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ABSTRACT

The contribution to citrulline biosynthesis from arginine deiminases, urea cycle enzymes or
nitric oxide synthases (NOS) in rat sheletal muscle was investigated. First. modifications 10 several
mcthods were made. It was verified that measuring towal protcin degradation by using proteins
prelabelicd with tritiatcd phenylalanine was sensitive and repeatable. An HPLC method for measuring
citrulline was improved. A correction factor for the amount of citrulline lost during acid hydrolysis (47%
in 24 hr) of proteins was determined. A cation exchange chromatography method was modified 10

citrulline/mg tissue/3 hr. This is an overestimate (27-32%) of synthesis since the amount of intracellular
free citrulline decreased during incubation. This was not significantly affecied by pretreating rats with
endotoxin or by incubation with a NOS inhibitor, NC-nitro-L-arginine methyl ester (L-NAME)
indicating that citrulline relcase can be compared between treatments. Citrulline release was not
significantly affected by i1 vivo endotoxin injection, trauma or by in vitro chiifibé W arginine, omithine,
or cycloheximide concentrations. The tyrosine:citrulline ratio was 2.8:1 is the mcwiiliffon media, and >
48:1 in muscle protein. These results are consistent with Ca**-depsetm =T ms siponsisient with
arginine deiminase, Ca**-independent NOS or urea cycle synthess: = .ammbive  Wier sMact muscles
were incubsted with tracer amounts of [guanido-14C)arginine N lares nd | 7 wigrulline were
synthesized (0.027 £ 0.003 and 0.074 + 0.005 nmol/mg tissws:d & : ~ uicis) A smmg incubstion
period (9 br) and a high dose of L-NAME (2 mM) was required= meh- - -1 of \elled citrulline

(37% of control values). As well, [14Clcitrulline synthesis (@ %' + - g usemc/min) and the
inhibitory efficacy of L-NMMA and L-NAME were measuses = = =al. Mamimal inhibition

occurred at 300 uM 1.-NMMA or 100 uM L-NAME. It war .-m kv - . srgamame is 2 metaholic
precursor for citrulline synthesis in skeletal muscle by the aswelly of nitnc oode symilmse, although this
enzyme is not the only source of citrulline synthesis. Fasermorc. # b~ heen demonstrated that
arginase is active in muscle tissoe.
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1. GENERAL INTRODUCTION

Since the skeletal muscle is a large organ of the body. approximately 405 by weight, it forms a
large part of whole body amino acid metabolism. Traditionally. ncither citrulline. nor its precarsor
argininc were thought to be synthesized or metabolized in skeletal muscle. The ensvme nitric oxick:
synthase. which catalyzes the formation of nitric oxide and citrulline from arginine, has recenily been
discovered to he active in skeletal muscle cytosol (1). This raises the question of bow citrulline is
synthesized in muscle. in what quantity, what are its pathways of syathesis, and are any other sources of
citrulline present in skeletal muscie.

This thesis explores the sources of citrulline in skeletal muscle. In this chapier the liwerature is
reviewed, outlining current knowledge of citrulline sources bhe they from proswin degradation o from the
activity of different enzymes. mmmhm“mmﬁcimsndm-gtsmmin
Chapier I1. Chapters’ llludeemﬁ:venfmﬁamrﬁmgm&gﬁﬁmm
modifications 10 methods for measuring citrulline. respectively. The fifth chapter presents results of a
mksdexvcrhemmhgﬁnlﬁxmhcnd;yﬁmmmmkmmkmni e
final chapter (V1) discusses areas for future rescarch and the possible physiological roke of arginase and
nitric oxide synthase in skeletal muscle.

SKELETAL MUSCLE AMINO ACID METABOLISM

Protein Tumover

The skeletal muscie intracellular amino acid pool. which incl
absorpiion from the blood, de novo symhesis (sce below) and amino acids relcased from degraded
proteins. These amino acids can he used for proicin synthesis, metaholism (see below) or released o
the circulation. Mfm.mm-ﬂdne-hﬂmdﬁxhhmmm
muscle is the rate of protein synthesis and degradation. The balance betwoen synthesis and degradation
raies determines proicin turmover. Any change in the relative rates of proicin synthesis sad degradation
will alter the to1al amount of proicin in the tissue. in a healthy animal that is not growing, the e of
synthesis equals the rate of degradation. while in a growing animal synthcsis must be grester than
degradation. Protcin synthesis is controlled in three ways, by increasing the synthosis e of mRNA,
decreasing the rate of mRNA degr ,',,,,:ihyhumﬁgﬁenﬁdﬁmhimﬁumerﬁﬂNA(’l
For instance. insulin increascs the rae of transistios (3), while glucocorticoids lower the rate of
transiation. Numdemulmﬂmmmmﬂum:smﬁ)ﬁm
starvation. The released amino acids can be wsed for proscin synthesis, oxidation or gluconcog
mmmummsdmm“m—ﬁﬂmduuﬂlnmhuﬁﬂs
Currently we know of lysosomal, calcium dependent and ATP-ubiquitin sthways e
degradation (5.6,7). Simce blocking Jese pathways docs not eliming ;illmﬁ&m mi:r
mmnwuylhohnvﬂvﬂﬂl)m:emhndm I xists, for
mmmlmm—zmm(mn) Rdﬂvemdmm
(the sum of protcin synthcsis and degra I id pool siz

MMMdmhM“wﬂmnmﬂhﬂh
much citrulline flux in the amino acid pool is dec 10 prowcia systhesis or degradation [degradation or
synthesis (nmole phe/mg/3 hr) mukiplied by cit:phe ratio in tissue proscia). C_mnlymmm‘
MMMhmmmeﬁsm;ff,, icin
synthesis and met protcin wda ' ng pe

um«mmmnmmm;mmmﬁuﬂ-
10). w-um(ll)ﬂnmnﬂmmmm:.m
mdehﬁs-ﬁﬂhmhﬂ,

acid pool. hmm:ﬂsﬂymw;
(3). s0 it is possibie 10 cstimate this drain from the amino acid pool.

es citrulline, has three sources,




Individual amino acid synthesis or catabolism will also alter the composition and size of the
intraccliular amino acid pool. Skeletal muscle is capable of synthesizing the amino acids glutamine (12).
gluamatc, alaninc, asparistc and asparagine (2). Alaninc and glutamine are the major amino acids
relcased (rom the muscle (2.4). Alanine is a major gluconcogenic precursor transponied 1 the liver and
I!dﬁrllmsyﬂ:m mgmmmmmmm:mnmmy

udnmmmmnmmmmm isolcucine and

valine can be metalx ',’imﬂeﬁgﬁm%mhmﬂﬂymﬂmﬂhﬁ:mﬂem
exporicd. The amino groups are either released or added 10 glutamate 10 become glutan
mmmmmdm_mmnmnmgmum
metsbolism (2), the regulation of intermal muscle oxidstion of these amino acids is not known.
m:mmmgmﬁnﬂnum-emﬁiyﬁzedhm
muscle. A review of the liserature reveals only three reponts of skeletal muscle metsbolism of citrullin
and argininc. The first mention is in Pardridge e1 al. (13) who, in 1982, showed the disappes 0
arginine and » ,,;,;}dcﬂhﬂuﬂhh&mdmmgnuﬁm;
ﬁuﬁﬁhmmmmlﬁt_'” IZSUQ;MMQLIMM
ornithine increased from approximasely SpPIOXis

lﬂ)uﬂﬁﬁlgﬁ:ﬁ:lﬁe Eﬂmu&hm%hmmﬁ
aot et on the sowrce of cirulline. Arginine metabolism in wounded muscle was reporied by
Alhneml(ld)whﬂmedhmﬂimmujpﬂ:H-;M)m
[gnndn-‘(i‘]-:ﬁhe In the method cited by Albina er al. (14), Ruegg and Russell (15) claim that the
Inbeiled metabolite is wrea, but do mot test the possibility that it may be citrulline. Therefore it is
uncerisia whcther the labelled metabolie is urea as Albina 1 al. (14) claim, citrulline formed via nitric
oxide synthase activity. or & mixtare of both. Salicr e al. (1) measwred nitric oxide synthase activity in
rat skeletal muscle Cyiosol, demonstrating the formation of citrelline and metabolism of argimine.

Argininc, a basic amino acid (Fig. 1.1), is considered conditionally-cssential. It is not cssentis
h“yﬂﬁu&mymiMNﬁ:ﬂem'ﬁmgm
amimals have been reporied 10 have a dictary requirement (16,17). Arginine is required in the synthesis
ﬂ—ymhnmd&mmh:mﬂmmmmml)ﬂ
Nyasmincs via ornithine (17) and is inter-converied 10 glutamate, proline and ornithine (17). With the
mdmmm it is mow kmown that arginine is also the precwrsor for the
bioregulatory molecule, aitric oxide.

Citrulline is a mono-amino, mono-carboxylic (Fig. 1.1), nonessential amino acid. As well
being symthesized in the body, mmﬁnhmmﬁym(lﬁ) It has 2 role in
kmmhnbﬁtﬂﬁmmm:ﬂmbwﬁ“dhmﬁeml
Cﬁhhhﬁhmtﬁﬁﬁﬁﬂpﬂdlﬂﬂﬂ@)
md mecle (21). Smmbnmﬂhbyﬁm.l-—lhj 1-iram

“Hhmhpﬂ
lime; the nitric oxide synthases, the wrea cycle
m-ﬂmm&nm Mﬂmhhhﬁy is discussed below.

l is mow well established (reviewed in 21-26) that mammali ) cells have the capacity ©©
mmmnﬁhn:-mmm Niwric oxide maintaing &
vasodilstory iome, is & Rcwrowrans Ner, and when produced in sefficiemt quantitles inhibits irom
m“hmmmnﬂ:mmmﬁﬂ

2




death. Nitric oxide and citrulline are synthesized from arginine and molecular oxygen (Fig 1.2). Current
rescarch continues (o identify all the intermediate iﬁemmmﬁmmtim:mym
can be divided into two major groups. a Ca**-dependent constitutive isoform and a Ca**.independen
inducible isoform (23-25). The inducible isoform is synthesized de novo afir cxposare of cells ko
bacterial endotoxin or (o pro-inflammatory cytokines. The prototypic form is found in activased, et mot

resting macrophages. and it bas also been found in inflammatory and cywkine stimulated acutrophils,

discovered in endothelial cells (26) and is found also in the contral nervous system, some
mmmmmnsmmm)mmumﬂmﬂnmtm
(24).ummmmmsdnmﬁxmmmﬂ(mﬂmmm(mm
mmchduabkﬁmdNosSmlscNDSﬁmnmmmﬂﬁgfm
memmmmeMﬂmedm:mﬁdemmm)
mmmwmmummﬂpmsmmmmmh
synthesized afier the cells are stimulated with cytokine . If prosein synthesis blockers arc applied with o
m“k%ﬂﬂd“hmmm&:mmmm: sized
requires physiological levels of calcium kmodulin for activity. cNOS is activated by the increane in
cytosolic calcium via imucehwbgmmnandNHDAm
which open calcium channcls in neuronal tissue (25). The constitative isoform has recemtly been divided
mhnm“whkﬁemﬂmm-nmmy-hmal)

