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Summary

The enzyme endothelial nitric oxide synthase (eNOS)
catalyzes the conversion of arginine, oxygen and NADPH
to NO and citrulline. Previous results suggest an efficient,
compartmentalized system for recycling of citrulline to
arginine utilized for NO production. In support of this
hypothesis, the recycling enzymes, argininosuccinate
synthase (AS) and argininosuccinate lyase (AL), have
been shown to colocalize with eNOS in caveolae, a

function of endothelial AS and AL, endothelial AS mRNA
was compared with liver AS mRNA. No differences were
found in the coding region of the mRNA species, but
significant differences were found in the Buntranslated
region (8-UTR). The results of these studies suggest that
sequence in the endothelial AS-encoding gene, represented
by position —92nt to —43nt from the translation start site

in the extended AS mRNA 5UTRs, plays an important

subcompartment of the plasma membrane. Under
unstimulated conditions, the degree of recycling is
minimal. Upon stimulation of NO production by
bradykinin, however, recycling is co-stimulated to the
extent that more than 80% of the citrulline produced is
recycled to arginine. These results suggest an efficient
caveolar recycling complex that supports the receptor-
mediated stimulation of endothelial NO production. To
investigate the molecular basis for the unique location and

role in differential and tissue-specific expression. Overall,
a strong evidential case has been developed supporting the
proposal that arginine availability, governed by a
caveolar-localized arginine regeneration system, plays a
key role in receptor-mediated endothelial NO production.
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Introduction

Endothelial nitric oxide synthase (eNOS), the enzyme thawith the important physiological roles of eNOS, the enzyme
catalyzes the production of NO from the amino acid arginin@ppears to be subject to multiple modes of regulation, in
in endothelial cells, plays a key role in vasoregulation asddition to primary regulation through reversible Ca—Cam
well as in other important physiological processes suclinding and activation. These include reversible
as angiogenesis. Impaired production of endothelial N@hosphorylation and palmitoylation, substrate and cofactor
has been associated with hypertension, heart failurgvailability, dimerization of enzyme subunits, intracellular
hypercholesterolemia, atherosclerosis and diabetes (Govedranslocation and protein—protein interactions (Govers and
and Rabelink, 2001; Vallance and Chan, 2001; MaxwellRabelink, 2001). Several of these potential modes of regulation
2002). Circulating effectors, such as bradykinin, bind toappear to be interrelated. As a component of caveolae, a
receptors on the luminal surface of endothelial cells, signalingubcompartment of the plasma membrane that serves to
the transient release of NO to the adjacent smooth muscle lays¥quester proteins involved in cell signaling, eNOS may
and resulting in relaxation of the vessel wall. transiently interact with several different caveolar components.

