was reduced by the arginase inhibitor, ABH, comparable
to ECs from Argll™/~ mice (C). Therefore, Ca**/CaMKIl/
eNOS axis phosphorylation caused by arginase inhibition was
attributed not to increase NO production, but to arginase-
dependent p32 regulation.

Uncoupled eNOS is an important ROS-producing enzyme
contributing to atherogenesis in HCD-fed ApoE™/~ mice. As
shown in Figure S10, increased ROS production in HCD-fed
ApoE™/~ mice was attenuated with treatment of NG-nitro-L-
arginine methyl ester, ABH, sip32, and diphenyleneiodonium
(DPI, NADPH oxidase inhibitor). These data indicate that
NADPH oxidase and uncoupled eNOS are major sources for
ROS production in atherogenesis. Several mechanisms have
been implicated in eNOS uncoupling under pathophysiological
conditions, including: (1) L-arginine depletion; (2) cofactor

depletion; (3) altered eNOS phosphorylation; and (4) protein-
protein interactions among Ca2+/calmodulin, caveolin, and
HSP90.

Our results indicate that arginase ll-dependent p32 activity
in endothelial mitochondria can modulate the intracellular
concentrations of ROS, NO and Ca2+, which are responsible
for endothelial function. Therefore, herein, we present a novel
mechanism showing that arginase Il can modulate mitochon-
drial function associated with endothelial function through
p32—dependent Ca®" regulation by two mechanisms, one
dependent on L-Arg and the other associated with p32.

In conclusion, p32 activity regulated by arginase Il, SPM
concentration, and p32 expression, altered [Ca?'] in both
mitochondria and cytosol. Downregulation of arginase Il and
p32 enhanced the Ca?"/CaMKIl/eNOS axis, and sip32
restored endothelial dysfunction in ApoE /" mice fed an
HCD. These results underly a novel mechanism for arginase—
dependent constriction of eNOS activity. In this study, p32
was identified as a new therapeutic target for vascular
disorders such as atherosclerosis in which NO production was
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Figure 7. Increased mitochondrial p32 level in the aortas of ApoE /~ mice fed an HCD showed increased [Ca?‘]m and decreased [Ca®*]c
that was reversed by sip32. A, WT and ApoE~/~ mice were fed an ND and HCD, and arginase activities were measured in isolated aortas (n=3
experiments from 3 mice). B, Mitochondria were fractionated from cytosol with aortic tissue, and p32 level was determined. Relative p32 levels
are shown as a bar graph (n=4 experiments from 4 mice). C, Aortic intracellular L-Arg and SPM levels were analyzed using HPLC and are
presented as relative amounts (n=4 experiments from 4 mice). D, Aortic endothelial cells were isolated from WT and ApoE ™/~ mice fed an ND
and HCD and stained with Fluo-4 AM (top) and Rhod-2 AM (bottom) to determine [Ca®*]c and [Ca®*]m, respectively. Fluorescence intensities
are presented as a bar graph (n=15 images from 3 mice). E, WT and ApoE~/~ mice were fed an ND and HCD and siRNAs were administered by
intravenous injection 5 times before the experiment. The p32 protein level was determined after mitochondrial fractionation (n=3 experiments
from 3 mice). F, Protein phosphorylation was analyzed using Western blotting (n=4 experiments from 4 mice). NO (G) and ROS (H) production
in aortic endothelia was determined using DAF and DHE fluorescence dyes, and the slopes are presented as a bar graph (n=6 experiments
from 3 mice). I, Vasodilator dose responses to Ach and SNP (inset) in the aortas of WT+ND and ApoE/ +HCD injected with siRNAs were
determined (n=12 from 3 mice). J, Dose-response effects of PE on vascular constriction were then determined (n=12 from 3 mice). DAF
indicates 4-amino-5-methylamino-2’,7’-difluorofluorescein; DHE, dihydroethidine; HCD, high cholesterol diet; HPLC, high performance liquid
chromatography; ND, normal diet; ROS, reactive oxygen species; siRNA, small interfering RNA; sip32, siRNA against p32; SPM, spermine; WT,
wild-type.*vs WT+ND, P<0.01; **vs WT+ND with SPM,; ##ApoE’/’+HCD vs ApoE ™/ ~+HCD+sip32, P<0.01.