The urea cycle, as first proposed by Krebs and Henscleit in 1932, metabolizes ammonia into
urea (reviewed in 29,30). Bicarbonate ion and ammonia are synth sized imo carbamoyl phosphate (Fig.
lB)MuMnmﬁhmhcﬂhT&:ﬂﬁzk“ﬂm(md

Mgininosucciasie, 2 shoni-lived imermediate. Argininosuccinsc is cleaved

lasc 1 inhibtcd by & bigh lev of oraichinc (29). Argisinosuccinmc synthasc i

Liver
The complete urea cycle occurs only in the liver. In normal physiological conditions there is no
msyukﬁsdeuurﬁjﬁgnrmm)ﬁhbwgﬁﬂyﬂky"'éiﬁﬁmbﬁ

Kidney

mkmihmmnmhﬁﬁﬂyhmhhﬂumnm
m(lo)(wsznnsmﬁm)ﬁgmm:mﬁ
mwﬁ:k&thhkmmdmuﬁhhhm
(17). The kidney's ability 10 synthesize argimine from citrulline cxplains why, in growing asimals,
citrelline can replace arginine in the diet (17),

tratcd by Windmwetier

Citrulline is synbesized in the small imcstine from glutamine as demonsts
uw(as)m“nimﬂhiﬁﬁnyﬁnhﬂqﬁj
mmmnnm“dmigmmh

il



estinal ract (32.34)

amounts (2-5% dmhlim)mmmmmmm stroint
lﬁ:ludm;cilmlhm

-ﬂiﬂmngm of absorbed arginine into ornithine and its metabol

Vasculsture, Circulating Cells and immune Cells

Sevmlmyﬁsﬂ&zmcythnmﬂtﬁecﬁmhmnﬂﬁmmsyﬂ:ms Red blood
cells contain large amounts of arginasc (29) and scrum has low levels of argininosuccinaie activity (29).
Clnm:smmmqmummhmucelh Thema:hmmmyhevi;m:m
cyck cnzymes' argin insic synihetase and argi inate lyase since argininosuccinaie is also
present (35.36). mmmnmeMW(ﬂ)

m“dnm:MﬂMIy&ﬁmm
the brain. This would permit the brain 10 synthesize arginine from citrulline (26), though it is not a
major contribwtor 1o the body pool (38).

7 Argﬁlﬂﬂvﬁymham-ﬂuedﬁm-ud:(il)ﬁimlmﬂe(wy)nd

mnnmmmmmmmmmﬁ Argininosuccinme lyase has also been found
in muscic (29). Mevﬁmhhahnﬂfwmﬁmmkmhm

ARGININE DEIMINASES (E.C.35.3)

The arginine deiminases metabolize arginine into citrulline and ammonia (Fig. 1.4) (39.40).
Mnmmdﬂmwmm)-ﬂmﬂmun
Peptidylarginine deiminase (E.C.3.5.3.15), which only metabolizes arginine bound in peptide bonds, is
mnmﬂmmmmmm“mﬂ:—y
othey tissucs st lower levels (42). Cieruiline residucs have been found in keratin, medullary proteins of
hair and quills, cpidermis (140-190 umolg) and at a much lower level (1.4 pmol/g) in rabbit skeletal
muscle (23), despite the bigh level of cazyme activity in muscle (42). This enzyme requires calcium,
&mﬂﬁnﬂhhm The second enzyme, arginine deiminase (E.C.3.5.3.6). can omly
ize free argimine (43). It has been described in prokaryotes and single cell eukaryoses (39,44),
wimhk:mpﬁﬂﬁ:ﬁnypm&lmﬂ'?ﬁmﬁeﬂ&ﬂm&hm
ammonia snd carbon dioxide (39). This eazyme is inhibited by glucose and by ATP, and is stimulated
by energy depletion (39). It requires no cofactors or metal ions (43).

Owc way 10 measure the activity of the enzymes of arginine metabolism is 0 measure the
appcarance of their products. Free amino acids can be messured by reverse phase HPLC. A sandard
mcthod based on the method of Jones and Gilligan (45) has been prepared for the Animal Science
Laborsory. Usiversity of Alberta. This method allows me prement of 21 amino acids including
iﬁiﬁemﬁhﬁmﬁ‘hnmm:pﬁuim:k“q
mmimmiﬁmﬂ&ﬁmﬂw-mm
ﬁ-ﬁﬁ“mmﬂMEﬁﬁﬁhmﬁﬂkmm
exist with both systems. The colowrimet ; reagent also reacts with the weido group of ciarulline (46), 20
cﬂnﬂmmﬂﬂeﬂmnmmmq—i_y

,,,,,,, e ﬂm(ﬁhlavﬁﬂmmhkmd‘m—i

-ﬁ:—i“ﬁ-ﬁwmmh-ﬂhmb“’iﬁh
citrellinc and both from the lsbeliod subsrase, arginine, as Gopalakrishas and Nagarsjen (47) have
dome in acidic ineracel sar tseue fraction. If this method could be applied ©0 physiological buffers




(pH 7.4) containing electrolytes. it would he a scnsitive and spoecific method for measuring both
citrulline and urea.

SUMMARY

Ofmepuhwmdnmumﬁﬂmlmhﬁmﬂmmhhﬂymlymutmlduynﬁm(n
muenmgmumumhmehﬂngg.mmmkmmminivid:vmyri
ﬁmmam&ﬂmydcﬂhfmmhkﬂm&%pﬁ&muﬂﬂz
citrulline relcased from muscle protein degradation (formed by peptidylasginine deiminase) or citrulline
synthesis by arginine deiminases. Constraints inberent in methods for measuring argininc, citrullinc,
mmmmagmmm-e-ﬁwtymMymwmmymmn
designed o detect arginine metabolism in skeletal muscle.

The suggestion that enzymes producing citrulline may be present in normal skeletal musch:
raiscs the question of their physiological function. Nitric oxide in other tissucs is a regulator, if produced
umckwhtdoesnmgnhn”sﬂu:ﬂymmtzmmdnymé‘zmm‘h
synthesize citrulline? Does citrulline have a role in skeletal muscle? If these enzymes are active, then
muscle requirements for arginine and implications of those requires emts for whole body arginine flux
and total arginine requirement are of interest. The eventual fate of citrulline is also of interest.




Figure 1.1: Structures of Arginine and Citrulline

The asterisk marks the guanido carbon of arginine and the urcido carbon of citrulline.
Drawings are adapted from reference 23.

Hi‘l\ H H H H H / -0
HoN * H H H \NH;
ARGININE '



Nitric oxide synthase metabolizes arginine into citrulline and nitric oxide. It has ha*n
determined that oxygen is derived from molecular oxygen. not water, and that the first iniermedia
N-hydroxyl-arginine. The subsequent sicps which result in citrulline and nitric oxide have st been
clearly resolved. Diagram is adapted from reference 23.

ARGININE L-)o«vouaowiasNINE =3 —ITRULLINE + N=0



Figure 1.3: The Ures Cycle
Diagram adapted from references 2 and 29.

HCQy + NH 3

CARBAMOYL PHOSPHATE

c INE
_ ! rocroncek
cytosol
argininosuccinate
ASPARTATE fiheiose UREA
ARGINI TE NINE

FUMARATE



Figure 1.4: Arginine Deiminase Metabolism of Arginine
The arginine deiminases metabolize asginine (o citrulline with the release of ammonia.

a) Peptidylarginine Deiminase
The substraic is protein bound arginine. Diagram adapicd from reference 39.

-AA-AA-ARGININE-AA-AA- —3» -AA-AA-CITRULLINE-AA-AA + NH 3

b) Arginine Deimininase
The substrate is frec arginine. Diagram adapted from reference 43.

H+ ARGININE ——EITRULLINE + NH 4
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Il. RESEARCH PLAN

RATIONALL

Skeletal muscic is a large organ and therefore metsbolism in this tissue has possible
implications for the entire body. No systematic study of arginine metaholism or citrulline synthesis in
intact skelctal muscle has been made. If arginine is metabolized to nitric oxide in muscle. discovering its
physiological role would lead 0 a greater understanding of how skeletal muscle function is regulated. A
relevant first step is to confirm the presence of nitric oxide synthase in muscle.

HYPOTIHISIS

It is hypothesized that nitric oxide synthase is active in skeletal muscle. Specific hypotheses
are:
Citrulline is synthesized in skeleial muscle.
Arginine is the metabolic source of citrulline in skeletal muscle.
Nitric oxide synthase is the enzyme responsible for the metabolism of arginine o
citrulline in skeletal muscle.

:al!q—

OBJ-CTIVES

The objectives of this thesis are:
i To measure citrulline release from muscle in the altered physiological staes of
exposure 10 endotoxin or trauma ia vivo.
To measure citrulline relcase from muscie in altered pharmacological states in vitro,
ic. presence or absence of calcium, the potential enzyme substrates arginine and
omithine and a proicin synthesis inhibitor.
To measure loss of citrulline from the intraceliular pool during muscle incubation.
To measure protein-bound citrulline in skeletal muscle.
To measure radiolabelled citrulline and urca synthesis using (guam'do-“(‘]:giuinc a
a substraie in intact muscie and in muscle cytosol.

6. To measure radiolabelled citrulline synthesis in the presence of a nitric oxide synthase

inhibitor in intact and in muscle cytosol.

To achicve these abjectives several methodological questions had 10 be answered. The specific objectives

'o

el ol

an:
7. To determine if prelabelling of protcins provides a direct measure of prosein
degradation.
8. To shorten the time required to analyse samples for citrulline contemt using HPLC.
9, To mecasure loss of citrulline during acid hydrolysis of proteins.
10. To separate citrulline from arginine and urea using cation exchange chromatography.
THESIS ORGANIZATION

Chapier | gives a brief overview of the cusrent knowledge of amino acid metabolism in skeletal
muscle, including protcia symthesis and degradation. It also describes all currently known metabolic
pathways of citrulline synthesis.

This chapier lists the specific hypothesis and objectives and describes the layout of the thesis.

hMlllMWMMWWMWWMd
prowins are described (Objective 7).

Methods for measuring citrulline (Objectives 8-10) are described in the fourth chapecr.

The fifth chapicr describes a serics of experiments 10 measure citrulline and urea release or
synthesis in whoke muscle incubations or in muscie cysosol (Objectives 1-6).

12



In the final chapter (V). the conclusions of the previous chapiers are summarized. arcas for
future research are discussed. and speculations are made on the possidde role of NOS in skeletal musele.

The first appendix gives detailed procedures for preparing reagents and samples used in the

The second appendix gives the amount of citrulline synthesized in the presence of various
concentrations of L-NAME or L-NMMA. The data in the table is calculated from released radioactivity
which is presented in Fig. §.2.