The signal for eNOS activation is a transient increase iRrevious work from several different laboratories has
intracellular calcium, which activates the enzyme througtsuggested that a diverse group of proteins, including
binding of a calcium—calmodulin complex (Ca—Cam).calmodulin, caveolin-1, bradykinin B2 receptor, heat shock
Endothelial NOS activation also occurs in response to shearotein 90, argininosuccinate synthase (AS), argininosuccinate
stress (Govers and Rabelink, 2001; Maxwell, 2002). Consistefytase (AL), Raf-1, Akt, extracellular signal-related kinase,
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eNOS interacting protein, eNOS traffic inducer andthese infants decreased to near normal levels, suggesting a
unidentified tyrosine-phosphorylated proteins (Hellermanreritical role for arginine regeneration in the regulation of
et al.,, 2000; Govers and Rabelink, 2001; Maxwell, 2002systemic blood pressure. More recent evidence from DNA
Nedvetsky et al., 2002), may be transiently and functionallynicroarray analysis suggests an important role for the arginine
associated with eNOS. regeneration system by clearly demonstrating significant and
A potential limiting factor for endothelial NO production is coordinate upregulation of AS-encoding gene expression in
the availability of the substrate, arginine. Intracellular levels ofesponse to shear stress stimulation of endothelial NO
arginine have been estimated to range from@6l1-1 to  production (McCormick et al., 2001). It was concluded that
800umol I-1, which is well above th&m value of Sumol -1 available arginine is a prerequisite for NO production and that
for eNOS (Harrison, 1997). Endothelial NO production canjn the absence of synthesis of additional eNOS, shear stress-
nonetheless, be stimulated by exogenous arginine (Vallanéeduced increases in NO synthesis depend on an increase in
and Chan, 2001). This phenomenon, termed the ‘arginingynthesis of arginine from citrulline through increased AS
paradox’, suggests the existence of a separate pool of arginiegpression. Although supplemental arginine can be beneficial
directed to endothelial NO synthesis. As illustrated in Ejg. in some cases (Wu and Meininger, 2002), in other cases it may
arginine has a number of metabolic roles in addition to NQead to adverse effects owing to the multiple metabolic roles
production, including production of major metabolites such asf arginine (Chen et al., 2003; Loscalzo, 2003).
urea, polyamines, creatine, ornithine and methylarginine Recent work further supports the hypothesis that the arginine
derivatives. The observed stimulation of endothelial NOregeneration system, comprised of a caveolar complex that
production by exogenous arginine suggests that the arginimecludes eNOS, AS and AL, plays an important, and most
directed to NO production may be segregated from bulkikely essential, role in the receptor-mediated production of NO
cellular arginine utilized for these other metabolic roles. by vascular endothelial cells.
One possible site of control is at the level of arginine uptake.
McDonald et al. (1997) showed that the CAT1 transporter,
responsible for 60-80% of total carrier-mediated arginineEffects of exogenous arginine and citrulline on endothelial
transport into endothelial cells, colocalizes with eNOS in NO production
caveolae. They proposed that the arginine utilized by eNOS Endothelial NOS is localized in plasmalemmal caveolae.
might, at least in part, be maintained by the CAT1 transporteithe localization of eNOS in this signaling subcompartment of
Another important mechanism for controlling the availabilitythe plasma membrane may have important implications with
of arginine directed to NO production may be the regeneratioregard to the regulation and catalytic efficiency of eNOS
of arginine from the other product of the eNOS-catalyzedEverson and Smart, 2001; Shaul, 2002). We have recently
reaction, citrulline. Hecker et al. (1990) initially demonstratedfound evidence for an efficient cycling of citrulline to arginine,
that citrulline, produced in the conversion of arginine to NOyaising the possibility of a channeling complex of eNOS and
can be recycled to arginine. A possible link between NQhe enzymes of the citrulline—arginine cycle (AS and AL)
production and arginine regeneration from citrulline wadocalized in caveolae. Our initial research effort that led to this
subsequently established for other cell types (Nussler et afinding was designed to test the hypothesis that an intracellular
1994, Shuttleworth et al., 1995). This regeneration is catalyzgohthway exists for the generation of methylarginines to
by the enzymes AS and AL, both of which also play arregulate NO production in nitric oxide-producing tissues. The
essential role in the urea cycle in liver. The potentiagoal of this initial work was to determine the physiological
importance of this regeneration system for endothelial NGignificance of intracellular methylarginines as regulators
production was supported by a report of two infants with af NOS activity. To examine the levels of endogenous
deficiency of AL who were shown to be hypertensive (Faklemethylarginines, we developed methods that allowed for the
et al., 1995). Upon infusion of arginine, the blood pressure afapid and quantitative analysis (by HPLC) of arginine,
citrulline and the methylarginines from endothelial cell
extracts. There was no apparent change in levels of
J‘J‘ methylarginines following stimulation of endothelial cells with

[Agmetine+ CO, | <—= —> [Ciruline+ No|  €ither bradykinin or the calcium ionophore A23187. In an

attempt to raise intracellular methylarginine levels, and further
J N test our hypothesis, we added citrulline, which we expected to
inhibit dimethylarginine dimethylaminohydrolase, the enzyme
| N-methylarginines| \ that convertsNG-methylarginine orNG NG-dimethylarginine
: ‘ Creatine+ornithine\ to citruline and monomethylamine or dimethylamine,
respectively. The objective was to determine whether
Fig.1. Metabolic roles and fates of arginine. In addition toinhibition of the degradation of methylarginines would
incorporation into protein, arginine serves as a metabolic precurséicrease their intracellular concentrations and thereby inhibit