interrupted and injurious ROS generation was promoted by (2015M3A9B6066968 and 2016M3A9B6903185 to Ryoo,

endothelial dysfunction. 2014R1A6A1029617 to Jeon).
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Figure S1. BAPTA-AM, not EGTA, blocked the increase in [Ca?']c induced by arginase inhibition.
HUVECSs were incubated with intracellular and extracellular Ca2*-chelating agents, BAPTA-AM (10 umol/L, 30
min) (A) and EGTA (10 pmol/L, 30 min) (B), respectively. Cells were treated with the arginase inhibitor ABH
and stained with Fluo-4 AM (1 mol/LM, 1 h). Fluorescence intensity was analyzed using FACS and presented
as bar graphs. * vs. untreated control, p<0.01; # vs. ABH, p<0.01. ns, non-significant to ABH; n=4 independent
experiments. HUVECs, human umbilical vein endothelial cells, BAPTA-AM, 1,2-Bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid tetrakis(acetoxymethyl ester), EGTA, 3,12-bis(carboxymethyl)-6,9-dioxa-3,12-
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Figure S2. Spermine (SPM) interacted with p32 and blocked Ca?* binding capacity of p32.

sip32 prevented SPM-induced increase in [Ca?*]m (A). * vs. untreated, p<0.01; # vs. SPM, p<0.01, n=4 independent experiments. To confirm the direct interaction
between p32 and SPM, MALDI-TOF analysis was performed. The molecular weight (MW) of p32 was increased only in SPM-treated p32 (B), n=3 independent
experiments. (C) Western blot analysis was performed to determine the MW of p32 because the MW of p32 was low in MALDI-TOF analysis. The data indicated that
the MW of p32 is 32 kDa (n=2 experiments). SPM-induced increase in [Ca?*]m was prevented with BAPTA-AM (10 ymol/L, 30 min) (D), but not with EGTA (E, 10
pmol/L, 30 min). * vs. untreated, p<0.01; # vs. SPM, p<0.01, ns, not significant to SPM, n=3 independent experiments. lon chromatography was performed to
determine the binding capacity of p32 to Ca?* ions (Methods section). SPM preincubation inhibited dose-dependent Ca?* binding to p32. Representative
chromatogram (F) and Ca?* concentration in filtrate (free Ca2*) are shown as a bar graph (G). * vs. Ca?* only, p<0.01; # vs. p32+Ca?*, p<0.01, n=3 independent
experiments. sip32, small interfering RNA against p32, MALDI-TOF, matrix-assisted laser desorption ionization time of flight, [Ca?*]m, mitochondrial Ca?* level.
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Figure S3. NO from eNOS did not affect the decreased [Ca?*]m caused by arginase Il inhibition.

Aortas from age-matched WT and eNOS KO mice were treated with the arginase inhibitor ABH (10 umol/L, 1
h). Arginase inhibition induced CaMKIl phosphorylation in these mice (A). * vs. untreated, p<0.01. n=3
independent experiments from 3 mice. Expression of (p32)m and arginase Il was increased in eNOS KO mice
(B) * vs. WT, p<0.01. n=3 independent experiments from 3 mice. [Ca2*]m was estimated with Rhod-2 AM in
aortic endothelial cells isolated from the mice. Arginase inhibition decreased [Ca2*]m in both WT and eNOS
KO mice (C). * vs. untreated WT, p<0.05; # vs. untreated eNOS KO, p<0.01. The basal level of [Ca2*]m in
eNOS KO mice was clearly higher than in WT. ** vs. untreated WT, p<0.05. Fluorescence intensity of Rhod-2
AM is shown as a graph. n=15-16 images from 3 independent experiments. eNOS, endothelial nitric oxide
synthase, CaMKIl, CaZ* /calmodulin-dependent protein kinase Il, KO, knock-out, Rhod-2 AM, 9-[4-[Bis|[2-
[(acetyloxy)methoxy]-2-oxoethyllamino]-3-[2-[2-[bis[2-[(acetyloxy)methoxy]-2-oxoethyllamino]-5-
methylphenoxy]ethoxy]phenyl]-3,6-bis(dimethylamino)xanthylium bromide, WT, wild type.
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Figure S4. Arginase inhibition and L-Arg supplement had no effect on p32 protein level, and sip32 was not associated
with arginase Il expression and activity.