13



Ill. DETERMINATION OF MUSCLE PROTEIN CATABOLISM

INTRODUCTION

This chapter presents the results of experiments designed t0 optimize the study of muscle
protein degradation. The technique presented here would be useful in studies to determine if nitric oxide
or other factors influence the rate of muscle protein catsbolism. Protein turnover (or balance) is the sum
of protcin synthesis and protein degradation mmmmmmmm
and independently regulsted, so that undersianding muscle protein balance depends on study of both
these processes. Protein synthesis has been studied in vitro or in vivo with very little technical or
conceptual difficulty (reviewed in 1). The main difficulty in studying protcin degradstion is that its
prodnas(lc Mmmmﬁ)mmﬂymmhmmmmm
degndmon

nmmmmmmﬁmdmmm
A.) Calculate 1otal protein degradation from simultancous measurement ﬂmmﬂﬁsﬁdnﬁ
mnm(Z)mmnhmmﬂm)-m- In this
approach, protein synthesis is determine smﬂﬁdﬂm:ﬂ:nwmﬁuﬁn
balance is measured as the net release (uptake) of amino acids and degradation is calculssed by the
difference. Calculstions of degradation in this approach incorporate errors inherent in both component
measurements, decreasing sensitivity.

B.) Block protcin synthesis and measure total degradation as the net release of amino acids. An
ahanamwmhlnmngmf ’f',ﬂiaaelkmwmubnquﬂuﬁ
cloheximide (1).
Qﬂmdﬂmmm&sw“mdﬁﬂ"nhm
obtaincd with the approach described above (2). However, the use of cycloheximide would normally lead
bmd@hmdlm:pﬁanﬂhﬁmmmmmmm:ﬂh
ability of the tissue 10 express normally reguisted protcin degrads For example, Fagan and
Goldberg (3) demonstrated that the synthesis of prost ’”',,,mmummﬂ
m»amﬂmnﬂymﬂ&ﬂhhm_ﬂsMNﬁm
of cycloheximide, prostagiandin synthesis is almost comp inkibited. | .
dwmmmhhﬁnhlﬂhﬁmiMim
synthesis. Similarly other treatment effects on protcin degradation medisted by short-lived proseins
wwldbeplamdbyhﬁmgmm
] ,,mhgmnmﬂ-glmq]nﬁn
dcvelopcdwhucedipﬂmmlﬁﬂﬁbyaplgﬂi oacts miﬁnm&ﬁhj
wash, the rate of reicase of radioactivit BmﬂmﬁmdihﬁmﬁHd‘
unlabelied precursor. mm—n—sd-ﬁﬂdmmhwnﬂ
relcased from prowein degradation (~105:1) is 50 great as 10 abolish reincorporation of the lsbelied
mmmﬂdmlﬂﬁgm,@ tions waderlying this method: 1) that seady stae is
maintained theoughoui the experiment, 2) that tarnover rates of the protein remain constant throwghowt
tkemdi)thmnnmdniﬂﬂﬁﬁnﬂhmm
mwﬂﬂﬁﬁﬁhmﬁﬁ_“(ﬂ)ﬂ_mﬂﬁhﬁh
skeictal muscic. Wu and Thompeon (6) injected radiolabelied phes e im0 chicks 24 hr prior 10
mehumﬂmmﬁuﬂ (7) weed the same method to
measure protein degradation in tumor bearing mice. By isjecting radiolabelled phenylalanine,
mm—apﬁmmmmmn-ﬂgﬁ
incubation in the presence of a high concentration of unisbelled pheaylalanine, would release label from
protein at a ratc relsted 10 the degra ",’,lﬂlﬁﬂnd‘ﬁﬂnﬂyﬁmumm
WMMﬂEMd‘ﬁ“ﬂﬂhﬂhmmm“
proscins would lose label quickly and afier several half lives have clapsed no further label will come
from this source. By comtrast, long lived protcins would sintinue 90 release label, Thas early in

4



lMﬂEﬂhﬂﬂMﬂiﬁ‘mﬂhmﬂﬁnlﬂﬁMnﬁmmmmﬁﬂ
Thepdﬂlhn;mhﬂhum:mmdmhi&mmrmﬁﬂﬂmn
gradation but it needs to be verified in rat skeletal muscie. Thgﬁmmdﬁuheksmhw
mmmmmﬂm&mw@m: cuba 'i n
tesuhe .5

- Mmmkma '

Ahmn:lrpmmrg aspartic acid, cysicine. glutsmic acid, ghaaminc, glycine,
c a’,laﬁ:ll:.l}'ﬁi'e methionine, phenylalanine, proline, scrine, threonine, tryptophan,
nmvnhnz,m loheximide, HEPES, and insulin (bovine pan:reas) were purchased from
Sigma Chemical Co. (St. I&m,MQ U.S.A). TCA was purchased from Anachemia (Vancouver, B.C.,
Canada). Dicthyl cther was purchased from BDH (Toronto, ON. Canada). L-|26—3H|phﬂylllmn=m
purchased from Amersham (Oakville, ON, Canada). Ecolite™ was purchascd from ICN, (Costa Mesa,
CA, US.A). Hionic-flour™ and Soluene-350™ were purchased from Packard (Meriden. CT. U.S.A).

""’f;wﬂi!kp&!;maﬂhgcmfmlnf

S awicy (mﬁelyéighﬁymgmurum

m mmﬁnﬁ from eulmy maintsined in  the Department of Animal Science, University of

Abberta. h:mmmﬁmmmgg:ﬂmmﬂwﬂmd
libitum. Rat rooms were held at constant humidity (80%) and temperature (24°C).

Enhmaﬁmhm(lﬂ)mﬂﬂhu(!l)ﬁ(l!)wmﬁmm
(12) muscies were used in the ince ’,'Mmmmq%mmm
mmm-ﬂmms incubstion media in 8 shaking watcr bath (36°C). Afier a
mﬂm:m(ﬂm:ﬂai f;mmmmbmlmdmiﬂﬁﬁ

P " r bic l
ﬂ—(mmmzsmm JS-MKCI.IBmC:CI IZSuNM;S(); I;Sn\l
NaHyPO,, znnMHEplBﬁbﬂ:ﬂ‘ﬂnﬂ(B).soﬂﬂmﬂoswm)‘
mmm-mdozidmz(lgl)&lﬁﬁuﬁmMIﬂ
EGTA and excluded CaCly. C imide

end of incubation, the muscle
mﬁm(—ﬂ)lﬁhmmmn

ﬂﬂm“ﬁmﬁn-ﬂyﬂmmmAmﬂﬂmﬁmmnﬂyﬂjm
washed twice with 1 mi of 2% TCA and then with dicthyl cther, and allowed 10 dry.

hﬂnm}f’ii

mmmlm mbﬁhﬂ“nﬁildn-—”'
(zuni.‘lliinlpimhhnne)Mmﬂl(zm.ﬁ#milh’ﬁ:‘\dﬂ
nmwm:&mpuhmm Protcin bound
mﬂhmm&hihﬂﬂﬂﬂ 0.75 ml Solucac. Six ml of 8
’f’#ﬁmﬂ)-ﬂlﬂd‘imnnm*)mﬂh
solubilized mewecics and radi tivity was counted in 8 Packard 1600CA Tricard Liquid Scintiliation
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analyzer. Protein synthesis was calculated by dividing protein bound radiosctivity (dpm) by TCA soluble
specific activity (dpm/nmolc phe).

Messuring Protein Degradation

Rats were injected with 0.065 - 0.175 mCi [3H]phenylalanine in 6.0 mM phenylalanine in
sterile salinc. The injection was given intraperitoncally once per day for 3 days. Muscle contains a large
proportion of slowly turning over myofibrillar protein and multiple injections were used to increase the
specific radioactivity of the slowly turning over proteins. Rats were killed on the fourth day and the
muscles were rapidly dissecied. Muscies were washed at Jeast twice in supplemented KRB to remove any
frec label from the intracellular and extracellular fluid. Radioactivity in the media and TCA soluble
muscle fraction was counted aficr adding Ecolite™ and summed as the amount of protein bound label
reicased. The TCA insoluble fraction was hydrolyzed and aliquots were counted for radiosctivity.
Protein degradation data were expressed as %/2 hr and caiculated as follows:

%2k = dom released /2 b x 100 .
total dpm

Absolutc valucs for total protcin degradation (mol phe/2 hr) were calculated by dividing dpm released
by the specific activity of proicin bound phenylalanine (dpm/amol phe).

High Performance Liquid Chromatography (HPLC)

Phcnylalanine was measured in TCA soluble tissue fraction and muscic protein by HPLC.
The procedure  was modified from Jomes and Gilligan (14). Samples were mixed with the
fluoraldehyde (o—phthaldialdehyde) reagent immediately before injection. Twenty-five ul of samplc and
reagent were injected onto a Supelcosil 3 micron LC-18 reverse phase column (4.6 x 150 mm; Supelco)
equipped with a guard column (4.6 x 50 mm) packed with Swpeico LC-18 reverse phase packing
(20-40 um). A Varian 5000 HPLC and Varian Fiworichrom desector (excitation 340 nm, emission 430
am) were used 0 scparaie and measure the amino acids. Chromatographic peaks were recorded and
integrated using 8 Shimadzu Ezchrom Chromatography data system. The two solvents used were 0.1 M
sodium acctaic and methanol. f-amino-butyric acid was wsed as an internal standard. Gradient flow was
1.5 mi/min and began with 38% methanol increasing 10 50% methanol st 6 min. From 6.1 10 6.9 min
the gradient used 80% methanol, going 0 38% methanol at 7 min. Total run time was 12 min. Peaks
were identificd and quantified by ruaning standards of known amino acids and blanks of approprisse
incubation modia with each growp of samples.

Statistical Analysi

Statistical analyscs used were a multiway ANOVA, using rat as a source in the model and
variation duc (0 rat was removed where appropriste. Repested measures analysis was used 10 analyze
time course experiments. If three means were significantly different as determined by ANOVA, means
were scparated by a Least Significamt Differences test. If p<0.05, results were considered significantly
diffcrent. (SAS 6.06.01, SAS Institwte Inc., Cary, NC, US.A)).