for several important metabolites, as indicated by the arrows. AlsblO production. To our surprise, stimulation of NO production
indicated is the two-step conversion of citrulline to arginine. by bradykinin was increased by the addition of citrulline, rather
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than decreased, and there was no apparent change ahurea (Cohen and Kuda, 1996). To test the model for a
methylarginine levels. To further examine the molecular basisolocalization of AS and AL with eNOS, we used two different
for the stimulation of NO production by citrulline, we fractionation protocols for the purification of caveolae (Smart
compared the effect of exogenous citrulline with the effecet al., 1995; Song et al., 1996). Both protocols generated a
of exogenous arginine on NO production and levels otaveolar membrane fraction that was highly enriched in
intracellular arginine following bradykinin activation. caveolin-1, eNOS, AS and AL (Flam et al., 2001). These results
Surprisingly, added arginine did not cause as great an increasgpport the proposal that a separate pool of arginine, directed
in endothelial NO production as did added citrulline. Into NO synthesis, is effectively separated from the bulk of
addition, there was a much larger increase in intracellulantracellular arginine through the functional localization of
arginine in response to exogenous arginine compared witirginine regeneration enzymes and eNOS with plasmalemmal
exogenous citrulline. Added citrulline caused only a modestaveolae. A possible consequence of this functional association
increase in intracellular arginine, while added arginine causedould be the channeling of intermediates through AS, AL and
a substantial increase. Thus, there appeared to be no correlat@eMOS such that intermediates of the complex would not
between total intracellular arginine levels and endothelial N@quilibrate with bulk intracellular arginine.
production. To the best of our knowledge, this represents the
first attempt to correlate NO production with the levels of
intracellular arginine. Furthermore, the effects of arginine and Degree of recycling
citrulline on NO production appeared to be synergistic, since Cellular activity of eNOS has been estimated by measuring
a combination of arginine and citrulline stimulated endotheliathe rate of conversion oftijarginine to fH]citrulline (Hardy
NO production more than did either arginine or citrulline aloneand May, 2002). If recycling of citrulline to arginine is tightly
(Flam et al., 2001). Since arginine has a number of potentiabupled to NO production, this measurement would
metabolic fates, while citrulline has only one known metabolizinderestimate the cellular activity of eNOS. Estimating
fate (Fig.1), the efficiency of NO production could be cellular activity of eNOS by measuring rate of production of
enhanced if a separate pool of arginine is maintained b)MO (as the degradation product nitrite), on the other hand,
endothelial cells. Recycling the product of the NOS-catalyzedhould give a better estimate of cellular activity of eNOS. To
reaction, citrulline, back to arginimga the enzymes of the test this hypothesis, and to estimate the degree of recycling of
arginine regeneration system, AS and AL, would maintain thisitrulline to arginine, we simultaneously measured the apparent
separate pool. The pool of arginine used for NO synthesimte of arginine-to-citrulline conversion and the rate of
would be essentially isolated from the bulk of intracellularproduction of NO under both unstimulated and stimulated
arginine through the efficient operation of an arginine(addition of bradykinin) conditions. The ratio of these activities
regeneration system. The apparent efficiency of thevas close to one under unstimulated conditions. An increase
process suggests a channeling of intermediates and im the ratio of NO produced to citrulline produced was
compartmentalized complex of eNOS and enzymes of thapproximately eight upon exposure of endothelial cells to
arginine regeneration system. These results further supportagonist (B. R. Flam, D. C. Eichler and L. P. Solomonson,
model in which eNOS is localized together with this arginineunpublished), indicating that recycling and NO production
regenerating system, and regulatory components, to ensusmere costimulated. These preliminary results suggest an
optimal efficiency of NO production and regulation without efficient caveolar complex for the regeneration of arginine
affecting other arginine-dependent cellular processes. directed to receptor-mediated production of NO in endothelial
cells and an efficiency of greater than 80% for the recycling of
citrulline to arginine under conditions of maximum stimulation
Caveolar localization of arginine regeneration enzymes  of NO production. Although recycling of citrulline to arginine
with eNOS has been assumed to be important for conservation and
Endothelial NOS is targeted by acylation to caveolae, wherefficient utilization of arginine, the degree of recycling relative
it interacts with caveolin-1 (Everson and Smart, 2001; Shautp NO production has not, to the best of our knowledge, been
2002). In liver cells, the arginine-generating enzymes AS anduantified. Our results suggest that this recycling, especially
AL are associated with the outer mitochondrial membranajnder stimulated conditions, may play a more important role
reflecting the functional role of these enzymes in the productiom endothelial NO production than previously recognized.

92nt5'-UTR 66nt5-UTR

CCCUGCCCCCCGGCCCCGAG CUUAUA ACCCGGGAU GCGCGCCGAAAC
Fig.2. Novel 5 untranslated )
regions (UTRs) of endothelial 43nt5'-UTR START