The arginase inhibitor ABH (A) and substrate L-Arg (B) were incubated with HUVECS for different time periods, and p32 protein
expression was examined using western blot analysis after mitochondrial fractionation. HUVECSs treated with sip32 were
analyzed for arginase Il expression (C) and arginase activity (D). n=3 independent experiments. L-Arg, L-arginine.
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Figure S5. Arginase Il inhibition decreased [SPM] and increased [L-Arg].

Arginase inhibition with ABH (10 pmol/L) and siArgll significantly decreased intracellular [SPM] (A).
Conversely, L-Arg concentration was increased by arginase inhibition (B). Representative HPLC
chromatogram of polyamine (A) and L-Arg analysis (B). n=3 independent experiments. SPM, spermine,
L-Arg, L-arginine, HPLC, high Performance Liquid chromatography.
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Figure S6. [p32]m was not changed in aortas of ApoE” mice fed an ND, and oxLDL stimulation induced p32 expression.
p32 expression in aortic vessels from age-matched WT and ApoE~"- mice fed an ND was not different (A), but oxLDL stimulated
p32 expression in aortas of WT mice (B). * vs. 0 h, p<0.05, n=3 independent experiments. ND, normal diet, OXLDL, oxidized low-
density lipoprotein, WT, wild type, ApoE", ApoE-null mice.
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Figure S7. sip32 integrated into aortic vessel.
Cy-5-tagged siRNAs were administered by intravenous
injection. Aortic vessels were cryosectioned and imaged to
Cy-5 fluorescence. Arrows indicates endothelia. n= 3 mice.
SiRNA, small interfering RNA.
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Figure S8. Interaction of p32 with SPM based on fluorescence immunoassay. Rhodamine B (r)-tagged polyamine was incubated with p32-coated
and untreated wells. Rhodamine B-tagged SPM (r/SPM) bound to p32 (A). To examine the binding efficiency of SPM to p32, different concentrations of
r/ISPM were incubated with p32, and K, value was 66.2 + 4.8 pmol/L (B). n=3 independent experiments. SPM, spermine, r/'SPM, rhodamine B-tagged
spermine.
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Figure S9. Arginase inhibition and sip32 treatment reduced intracellular ATP level. (A) Arginase inhibition with ABH
during different time points decreased ATP content in HUVECSs. (B) siArgll and sip32 decreased ATP level in HUVECs. (C)
ATP level was decreased by incubating with sip32 in aortas of WT mice and lower ATP concentration was observed in
aortas of Argll”- mice. * vs. untreated control, p<0.05, n=3 experiments. siArgll, sSiRNA against arginase I, Argll”-, arginase II-
null mice
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Figure S10. eNOS and NADPH oxidase were responsible for ROS production in aortas of ApoE” mice fed HCD. (A)
Aortic vessels were sectioned and stained with DHE. (B) The fluorescence intensity of DHE were presented as bar graph.
eNOS inhibitor (L-NAME), arginase inhibitor (ABH), sip32, and, NADPH oxidase inhibitor (diphenyleneiodonium, DPI)
blocked ROS production. * vs. untreated control, p<0.01; # vs. ApoE”+HCD, p<0.01, n=3 experiments. (C) Real-time
measurement of ROS production using DHE in aortic endothelia showed the same results as presented at histological assay.
* vs. untreated control, p<0.01, n=3 experiments. ROS, reactive oxygen species, DHE, dihydroethidium, HCD, high fat diet,
L-NAME, N»-Nitro-L-arginine methyl ester hydrochloride.