RESULTS

The assumption that radiolsbelied phenylalanine is not recycled imo newly syathesized proteins
was proven 10 be valid since in washed, incubsted swsecies fractional degradation rates were idestical in
the preseace and sbeeace of cycloheximide, an inhibitor of protcia syathesis (4.75 vs. 5.029%/2 I,
S.EM.=0.09. p=0.1047, a=8). It is aleo important 10 ensure that free label is washod owt of the
extracclinlar frec pool. This was demonstratod by washing quanier diaphragms cither for six 5 mia
periods or for two 1S min periods (Table 3.1). Total radicactivity released into the media was mot
significantly differet between the two procedures and as seon from the data, radicactivity release has
leveled off after the first wash. As well, the washing method had 2o effect on radioactivity relcase imto



incubation > subscquent incubation period (dats not
shown). meun‘umluﬂummnlsmn“:hmm
Three *Tify ,flﬁ:pﬁhﬁdhmtﬁemﬂmm In all three. the
ﬁ:umldemm-nngmﬁmh mmmmmm;nmm
(‘Tahlcilz) lnlhﬂﬁﬂuﬁhnﬁ&ﬂﬁewmnm,,’f ,,j gt

mmmg:mmn)

Another study was conducied 1o determine whether the tissues respondod 10 a well-
characterized modifier of proteolysis. Wh:nmlmml:mmmeﬂaﬂmﬂhOmimM
mmdmm&nm‘ g,,ﬁ}SBi(JH“!’SMH

whn mﬂ lnnl pﬂﬁn m in m
DISCUSSION AND CONCLUSION

An assumption that remains to be tested is that the relcased radioactivity is associsted with
phenvialanine. thiﬂmmmhhpﬂbmgmmyhmyIﬁA To wse
radioactivity as a measure of protcin degradation it must be determined that the released radiolabel is
mmhm:ﬁﬂh; enylalanine reicased from degraded protein and not with its possible

mmmmmm "f,,bymmmlh:md‘
gﬂnﬁmﬂ:uaﬁhﬂniﬁmm-ﬂlﬂmm - that
total protein degradation is lincar with time. Fulks ef ol. (8) measure Hmﬂﬂm
relcase in the presence of cycloheximide from quaricr diaphragms for 3 hr and both were limcar.
Rodemann and Goldberg (16) had similar results over 2 b while Hasselgren ef o, (17) showed thet
mﬁm@ﬂﬂmmﬂaﬁmhmﬂsﬁmﬂn@wihm&
presence of cycloheximide. In the chick extensor digitorem communis muscic net protcin degradat
:ﬁpmm” ’:f:mhmﬁt!bﬂ)m;nﬂm-ﬂ:bhhﬂ Thgm

mmmmmiﬁ:mmwmmrmiyphahﬁﬁ:
) mmmmmml inc. It wonld be anticipated that
thr.bm;r but more constant release of radion mmmmmmem
of prowcing with longer half lives. The fall in relcased radioactivi was also obscrved by Millward (18)
mm_ﬂahm“‘lq‘

Previous measurements of total protcin degradstion in skeletal muscle using cycloheximid
wmomsmmm@hmﬁm(mﬁnﬁnbmm

tyr by 1.408 (2)). Total proscin degr: calculated from si ous mcasures of protcin symthesis
lﬂ-ﬂmhlﬂnﬂﬁlﬁ_nﬂsl liﬁﬂﬁﬂthﬂll) The valucs calculsted
using prelabelled proseins (1.75 £ 0.09, 0.83 + 0.09, 0.90 + 0.09 amol phe/mg tissuc/2 hr for periods 1,
2 and 3 respectively in the experiment in which 0.125 mC/rat/day were injected) are at the higher end of
the range of previous measures, reflecting the rapid degradation of short-lived protiens.

These results verify that prelsbelling proteins is a seasitive method for measuring total prosein
degradation withowt blocking protein synthesis. This method is not affected by changes in protcia
m-ismqw;ﬁﬂm vailability, as expected due 10 the activity of calcium
activated proteases. Noa-lincarit -ﬂmmﬂﬁmdﬁﬂi‘:
mwﬂdn examine relative effects of treatments added 10 the incubation media. This
method may also provide the opportunity 10 study short and long lived protcins by using a double label
technique or by examining the two aress of the curve as dome in vivo by Arins ef ol. (19). The major
m&mmnhinﬁﬁi;,:‘,;:rimi_eimmwhk
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TABLE 3.1 Washing of Incubated Muscles to Remove Free Radiolabel

Rats were injected with 0.125 mCi L-[2.6-3H]phenylalanine/rat on each of three days. On the fourth day
quaricr diaphragms were dissccied and incubsied in supplemented KRB (sce text) for six periods of $
min or for 2 periods of 1S min. Radioactivity in the incubation media was counted. and cumulative
counts were siatistically analyzed (multiway ANOVA). Data is presenied as means. n=4, pooled S.E.M.
were computed using cumulative means at 15 and 30 min. Different superscripts within rows and
columns indicate significant differences, ps0.0S.

Cumulative Counts Released to Washing Media

(dpm/mg tissue)

Wash Time Two Six Pooled
(min) Washes Washes SEM.
s 726

10 84.1

Is 79.2a 93.40 8.2

2 101.8

28 108.3

W0 99.2b 115.4 8.2
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INTRODUCTION

Nitric oxide is active in maintaining vasodilatory tone, neural activity and when released in
larg:rmm cytotoxicity (1). Nitric oxide is synthesized from arginine, with citrullinc as a by-
product, through the activity of nitric oxide synthase (reviewed in 1-4). Mgnmﬁgmncmls
ﬂﬁefmnmmdeDSmm Bmal‘nsihﬂhﬂ'hﬁ(émxl)munm
oxide directly is difficult. A method (5), based on the Gricss reaction which detects nitrite, has been
developed 1o measure nitrite and nitrate, more stable metabolites of nitric oxide (2). In the muscie
im sysiem used for most of the cxperiments presented in this thesis, released  citrulline
jons range from 0.5 t0 3.0 uM (Chapter 5). Assuming that the ratio of citrulline 10 nitrate plus
nitrite is 1: 1, total nitritc and nitrate would still be st the lower limits of detection of the modified Gricss
reaction (range: 1 - 300 uMX(S). As an alieraative, it was decided 10 measure citrulline as 8 measwre of
NOS activity. cmmﬁmmmmmmmmmmm
ﬂm-ﬂﬁmﬁm(ﬁ)mm“mﬁsm&mmdm(mm
arginine and occi lly tyrosine) were chuted.
hﬂﬂmmnﬂﬁzﬂm(mﬂdmmn To mcasure the
amount of citrulline contributed by peptidyis ininc deiminase, it was necessary 10 measure the amount
of citrulline in skeletal muscle protein. Bﬁemlﬁ:ﬂﬁdﬂmﬂhﬂhmﬂgm
mmﬂhﬂrﬂymwumdndmﬁhmmﬁ:mmm Citrulline is
Mmmmﬁm(ﬂ.ﬂﬁlmﬂm“m“m
10 determine the amount of citrulline lost ﬁ:ﬂmm Tnj’” *?mm
enzgﬁulmd‘cmﬂlm, m‘

: ””',ﬁﬂa(pﬂﬂ)mmmﬂﬁhpﬂﬂdmhﬂw
Mﬁdummim citrulline and wrea in media. Thi
mmkmmﬁfl-ELC’,,,,",’i' "

Eng:ls“' trisodium citrate, sodium hydroxide, hydrogen chioride, potassium hydroxide, acetic
mmﬁmmmmnﬂmmmﬁmmm
(Toromto. ON. Canada). Trich mm-ﬁmmmmmm
Fischer Scientific (Fairlawn, N.J., US.A). Lmkmﬁum"cmugm
mmmmmm 2, ON, Canade). |14Cjurca was obtained
ad icals (Irvime, CA. US.A). lon exchange resins AG1-XS (200-400 mesh, acctate
h)ﬂAGﬂW—H(M-ﬁH*hmp:h)mmmm
Laboratorics (Richmond, CA, U.S.A.). Scintiliation cocktail, Ecolite™, was purchased from ICN (Costs
Mcsa, CA USA)). All other supplics were purchased from Sigma Chemical Co. (St. Lowis, MO
US.A).

HPLC Scparation of Citrulline
m:dﬁuhﬁ@e@qg:mummm“mmm
';;n!mmﬁl-mmmm Aﬁﬁimmn

mmmmmnuummmﬂm £s 8
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~25 min, approximatcly halfway through the run, and this method was modified to end shortly afier
citrulline was cluted. shortening the total run time.

Sample and Standard Preparation
Citrulline dissolved in incubstion media, TCA soluble muscle homogenate

0.5 M sodium citratc can be measured. m:ﬂnudﬁtneFmﬂmm:l:hga

possiblc to the samples. This avoids amino acids running st slightly different times in standards

comparcd t0 samplcs and avoids having 10 calculate adjustments for dilution differences. Aliquots of

sampic and standards were buffered to pH 9-10, but not greater. Detailed directions for reagent, sample

and standard preparation are given in Appeadix 1.

Sample Analysis

Buffered samplc aliquots were mixed 1:1 with flouraldehyde reagent (1.0 g o-phthaldi
25 ml methanol, 225 m! 0.4 M sodium borasic, | ml 2-mercap 'f,f,llﬂ!mlﬂrgfﬂ“')m
imjection. mmmummu(zsm)mmmawum
LC-18 reverse phasc column (4.6 x 150 mm; Sepeico) equipped with a guard columa (4.6 x 30 mm)
packed with Supeico LC-18 reverse phase packing (20-40 uM). A Varian 5000 HPLC and Varian
ﬂwwhmmwf(mmmmmﬁﬂ-)mmdmmmmme;“
acids. Chromstographic peaks were recorded and integrated using a  Shim Ezchrom
Chromatography data system. The solvents were used in the gradient as listed below, with a flow rate of
1.5 mi/min. Total run time per sample was 34 min.

Gradient:

Time % Solvenst A % Solvet B
(min) (0.1 M sodium acetatic) (100% methanol)
00 100 0

0.1 86 4

220 83 15

221 70 30

260 69 31

26.1 0 100

280 0 100

28} 100 0

The amount of tyrosine, an amino acid that is neither synthesized nor metsbolized in skeletal
mkumwdblhcmdmﬂlmm:ﬁun&nﬂﬁﬂﬂpﬂﬁm
these ratios. the amount of citrulline released by muscle protein degradation was calculated (see Chapier
5. page 34). Tommummnhbﬂmﬁnhmmm
that cluie aficr citrulline. An alicrnate gradicnt was developed 10 be able 0 measure both citrulline and
tyrosine with a total nvm time of 39 min. Alsnine clhwies before tyrosine 30 it, %00, is scparated.




an'm.

Time (min) % Solvent A % Solvemt B
(0.1 M sodium acetate) (100% methanol)

00 100 0

0.1 86 14

220 8s 15

2.1 70 30

260 69 31

26.1 53 47

314 51 49

315 0 100

335 0 100

336 100 0

Sequential Hydrolysis of Citrulline

temperatures. This process may alter some of the original amino acids (9). In order 10 define how much
Mmemwmmmmmmmonsom.m::dm
dﬁuﬁmﬁMWMhMMWhdeﬁﬂm
between free citrulline and citrulline in peptide bonds.

A standard containing 202 x 10-7 mol tyrosine and 1.98 x 10°7 mol citreiline/mi was
mmvﬂsixaﬂﬁmphmmw’hdulddwhaﬂﬁﬁﬁi
upvm»wucusnusuuammmvummmmnz.ﬁqm
Duplicate vials for time 2c10 were held at 49C, and the remaining vials were placed in a 1109C oven.
AMlhmmdeMﬁMﬂm.mMmmﬂ
approximately 3, 6. 9, 12, 18, 24 and 30 hr, and held at 4°C until HPLC analysis. Mcasured amounts of
duﬂﬁuudtymﬁummwwﬁu(&)h&em.huhmnﬂyﬂmj
lincar regression program (SAS 6.06.01, SAS Institwic Inc., Cary, NC, US.A.).