argininosuccinate synthase *
MRNA. CCG CCCUGCUCCGCCGACUGCUGCCGCCGCUGGUCA CCCGUCACG AUG UCC GGC...
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Molecular basis for functional role and location of enriched in G+C content (approximately 76%) and were likely
endothelial AS to form complex and stable secondary structures. An upstream
In liver tissue, AS plays an essential role in urea synthesigpen reading frame (UORF) that was out-of-frame with the AS
and appears to be associated with the outer mitochondrislRNA AUG start codon was detected in then@&nd 9t 5-
membrane (Cohen and Kuda, 1996). By contrast, endothelibiTRs. RNase protection analysis (RPA) and real-time reverse
AS appears to be the rate-limiting enzyme in the recycling afanscriptase-PCR (RT-PCR) verified and quantified the
citrulline to arginine used for NO synthesis and is localized imifferential expression of the extendéd &R species relative
caveolae (Flam et al., 2001). Immunoblotting experimentso the major 43t 5-UTR AS mRNA. Estimates from RPA of
suggested small differences in subunit molecular masses atite amount of the 92t and 6t species, relative to the 48
isoelectric points of endothelial AS compared with liverspecies, were approximately 15% and 13%, respectively.
AS (B. R. Flam, D. C. Eichler and L. P. Solomonson, Features of MRNA UTRs, specifically uORFs, are regarded
unpublished). We speculated that these differences could las important determinants of translational efficiency and may
due to a splice variant, but analysis of the coding sequence love important biological implications for the regulation of
AS mRNA indicated no differences between the mRNA frontranslation. We therefore designed experiments to determine
endothelial cells and liver (Pendleton et al., 2002). Becaude what extent the various-8TRs of AS mRNA influenced
upstream and downstream untranslated regions (UTRs) tfanslation. Translational efficiencies for the riéand 9nt
MRNA can influence regulation of gene expression, we carriedlS 5-UTR constructs were 70% and 25%, respectively, of the
out both 5RACE (rapid amplification of cDNA ends) ant 3 translational efficiency for the 4% 5-UTR AS mRNA.
RACE analysis to investigate possible differences in the UTRSequential deletions, starting with thet&minus of the 9at
We found AS mRNA species with three different length 5 5-UTR construct, resulted in a corresponding increase in
UTRs in endothelial cells (Fig). Only one of these products, translational efficiency, but the most pronounced effect
the shortest'SUTR of 43nt, was quantitatively expressed in resulted from mutation of the uORF, which restored
liver. No significant variation was found in the 3TR. The translational efficiency to that observed with tha#3pecies.
5'-RACE analysis identified endothelial AS mRNA speciesWhen the different AS mRNA'8JTRs, cloned in front of a
with extended 5UTRs of 66nt and 9t, in addition to a luciferase reporter gene, were transfected into endothelial
major 43nt 5-UTR AS mRNA (Fig.2). Compositional cells, the pattern of luciferase expression was nearly identical
analysis revealed that all three AS MRNAWIRs were to that observed for the different-BTR AS mRNAs in
endothelial cells. These results suggest
that a  complex transcriptional/
translational infrastructure exists to
coordinate AS expression and NO
production (Pendleton et al., 2002).

Aspartate

o

Model for coupling of arginine
regeneration to endothelial NO
production
A model depicting our view of the
coupling of arginine regeneration to

NO Argininosucclate

synthase

Nitric exide - . endothelial NO production through the

synthase Argininosuccinate compartmentalized complex of AS, AL
and eNOS is shown in Fi§. This

Argininosuccine Fumarate coupling may be largely ‘disengaged’

under unstimulated conditions but is
‘engaged’ and tightly coupled in response
to agonists such as bradykinin. The
molecular determinants and mechanisms
involved in this coupling are not fully

understood at this time. Based on our
studies, and evidence from other labs, we
believe the coupling of arginine

regeneration to endothelial NO production

Fig. 3. Model for the coupling of endothelial NO production to the regeneration of tH& important for the overall regulation of
substrate, arginine, from the product, citrulline. Shown is the CAT1 transporter involvedgfdothelial NO production and may
arginine transport and the complex of argininosuccinate synthase and argininosuccibgte essential for agonist-stimulated
lyase with endothelial nitric oxide synthase. endothelium-dependent vasorelaxation.

lyase

Arginine



Arginine regeneration in endothelial NO producti@987

The work described here was supported by the Americalbscalzo, J. (2003). Adverse effects of supplementaarginine in
Heart Association National Grant 9750222N. American Heart atherosclerosis: consequences of methylation stress in a complex

- . - catabolism@Arterioscler. Thromb. Vasc. Bia3, 3-5.
Association Florida Affiliate Grant 9950864V and the Mary Maxwell, A. J. (2002). Mechanisms of dysfunction of the nitric oxide pathway

and Walter Traskiewicz Memorial Fund. in vascular diseasehlitric Oxide6, 101-124.
McCormick, S. M., Eskin, S. G., Mclntire, L. V., Teng, C. L., Lu, C. M.,
Russell, C. G. and Chittur, K. K. (2001). DNA microarray reveals changes
in gene expression of shear stressed human umbilical vein endothelial cells.
References Proc. Natl. Acad. Sci. US88, 8955-8960.

Chen, J., Kuhlencordt, P., Urano, F., Ichinose, H., Astern, J. and Huang, McDonald, K. K., Zharikov, S., Block, E. R. and Kilberg, M. S.(1997). A
P. L. (2003). Effects of chronic treatment with |-arginine on atherosclerosis caveolar complex between the cationic amino acid transporter 1 and
in apoE knockout and apoE/inducible NO synthase double-knockout mice. endothelial nitric-oxide synthase may explain the ‘arginine paradoRiol.
Arterioscler. Thromb. Vasc. Biak3, 97-103. Chem.272, 31213-31216.

Cohen, N. S. and Kuda, A.(1996). Argininosuccinate synthetase and Nedvetsky, P. |., Sessa, W. C. and Schmidt, H. H. H. W2002). There’s
argininosuccinate lyase are localized around mitochondria: an NO binding like NOS binding: protein—protein interaction in NO/cGMP
immunocytochemical study. Cell. Biochem60, 334-340. signaling.Proc. Natl. Acad. Sci. US89, 16510-16512.

Everson, W. V. and Smart, E. J(2001). Influence of caveolin, cholesterol, Nussler, A. K., Biliar, T. R., Liu, Z. Z. and Morris, S. M. (1994).
and lipoproteins on nitric oxide synthase: implications for vascular disease. Coinduction of nitric oxide synthase and argininosuccinate synthase in a

Trends Cardiovasc. Med.l, 246-250. murine macrophage cell line. Implications for regulation of nitric oxide
Fakler, C. R. (1995). Two cases suggesting a role for itkerginine nitric production.J. Biol. Chem269, 1257-1261.

oxide pathway in neonatal blood pressure regulattata Paediatr.84, Pendleton, L. C., Goodwin, B. L., Flam, B. R., Solomonson, L. P. and

460-462. Eichler, D. C. (2002). Endothelial argininosuccinate synthase mRNA 5
Flam, B. R., Hartmann, P. J., Harrell-Booth, M., Solomonson, L. P. and UTR diversity: infrastructure for tissue specific expressibrBiol. Chem.

Eichler, D. C. (2001). Caveolar localization of arginine regeneration 277, 25363-25369.
enzymes, argininosuccinate synthase, and lyase, with endothelial nitri8haul, P. W.(2002). Regulation of endothelial nitric oxide synthase: location,

oxide synthaseNitric Oxide5, 187-197. location, locationAnnu. Rev. Physiob4, 749-774.
Govers, R. and Rabelink, T. J.(2001). Cellular regulation of endothelial Shuttleworth, C. W., Burns, A. J., Ward, S. M., O'Brien, W. E. and

nitric oxide synthaseAm. J. Physiol. Renal Physi@80, F193-F206. Sanders, K. M. (1995). Recycling of-citrulline to sustain nitric oxide-
Hardy, T. A. and May, J. M. (2002). Coordinate regulation eofarginine dependent enteric neurotransmissiseuroscienc&8, 1295-1304.

uptake and nitric oxide synthase activity in cultured endothelial ¢ebe Smart, E. J.,, Ying, Y. S., Mineo, C. and Anderson, R. G(1995). A

Radic. Biol. Med32, 121-131. detergent-free method for purifying caveolae membrane from tissue culture
Harrison, D. G. (1997). Cellular and molecular mechanisms of endothelial cells.Proc. Natl. Acad. Sci. US82, 10104-10108.

cell dysfunctionJ. Clin. Invest100, 2153-2157. Song, K. S,, Li, S., Okamoto, T., Quilliam, L. A., Sargiacomo, M. and

Hecker, M., Sessa, W. C., Harris, H. J., Anggard, E. E. and Vane, J. R. Lisanti, M. P. (1996). Co-purification and direct interaction of Ras with
(1990). The metabolism of-arginine and its significance for the caveolin, an integral membrane protein of caveolae microdomains.
biosynthesis of endothelium-derived relaxing factor: cultured endothelial Detergent-free purification of caveolae microdomaihsiol. Chem271,

cells recycla -citrulline toL-arginine.Proc. Natl. Acad. Sci. US&V, 8612- 9690-9697.
8616. Vallance, P. and Chan, N.(2001). Endothelial function and nitric oxide:
Hellermann, G. R., Flam, B. R., Eichler, D. C. and Solomonson, L. P. clinical relevanceHeart 85, 342-350.

(2000). Stimulation of receptor-mediated nitric oxide production byWu, G. Y. and Meininger, C. J.(2002). Regulation of nitric oxide synthesis
vanadateArterioscler. Thromb. Vasc. Bia20, 2045-2050. by dietary factorsAnnu. Rev. Nutr22, 61-86.