Cation Exchange Separation of Arginine and its Metabolites

MMMWMuMMJMCm
molecules, including amino acids, are attracted 10 a columa of uppositc charge, and then arc chutod in 8
solvent whose components have & higher affinity 10 the column than the molecule of imterest. The
mmmwmmwmmmnm
motabolites (9). If [gwanido-14Clarginine is wsed as 2 substrate, label cam be found in wrea and
muuhmm.s.lmhmm:mmmﬁ
polyamines (9). Therefore, only arginine, citrulline and wrea need 10 be separated from cach other. Most
dum»uuumhwmwwmmmm
ingulin (Chapter S, page 32), but the published method was wsed on acidic samples. A simplified
procedure was prepared and tested to easure that amino acids and wrea dissolved in incubstion media
could be separated.

Preparation of Samples, Reagents and Colwmns

Two types of samples were scparated by cation exchange. Sempies in incubstion media were
applicd 10 the columas without any farther propacation. Samples in TCA were adjusted 10 pH 6 with
3 N KOH. Detailed procedurcs for prepariag the reagents are given in appondix 1.

Sampies were scparated on 3 sequence of two columns (Fig. 4.1). Each columa was made in the
mma-msnm«wmuum_mwumﬁﬁﬁ
the bottom 0.2-0.4 mi of the syringe. Cation enchangs resia (AGSOW-XS, 200-400 mesh, H* form,
analytical gradc) was prepared in two ways. For the upper columa the resia was suspended in § volumes
of 2 M NaOH (Na* form), and for the lower columa, resin was suspended in 2 M HCI (H* form). The



resin was allowed to scitle, and the supernatant slowly poured off. Resin was rinsed several times with
water. SWMWWlmmmm&mmmlﬂgmnhﬁm
1-1.1 ml. Column packing took place under gravitational force. Water was pipetied onto the top of the
mwllkmmwlhwm“ﬂs-ﬂmnmm) Columns were then
mounted with the Na* column sbove the H* column. Columns were regencrated (see below) and reused
S times before being discarded.

Method

mmkmqpbdbthewilhm*cﬂm(ﬁgll)mﬁnmmdlle
percolate through the Na* column onto the H* column by gravitational force. Five mi of water was then
applied 10 the top of the Na* column and allowed 10 drip through both columns. Eluent was discarded.
Columns were then separated.

Na* Column.  Five ml of0.15 M trisodinm citrate (pH 6) were applied and discarded. This
fraction comtained ornithine. Arginine was coliected by applying 10 ml of 0.5 M trisodium citrate
(pH 6.5), discarding the first 2 ml. The column was cleaned and regencrated by applying 4 ml of
2 M NaOH and then rinsed with water until the eluent was pH 6-7.

H* Column:  Urca was clutod by applying 18 ml of water. The first 6 ml and the last 4 ml
were discarded. Citrulline was cluted with 3 ml of 6 M HC1. The column was cleaned and regenerated
by applying 2 m! of 2 M HCl, then rinsin-~ with water uatil the clucnt was pH 6-7.

Aligwots and Analysis

Aliquots were collected in 18 mi plastic scintillation visls. From the arginine and urea fractions
3 ml was removed 10 bring the sample volume in the scintiliation vial below 30% total volume as
suggesicd in the manual for the scintillation fluor (Ecolite™). The 3 mi portion was stored at -20°C in
dispossble borosilicate tubes wntil HPLC amalysis. Only 1 ml was removed from the citrulline fraction.
Totumkmmmthmvmllﬂimﬂmmm:ﬁﬁﬁmﬂ
on securely (label lids, not vials, 10 avoid lsbel imerfering with the light path in the couster), the vials
muﬂmmﬂmnwm_ﬁ\fﬂnmfﬂhmnm
mix the samples. anmmmnmﬂsmlmmmcnm
Scintilistion Analyzer) was terminsted at 2% uncertainty st a 95% confidence interval or ot 2 meximum
of 20 min. Counting cfficieacy was 2 90%.

Before columas were used 10 scparate sampics, recoveries were tested by adding radiolabelled
amino acids 10 incubation media containing 1.0 mM arginine, 0.06 mM citrulline and 0.08 mM urea.
114Clarginine was added at 0.18 uCi/mi medinm, while [1Cicitrulline or [14Cjurea were added at
0.011 uCi/ml medium.

RESULTS AND DiSCUSSION

mmwmmmmmdh“mm
Mmmhm.mmmmﬂmﬁuu)
remaining amino acids arc cluted in two large peaks st the end of the run. hlﬂhﬂg-ﬂ
tyrosine arc clearly scparatod if the aliernste gradiest (page 23) is weed (wot shown). These
Mmm(szumm)mﬁhmmmm
analyscs per day, as well as saviag solvent and subsequent waste. This method was weed for all HPLC
measurements of amino acids reported in Chapter 5.

Acid hydrolysis camsed the lows of citralline with time (Fig. 4.3) (r3=0.83, p<0.0001). Using the
wmmmum“nn - od that 47% of the citrulline
was lost after 24 br. This resukt is similar 00 that ¢ Hmﬂi (T(~40%). There was no0
significant loss of tyrosine over 30 he (p=0.0934, ri=18.9%). The minimum citrelline detectable by
llﬂ.C(”puUnlmb)quylﬁﬂﬁ_—(—uq)ip_MH
calcula.: minimum citrelline detectable per mg mscle (38 pmol/mg). This figure was weed in Chapter 3
10 determinc tyrosinc.citrulline ratios in muscle proscin and compare them 10 the ratio in incubation
media.

S



Cation exchange chromatogra v was successful in scparating arginine. citrulline and urea
ﬁmnaehdh:r(’ﬁ:le“)Dnbamﬂlmmofﬂ:ngmnmlﬂeﬂmthemﬂhgﬁm
ﬁmmﬂﬁhil)hmmnwmnnmgmmm“ﬁmmhtghmmﬂ
approach that due to either citrulline or urea. Therefore, for each experiment, backgrounds were
mbmmmumB(mmmm;m‘m-mm
through the columns. T&mw“nmmmm‘mmptm
citrulline or urea radioactivity. The ion of citrulline by urca and vice versa is minimal.
ﬂmghpnﬁﬂgmm“mneﬁmmmmrm&hbdueﬂmﬂn
mfmmmmmmhmhﬂm:mmﬂyﬁﬁrmumhmmgm

mmm—-m“m:mmpnﬂmmmmmnm
been increased. Therefore the modified method was used 10 separate arginine, citrulline and urea in the
TCA soluble portion of muscle homogenate. Run time, from sample application to the end of column
regeneration and rinsing was approximately 3.5 hr. It was managesbic 10 run ten columns af a time.

Th:mﬁﬂaﬂmnﬂmiﬁunwhlhmhmgﬂngmh“u
used and three fewer fractions are collected. It has been demonstrated that the modified method
Mymmn:,amﬂmﬁdndmmﬁm;mmm therefore it is an
appropriate method for measuring radi led citrulline in the muscle incubation sysicm. In addition,
lh:mnnfaﬂﬂhmhﬁqxﬂhy&ﬂwammﬂnﬁ@lﬁtmhﬂfwmm
citrulline was successfully shoriened.
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Figure 4.1: Schematic Diagram of Cation Exchange Apparatus and Procedure

The cation exchange scparation of arginine and its metabolites was modified (see text) from Reference
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Figure 4.2: HPLC Separation of Amino Acids Including Citrulline

This chromatograph shows the HPLC scparation (detailed in text) of an amino acid standard. AGPA
refers 10 the internal standard. L-a-amino fi-guanidino proprionic acid.
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Figure 4.3: Sequential Loss of Citrulline During Acid Hydrolysis

Standards containing frec citrulline and tyrosinc were subjected to acid hydrolvsis for 0 to 30

hours as stated in the text. Regression equation is: y = 105 - 0. 0347: r2 83%. p < 0.000]. The solid
linc shows the citrulline loss predicted by the regression equation.
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Table 4.1: Modified Cation Exchange Scparation of Arginine, Urea and Citruiline, Using

To test product recoverics using the cation exchange method, radwisotopically labelled argimnc
(0.18 uCi/mi). citrulline and urea (0.011 uCi/ml) were added 1o supplemented KRB contaimng 5.0 mM
glucosc, 0.3 U/ml. 1.0 mM. argininc. 0.06 mM citrulline, and 0.08 mM urca, Sampics were scparated
using a sequence of two cation exchange columns as described in the text. The data presemted (n=1) arc

from the final method which was refined using several scparations. all with imilar valucs.

Radioisotope added to Fracion  Amgimme _ Citrulline Urca
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V. METABOLISM OF ARGININE AND SYNTHESIS OF CITRULLINE IN

INTRODUCTION

A@mm“mmm:mmm Cmﬂhnexhﬂh:mﬂﬁﬂu:uf
arginine. and its biosynthetic precursor. Arginine and citrulline are casily interco ed by the hepatic
mymdthchh(mﬁml)mdzm ”’cfmngmﬁnmﬂhiz
mmmﬂWMMﬁmmmmmhﬂHnlﬁﬂhm
using glutamine as a precursor (2). Citrulline is converted 10 arginine in the kidney (3). Classic work by
Wnnﬁmﬂl:rmﬂ&pah(«l)mmﬁﬁmmﬁﬂm(niuvminug
rat hindguarter speculsted that skeletal muscle may make s quantita ' important
nﬁkh@mﬂuﬂmﬂwlﬁuﬂyﬁﬂaﬂmﬁymﬂwﬂmmdm—ﬁk
mnﬂmnﬂmﬂdxﬂmﬂhhmﬁnm, aphic scparation of
ogical media in which normal muscies had been incubsted. Tﬁ:mmd‘mﬂlmm
Mﬁmmﬁm(S)ﬂﬁm—:ﬁﬂmmm(ﬁ)hnmm
normal muscle, and no cvidence of any kind bearing on the source(s) of its symthesis.
Several reactions can result in citrulline formation from arginine or ghutamine:
1) Enzymes of the urea cycle. Mpmnm&ﬁbmﬂnbyﬁmd‘m
(EC353.D), nd mithine is converied 10 citrulline oraithine
(EC 2.1.3.3). When ,‘1,;”f,.uhnﬂﬁﬁmmmdmﬁm
mm The entirc urea cycle is thought 10 be confined 10 the liver; however
,'fm“mwnhmﬂmmﬁmnhﬁﬂmdmhmm
(5-7),bum=vﬂ=n::ﬁrm,

mMnmﬂnm Ar;inzdﬁ-—mﬁc:!nﬁ)mhhmmb
single celled organisms (8), however peptidylarginine deiminase (EC 3.5.3.15) has been isolated from
mammalian skelctal muscie (9.10). Proscin-bound citrulline in skeletal muscle, detived from the activity
of this enzyme, could be released as protcins are degraded.

S)Hmm»M(EClluJ)naﬁﬂlﬂmﬁm:Mﬂ
mmmpmmm; comitant formation of nitric oxide from omec of the two
gnﬁdnnuqa“i Nmmmmilnh:i»ti_ym
mggm&mm:mm n-dependent, constitutive forms such as
ﬂmﬁuﬂmlhvnﬁﬁzﬂmwb) iciem-ind Jent forms inducible by endotoxin or
cywokincs, cha "—imﬁ”ﬁ(mﬂmllmmmmw
activity was detected in cytosolic extracts of skeletal muscle by Salter ef al. (15), and Nakane e/ o, (16)
sirated the presence of nitric oxide synthasc mRNA in the tissuc, this enzyme appears 10 be a
t,fi,f,jmuf-u:km The studies described here were designed 10 measure citrulling
production and o identify the origin of citrelline in skeletal muscle.

Chemicals

L-arginine, L-citrelline, L-NMMA, L-NAME, lipopolysaccaride (Escherichia coli 033:BS,
TCAmngEGTA,PEES, clo (ﬁmm)ﬂhi-m
m)mpﬂhkm&(ilﬁm‘USA)ﬁAmpﬁﬂﬁ
Fisher Scientific (Fairlawn, N.J., U.S.A). L-{gwanido-!4Cjarginine and L-jwreido-14C)citrulling were
mmmmmm,mmmn%mmm
from ICN Radiochemicals (Irvime, CA, U.S.A). lon exchange resing AG1-XB (200-400 mesh) and
analytical grade AGSOW-XB (200-400 mesh, H* form) were purchasod from BioRad Lasborstorics

3l



(Richmond, CA, U.S.A.). Hionic-flour™ and Solucne-350™ were purchased from Packard (Meriden.
CT. US.A.). Scintiliation cockiail Ecolitc™ was purchased from ICN, (Costa Mesa, CA. US.A)).

In the cysosal experiments, chemicals were obtained from the following sources. NAPDH and
tetrahydrobiopteria were purchased from Dr. Schircks Laboratories (lona, Switzeriand). L-NMMA was
purchased from Welicome Research (London, U.K.). [U-14C)arginine was purchased from Amersham
(Oakville, Ont. Canada). All other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO.
US.A).

Animals

Experiments were carried owt in compliance with the guidelines of the Canadian Council of
Animal Casc. Male or female Sprague-Dawley rats of the Buffalo strain were obtained from a coloay
maintained in the depastment of Animal Science, University of Alberta. Rats were group housed in
plastic bottomed cages and offered laboratory chow (Wayne Rodent Blox, Premier Lab Diets, Bartonville
.. US.A.) and water ad libisum. Rat rooms were held at constant bumidity (80% ) and iemperature
(249C). Lipopolysaccaride was prepared for imjection by dilution (1 mg/ml) in sierile 0.9% NaCl and
injected intraperitconcally at 3 mg/kg body weigiut 12 or 6 b prior 10 experiments. Traumatized rats were
sebjecicd 10 a single controliod impact traema 10 the medial aspect of the lower hind limb, using a blunt
injury device, under halothane (Ayerst Laboratorics, Montreal, Can.) anacsthesia as described by Fisher
et al. (17). Injury was sustained primarily by the gastrocnemius muscle. Control rats were anacsthetized
but not injured. Musclcs were harvesied 24 b aficr trauma.

Mauscic incubation

Either epitrochicaris or thin longitudinal strips of gastrocaemius were used in the incobstions.
mmmmumwnmumwuvm(mw
dmmmhmummdwm.mmmmwmz
asphyxiation, muscies were rapidly dissected, weighed, and piaced in a wbe containing 3 ml incubation
media in a shaking water bath (36°C). Afier a 30 minute pre-incubstion, mescies were transferved 10 3
ml fresh modia and incubatod for another 3 be. Unises otherwise noted preincebation media was the
samc as incobation media. Incubation media was suppiemented Krebs-Ringer bicarbonate medium
(pH 7.4, 119 mM NaCl. 25 mM NaH(O;, 4.8 mM KC1, 1.0 mM CaCly. 1.25 mM MgSOy4. 1.28 mM
NaHP0), 2.0 mM HEPES, 5.0 mM glucose and 0.5 U/mi insulin), oxygenstcd comtinously with a
mixture of Oy and COy (19:1). Calclum free medium incleded 1 mM EGTA and excluded CaCl).
Argininc and nitric oxide synthase inhibitors L-NMMA or L-NAME (19) were added as indicated in the
blcs and results. At the ead of incubation, each muscie was placed in 1 ml of ice-cold 2% TCA, and
the musclc and the modia were frozen (-20°C). Muscles were homogenized with a glasvglass
m(mm)umwluanmxmmum»
stand at 4°C for sbowt | be, then centrifuged at 1000 x g for 10 min. The TCA soluble fraction
containing frec amino acids in the intraceliular and extracelivlar fuids was stored frozen until analyzed.
Whes the TCA insoluble protein fraction was analyzed, it was washed twice with 1 ml of 2% TCA and
then once with | mi of dicthyl cther, and allowed 10 air dry.

High Performance Liguid Chromatography (HPLC)
Citruiline, arginiac and tyrosine were measured in incubation media and TCA soluble tissue

fraction by HPLC. The procedure was modified from Jones and Gilligan (20). Samples were mixed with
uw(m)mnmmmrwmmmd
M“NWmaWme-llmmm«.bxlw-;
wwm.mmmxm-)mmwwumm
packing (2040 pm). A Varian 5000 HPLC and Varisn Florichrom detector (excitation 340 am,
mm-)m“nmﬂmnﬂomwwm
recorded and imcgraicd using a Shimadrs Ezchrom Chromatography dats system. The two solvents
mmo.nuna-mmmummum
mmuwum*uuhuwwmumum
nmhnamndymmmwﬂ.mpMN-ﬂM
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methanol. 14% methanol at 0.1 min to 15% methanol at 22 min. from 22.1 t0 26 min the methanol
increased from 30 to 31%. At 26.1 min methanol was 47% and was increased 10 $0% at 38 min The
column was subscquently washed with 100% methanol for 2 min and then with 0.1 M sodium acetate
msmn.MsmeﬁdMMﬁdh'mwaﬁnngdent
determinined by running standards of known amino acids (including ornithinc and taurine). with cach
group of ssmples. Blanks of incubation media were also run with each group of samples. Citrulline was
Clearly resolved from preceding threonine and succeeding arginine. The limit of detection of citrulline
by HPLC (39 pmol/ml) was determined by analyzing scrial dilutions of a standard solution

Distinguishing Nitric Oxide Synthasc from Arginase

Tod  ish nitric oxide synthase activity from arginase activity, L-{gwamdo-14Cjargininc
was used as a precursor. Nitric oxide synthase metabolism of this substrate yields | 19C)citrulline while
arginasc yields [!4Clurea (Fig. 5.1). 14Clarginine was purified by ion cxchange chromatography on
AG1-X8 prior 10 use and added 10 incubstion media at 0.18 uCi/mi for iments presented in Table
5.3 and 0.11 uCi/ml for the experiment in Table 5.4. To scparstc [!4Clarginine and its products
['4Cjurea and | HClcitrulline from cach other, the procedure of Gopalakrishna and Nagarajan (21) was
modified. An AG 50W-X8(Na*) column was mousicd aborve a AG SOW-XB(H') column Eloemt
amounts were modified as described below. Afier application of the samplec (cither incubation modia or
neutralized intracellular fraction) followed by 5 mi water the columns were separated. The Na* columa
waswlshdwilhsulofO.ISM(pHﬂmdtmeiy&whhidc.adlhuﬂaianwﬂh
10 ml of 0.5 M (pH 6.5) sodium citrate hydrochloride (first 2 ml were discarded). Columas were
regenerated with 4 ml of 2 M NaOH. Urea was cluted from the H* columa with 18 mi of water. The
first 8 ml and the last 6 ml of water were discarded. The citrulline was cluted with 3 ml of 6 M HCl aad
the column was then washed with 2 ml of 2 M HC1. Both columns were then rinsod with water watil the
clucnt was pH 6-7. Columns were rewsed wp 10 S times.
acids in supplemented KRB containing 1.0 mM argininc, 0.06 mM citrulline and 0.08 mM wrea.
['4Clarginine was added  0.18 uCisml KRB. {4 Clcitrultine or [4Clurca were added a1 0.011 uCi/mi
KRB. Vcrylinlcugiaineco-duediatkciulli-eotfuaioas(‘l'ablcd.l).humm
specific activity was high, the radiosctivity duc 10 arginine can approach that duc 10 cither citralline or
m.mmwwwmmwmmmm
(wmumwmam)wum.mmmm
subtracied from the sampie value to give actual citrulline or urca radioactivity. Average citrulline
mmymumsmmummm.mmmnum
aliquots of column cluent with a scistillation fluor (Ecolitc™) and coumting in a Packard 1600CA
TriCard Liquid Scintillation anslyzer. Total citrulline or wrea production was calculsiod by dividing the
citrulline or urea radioactivity (dpm) by TCA soluble arginine specific activity (dpm/nmol).

Hydrolysis of Muscie Protein

The amount of citrulline in muscic protcin was determined aficr hydrolysis of homogenized,
washed muscle proscin. Approximately 45 mg of muscle prosein was placed in 3 mi of 6 M HCl, the
stmosphere sparged with Ny, and incubated st 110°C for 24 he. Sicinent ef ol. (22) indicated thet
citrulline is converied 10 ornithine during acidic hydrolysis. To correct for this loss, a standard solution
of citrulline ar ' tyrosinc was prepared and treated with 6 M HC! under the same conditions as for
muscle protcin i drolysis, and incubsted for various times from 0 10 30 hs. Lincar regression analysis of
citrullinc conceatration over time was significant (=16, p=9.09x10°7, r2=83%,), and at 24 hr 47% of
the citrulline was lost. There was 20 significant loss of tyrosine (n=16, p=0.0954, r2=19%). When the
amount of citrullincand tyrosinc in muscie proscia were calculated (see below) correction factors of 47%
and 0% respectively were wsed.
Determining Nitric Oxide Synthase Activity in Muscic Cytosol

Citrulline formation in muscic cytosol was determined using the method of Salter ef ol (15).
Briefly. muscics were frozen in liquid sstrogen, pulverized, and homogenized (Pro 200) at 49C in buffer
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(1:4 wh), (pH 7.2. 10 uM HEPES, 0.32 M sucrosc, 0.1 uM EGTA, 1 mM DL-dithiotreitol. 10 pg/mi
tryspin, 10 ug/mi leupeptin, 2 ug/ml aprotimn, and 100 ug/mi PMSF). Afler centrifugation (35-(‘*
100,000 x g. 49C) muldtkm&ﬁm(m)mdﬂulmmm
media (pH 7.2, 50 mM KH,PO,, 024-HC:C12 lZﬂiHﬂziﬂmMﬂhm,lzmm
22 uM argisine with 0.132 uCi/ml [U-14Clarginine, 120 WM NADPH, 12 uM tetral '

MMNMdEGTA(IMGEGrAﬂLMA(ImM&) Funhdmm
cxpenm.nmmummﬂbMUL-ﬂAhE(ﬁ;QnunhmEﬁTk
Cytosol was incubsted for 12 min at 379C. At the end of incubation the samples were moved 10 room
temperatere (20°C) and gestly mixed with 1.5 md of a shrry of 1:1 (v/v) Dowex SOW-X8, Na*
form:water and then 4 mi of water. Afer the resin had settled, 3.5 ml of supernstant was collected,
mmuwdmmnu(ﬁauﬁ)-dmm-mmmmnmm
activity was calculated from the difference in radioactivity between incubstion media with and without
mxmwmmmmmiﬁbﬁmvmm)m
activity was calculated from the difference in radioactivity between incubstion media with EGTA oaly,
and incubation media with EGTA and L-NMMA. ﬂem ivity in this sysicm may be
rmwmmmmﬁummdmmh_ihﬁm
from citrulline systhesized by enzymes other than NOS or a combination of these three sources.

Statistical Analysis

Statistical analyses used were a multiway ANOVA, using rat as 2 sowrce in the mode] and
varistion duc 10 rat was removed. Theee or more means which were significantly differemt were
wmwmwwwmmmmmmmq
repeated measurcs, and significantly differest mcans (Period x Treastment) were separsted by a T-test.
Lincar regression was used 1o amalyze citrulline and tyrosine loss during acid hydrolysis. If p<0.0S,
results were comsidered significantly differest. Pooled S.EM. were calculmed wsing Least Squares
Means (SAS 6.06.01, SAS Institme Inc., Cary, NC, US.A.).

RESULTS

Net Citrulline Release

Incubated intact cpitrochicaris and medial gastrocacmius strips released citrulline imto the
incubation media. The nct citrulline relcase ranged from 0.110 10 0.272 amol/mg wet tissue/3 he (Table
5.1). Citrulline releasc was not significantly affected by traumatic injury 10 the tissuc (Table 5.1) or
injection of animals with £. mhmmsmvs—om:oms_u-;mu p=0997).
In vitro citrulline relcase was not affected by the addition of cycloheximide 10 the medium, but was
aticausted by incubstion in calciem-frec medinm (Table S.1). mpﬂimmmlﬂn
or ornithine (0.05 mM) did not influence net citrelline release from the tissue.

Net tissue citrulline releasc was measured in the sbove experiments but these values do aot
mmwnl&mmhumﬁgﬁngﬂpﬂmﬁh
muscic homogenate). A decrease in the amount of free citrulline in muscle tissue over 3 hr of incubation
umuauuwwﬂghnmmnzzxngumun
out of the muscic tissuc. Thesefore the data in Table 3.1 is an oven of i8. Sin
hdh&muumﬂ_ﬂ‘ﬂe!nmm
basis of net release.

Origia of Citrulline

Cycloheximide was approximately throefold grester tham that of citrelline (0.330 £ 0.019 aad 0.117 +
0.009 amol/mg tiesuc/3 hr respectively, ﬂ)ﬁi“pﬁﬂndﬁﬂhhﬁvﬂ
from protein-bound cicrulline, the atio of ty» illine in muscle protein would nsed 10 be in the
oeder of 3:1. No“&duuﬁﬂh“ﬁd:pﬂh“ﬁ(ﬂ)ﬂ
considering the limits of detection of the aseny, and citrwiline degra g _
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tyrosine:citrulline ratio of muscle protein is 2 48:1. Despisc the presence of peptidylarginine deiminases
in muscle (9). this would not appear 10 result in large amount of citralline in a protcia bound form.

Tissue metabolism of L-[gmado—“f']m

cquilibration with the media. 1.0 mM arginine (with L-{guanido- 14Clarginine st 400 dpmmmol) was
MnmmmﬁmmM05ﬂ35h—1ﬂ-ﬁM(W&mm
arginine specific activity was 259 1 13 and 294 £ 13 dpm/mmol, (p=0.0923, waB), indicating rapid
(255 £ 12 and 225 * 12 dpm/amol respectively, p=0.0841, n=8). Relesse of labelled cit ullinc and wrea
into the media was also measured (Tabic 5.3).

TMW“m:Mmmﬂmei&ﬁAm
mammmwm&-mmmmbumwom-mm
mewmmmﬁﬂsaxnghmA-mmmm
modia.

L-NAME is a competitive inhibitor of NOS (19) and it is possible that the Iack of inhibisor
dww&nah“d“umh-mwmmnm
mqudeﬂhmmmﬁﬁyﬁmwﬁw
presence or abscace of the inbibitor for 9 br, being wansferred into fresh modia every 3 be. Duc 10
TCA soluble argininc specific activity was 470 + 37 dpm/amol ot 9 be (ne6), and the inhibitor had no
effect of this vasisble (p > 0.05). Urea release was not influenced by L-NAME but did increase with time
Mhﬁemd&ﬁiﬁn“éﬂ?hhﬁﬁﬂnﬁhkmﬁg
and prevemted a time-reisted increase. In momc of the experiments did [!4C)cierultine reicae,
mw&mdum\zmmmmmnmn
HPLC (Tables $.3 and 5.4).

Inkibisor Transpon

It was hypothesized that L-NAME was a poor inhibitor becamse it could not emter the cell. To
the extraceilular space while preventing the amino acid transporters from raneporting any arginine or
measured. They were ot significamdly differemt (p=0.9031) in homogenates of washed or wnwashed
muscie (1.2 £ 0.0S or 1.20 £ 0.03 respectively), indicating that L.-NAME enters the ccll,

h was also hypothesizod thet L-NAME may not be as effective an inhidisor of NOS in muscies
8 i other tissucs. To test this hypothesis, NOS acuivity in epitrochiearis muscle cyweol was messured
ﬂahk”).mmuvduﬁﬂmiﬁtm-ﬂﬁ“)bmhﬁylﬂd
that reported by Salter e1 al. (15), in wnspecified rat skeictal muscle tisene. Both calculntions sssume thet
mmmﬂﬂu“-ﬂ-qﬂ:mmmmm:
both L-NMMA and L-NAME were measured in gastrocaemins muscle cysosol (Fig. 5.2). Both inhibitons
veduce the asmount of radioactivity 10 similar levels (>60%) in a concentrasion-dependant manner,
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DISCUSSION

Synthesis of Citrulline and Urea

These experiments clearly demonstrated that skeletal muscie tissue synthesizes both citrulline
mﬂm Cuﬂlu:yﬂhmsﬁmmkmymihpmﬂikhﬂyﬂu Since the

ocacmius and cpitrochlcaris have a fibre type distribution similar 10 several other muscles (24) the

mlmmmmmmmhﬁs;mmﬂj*,,,,,’ synthesis
by the whole body. lnlmgm,mm:i;mm“maunlhn synthesis between
7.7x10°3 and 19.0 x 10°5 umolmg/3 hr (citrulline release from Table 5.1 x 70% to account for
mmmmxmtmmmmmmss;amm
ufamﬂhn:padl; as much as the kidncy normally coaverts 10 arginine daily (3). In comparison, the
g plasma pool has oaly 0.533-0.564 pmoles of citrulline (0.052-0.055 umolc/mi plasma)(3,21).
Th:md‘themmauﬂhulﬂms,,,i,f*llmhmhﬂehmtmﬂk
involved since there appear 1o be multiple sources of citrulline.

mﬂnﬁﬂmﬁ-ﬂmmiﬁﬁ)nmmmwnh
mmﬁmm“&ﬂ)mmeﬂkmmm“(ﬁ) In rats, the
mimnﬁmﬂnmmﬁnhﬁf pduction (66 umol/day compared 10 6.3 x
106 umole/day on a 15% protein dict, respectively)(25).

Source of Citrulline snd Urea

Thaeuhﬂz.lfﬁy proicin-bownd citrulline in musclc despitc the presence of

' c Mmﬁmimﬂhﬁqmlqa
! ;iﬂd(ﬁ)“lﬁmmgmﬁoﬁlndyq
ummwhklﬁnm:ﬂkm*n” imes -
detcction using HPLC. mtmimﬁm*cﬂiﬁmgm
reasons why mo citrulline was measured in rat but was measured in rabbit skeletal muscie. Even if rat
mmﬂmﬂlﬂﬂmmhm“hmm
hmhﬂﬁmﬁﬂﬂﬁekpﬁhmmﬁjkhﬂy
mﬁammmmmm-pmmn-mmm.mmm
mﬁ:mq&nud-dem_ﬁ,,:;:;i for all citrulline relcase measured.

mscasitivity of citrulline relcase 10 ormithine availability suggests that ornit

sﬁm-k—ﬁ.m_hﬁm:um*ﬁg
ﬂmuhmmﬂﬂmﬁﬂﬂgmhmw
citrulline from L-{gwanido-'4Clarginine is nitric oxide synthase. Citrulline reicase was not affected by
injecting rats with E. coli endotoxin, & stimuistor of inducible mitric oxide synthase (12,14), with
_-ﬁmmﬁ ibly macrophages) into the area (17), or during
incubation with cycle midie -mm-ﬂn These results sugpest that the nitric oxide
MH_ﬁsﬂnHﬁiﬁmmhilﬁmm“Q
e may be confounded by intraceliular citrulline loss (Table 3.2), or may be due 10 an upreguistion of
CNOS s in cultured endothelial cells (29) or induction of iNOS. Citrulline release was sessitive 0
calcium, as is comstitutive mitric oxide symthase. Salier ef of. (15) also concleded that muscle tissue has
¢NOS bwt mot iNOS, since there was mo significant incresse in citrulline production 6 hr afier
stimulation with endotoxia. Additional support for the presence of cNOS in skeletal muscle comes from
N“ﬂd(li)ﬁ“““iﬁﬁﬂﬂﬂpﬁhm
mhmﬂﬁ&ﬂ@»ﬂw“ﬂmhm
while sortic smooth muscie has oaly INOS (31) seen after exposere 1o Cytokines.

Since significast amounts of citrelline do not appoar 10 be formed via pepti
mw-ﬂm:ih:ﬂmhuﬂ_ﬁmu
ﬁﬁﬂﬁﬁm&miwmbhﬂimlmmbm
ﬂ_“dﬂmmwmﬂﬂﬁm&hﬁﬁim#
doscs in comparison 10 these requized in muacie cytosol. The experiment of washing the extraceliuier
ﬁ“h“iﬂhﬁﬁmmﬁjlﬂh
for inhibitor inactivity. That L-NAME enly prevemted the incrensed citrulline release in the last 3 he
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inc ’"",’,pﬂﬁd:ﬂmnnthﬂmmm“mmthlL-NAhEmm:bn;ummm
memmieltmh:lhlhmhﬂeﬂﬂ;gmm which metabolizes L-NAME into its actnve
fmmulmm*emmleﬂnnmdhahmmbﬂ%hﬂmm In aortic rings, L-
HAhEuﬁkniﬂxmmemmmm“mmxnme
cviosol (19).

Lﬂﬁnﬁhmﬂ“ﬁpﬁdﬁhmﬂmmdﬁmm nmh
Albina e1 al (%) wmmmmmm:mm,,,, oniy (13). In
ﬁ:hﬂmckmuahpnhﬁbmmﬂww,,, ination (25), nmng
ammonia production would not be specific for arginine deimina activity. Tnhemnednn-m
has been described in several procaryotes (33), mm-dmm:éhlﬁmﬂm(mﬁml)h
mwnnmﬂmeékﬁmﬁmhmmnﬁ;m:m calc
(JZ)EnEQMMhhmiﬂmm;IWHEM Iu:p_hlglhl
Abbina ef al. (5) were meas ’,f,*&:ﬂvﬂ;iﬂmmﬂ:mﬂﬁnﬂnﬂmxhnw

The difference between labelled citrulline sand toial citrulline production lhn pum
mwnm:m;nnmmu:ﬁ:mdf,, .
andmaﬂnam!lm:“lhhﬁu“thedymﬂﬂrﬂh&”f 2ctic m-u:l: llnln
be remem ’,,flﬁﬂ:ﬂ:ﬁﬂﬁnﬂujb}cmﬂiﬂhﬁﬁmlﬁ:
lﬁn::llllnjml nmnmﬁimm“mmmqu
incubsation. Emfuﬂmnﬂmnsm&yﬂmnﬂﬁém(ﬂmu)nnmﬂhgir.nlln
Hdledmmlhnerﬂ:m Further rescarch will be required 0 determine

Uﬂﬂhﬁmhmﬂnﬂ.nuﬁﬂhﬁhmmwmﬂn
hysiological function of NOS is reguiating vasodilation . Skeletal mmscle pO; (35), artcriolar diameter
(3637) MMHWMM(H)EMNNEMZ“
activity in skeletal muscie vascul "'}Fﬂﬂkﬂﬁ:ﬂymﬂmhhﬁm
cells of muscic vasculsture. Production of citrulline from cultured skelctal muscle cells (6) indicates that

mmhmﬁmﬂﬂﬂﬁgmmmnm Further rescarch will
di ot the physs . A
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Table 5.2: Muscle Citruiline Content (TCA Seluble Citruitine)

TCA soluble citrulline was measured in pairs of muscles before and afier alhr
incubation. In the first experiment 6 week old maic rats had been injected with salinc or
coli endotoxin (3 mg/kg) 6 or 12 hr prior 10 the experiment. There was no significamt
difference in citrulline relcase between the two timepoints of £ coli endotoxin injection
In the next experiment. pairs of gastrocnemius muscle from 7 week old male, control rats
werc incubated in cither | mM L-NMMA or 0.3 mM arginine. Data are means ¢ pooled
$.E.M. Different superscripts within an experiment indicate that the means arc
significantly different (p < 0.03).

TCA Soluble Citrulline
(nmol/mg tissue)

Muscle _ n____Pre Incubation Post Incubation

Epitrochlearis 7
Salinc injection $ 02300172 011500170
E. coli endotoxin injection 5 0218+00173 0105t 00170

0.13010.0113 0.081 £ 0.011®
0.111 +0.0102 0.068 + 0.0100

:
§
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Table $.3: Metabolism of 1.-{gnanido-14C|Arginine

Epitrochleans muscles were incubated in media containing | mM arginine labelied with l”C]argimne
(0 018 uCi/ml KRB) (described 1n text) in the presence or absence of 0.010 mM L-NAME. Release was
calculated from radioactive products measured in the incubation media. Synthesis was calculated by
summing radioactive products measured in the incubation media and in TCA soluble muscle
homogenatc Labelied citrulline was calculated from citrulline radioactivity divided by intracellular
argininc specific activity. Total citrulline was measured by HPLC (Total citrulline was not corrected for
citrullinc lost from the intraccllular space, see Tablc 5.2). There are no significant differences in
citrulline synthesis between muscles incubated with or without L-NAME (Analyzed using multiway
ANOVA with rat as a block). N.D. = not determined. Data arc means, n= 8.

. Release from Muscle (nmol/ mg tssuc/ 3 hr)
Control __ L-NAME SEM.

Expcniment 7
(11 week old female rats)

Urca 0.020 0.004

z =z
\U\

ip\

Labclled Crtrulline 0.033 0.005

Total Citrulline 0.120 N.D. o012 -

4

Muscle Synthesis (nmol/ mg tissuc/ 3 hr)
Control L-NAME Pooled S.EM.

Experiment $

(0 week old female rats)
Urea 0.027 0.024 0.003
Labelled Citrulline 0.074 0.069 0.005

_Total Citrulline o0 0238 0.011




Table 8.4: Release of Citrulline and Urea from Incubated Skeletal Muscles with Time

Paired epitrochlcaris muscles were incubated in the presence or absence of 2.0 mM L-NAME with
[14Clarginine (see text). Muscles were transferred to fresh media every 3 hr. Labelled citrulline was
calculated from citrulline radioactivity divided by arginine specific activity. Total citrulline release was
measured by HPLC (Total citrullinc was not corrected for citrulline lost from the intraccllular space. scc
Tablc 5.2). Data arc means. n = 8. Different superscripts in rows and columns indicate significant
differences (p < 0.05). Age and sex of rats is not availablc.

Release from Musclc (nmol/mg tissuc/3 hr)

Period (3 hr)
Onc Two Three Pooled S EM.

Urca

Control 0.00393 0.01223b 0.0294b 0.0060

L-NAME 0.00192 0.0239b 0.0293b 0.0060
Labelled Citrulline

Control 0.02063 0.0725bd 0.1410¢ 0.0122

L-NAME 0.03432 0.:.38b 0.08248d 0.0122
Total Citrulline

Control 0.10282 0.3284 02791 0.0449

L-NAME 0.5341€ 1.2602d 0.9749¢ 0.0449
Media Citrulline Specific Actvity (dpm/nmol)

Control 9s.3b 164.5¢ 237.3d 21.3

L-NAME 3330 36.38b 2819 213

4]



Table 5.5: Skeletal Muscle Cytosol Formation of Labelled Citrulline

Epitrochicans muscle cytosol from 14 week old male rats was prepared (see text) and incubated for

min in the presence of 0, ImM EGTA or | mM EGTA and | mM L-NMMA. Themhurewmplred
10 thosc of Salter e al. (15) who used a similar method and also challenged rats with lipopolysaccaride 6
hrs prior to the cxperiment. Lipopolysaccaride made no significant difference in ctNOS or iNOS aclivity.

. NOS Activity (nmole/g/min)
Peters Salter et al. _
n 4 3
¢NOS 0.136 £ 0.032 0941016
iNOS 0 o _

L))



NOS

mﬂ)nﬂpmmnﬂﬂe citrullis immﬁunmhn:mllhm ]
citrulline is synthesized from arginine via NOS, the radiolabel will stay with the citrulline. Therefore
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Figure 5.2: Skeletal Muscle Cytosol Formation of Labelled Citrulline in the Presence of Various
Concentrations of L-NAME or L-NMMA

trocnemius muscle coviosol from Huﬁoldmkmnumﬁ(mkm):ﬁmﬂaﬂhlz
mnnnmmm&mﬂmﬁﬂmﬁmdL—NuﬁmL NMMA Data arc means, n =
4. vertical bars indicate the SEM.

S - - LNMMA & LNAME

i

001 0.1 1 10 it} X
Conce nwation (uMolar)
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V1. GENERAL DISCUSSION AND CONCLUSIONS
SUMMARY OF RESULTS

The objectives and hypothescs stated in Chapter 2 were tested as described in Chapters 3-5. The
results arc bricfly summarized here. Measurements of citrulline release (Objectives | and 2) saggest that
citrulline is not formed by the urea cycle or iINOS but by cNOS. It was determined that citrulline is lost
mmmwmnum&m-ﬂghmmuunm
by in vivo injection of cmicrotoxin or incwbstion with L-NMMA (Obj ,
mmwumwmnmmmmnm
tham—hudwllhuumm::mmmbyﬁ:mi””
deiminasc. When [guamido-14Clarginine was wscd o a substrate, radiolsbetied citrulline and ures were

formed (Objective S) in whole muscie. Radiolsbelled mdhemlb formed in muscle cytosol.
Co-incubstion with L-NAME reduced lsbelled citrulline form tion, though high doses and long
MMMMHMbhHEMi—:&‘ tions (Objective 6). A
mmmdmmeMMﬂ mmc-mm
measurc amino acids was successfully shortened (Obyective 8), and it was determined that 47% of
citrullinc was lost during acid hydsolysis (Objective 9). ﬁm-ﬁiﬁlﬁumm
chromatography 10 scparatc argininc, wrea and citrulline was successfully modified 0 work with
physiological solutions (Objective 10) allowing s seasitive measure of both citrulline and wres synthesis.

Two lincs of cvidence agree with Hypothesis | that citrulline is synthesized in skeletal muscle.
mﬂmuthmdm:dwenmhmuﬁ_kmmﬂ
secondly that radiolabelled citrulline is formed when muscies are incubsted with radiolab
mmmamummmmmﬁudm-m
by Hypothesis 2. Hypothesis 3, that mitric oxide synthase is active in skeletal muscle, is swpported
mwuuam&mmmwnqﬁgmuqm
deiminascs. Diroct support for Hypothesis 3 comes from the formation of labelled citrulli
Igwawido-14Clargininc and inhibition of citrelline formation by L-NAME. mmm
MWWMMNMMMnsMHPDShm&Bm
source of citrulline formation in skelctal muscie. In addition, it was demonstrated that a small amownt of
urea is synthesized by whole muscle.

UNANSWERED QUESTIONS

The first question arises ot of the insbility 1o effectively inhibit the production of citrelline in
imtact muscle preparations compared with cytosol fractions. L-NMMA was not weed as an inhibitor since
nmduhmmwihe(l).cﬁﬁhhmﬂmm
L-NAME required long times and high doses 10 be effective. L-NAME must be metabolized
imo the active inhibitor, NU-nitro-arginine, by the removal of the methy] ester growp. To test whether
mmmﬂyw&m*hﬂMﬂEmﬂMMm
Nom muma—mmﬂmmmﬁm
does not cross mmscic membranes readily it 100 may not be an cffoctive inhibitor in muscle incubstic
wmmnmnumugﬂnmm-ﬂm
Purther work on intact mscle could wee thess new inhibisors as they become available.

Ancther arca that has act been explored is the role and fate of citrulling in the muscle. It hes
mwumua-mmdmmmu“-
volc itesll. Nor has it beon dotermined whether citrulline is motabolized in the muscle or exporeed,
pothaps 1o the kidncy for synthesis into arginine. Muscie incubations in radiclebelied citrulling and
subsoquent separation of pessibic motsbolices (is. arginine) would help 10 cxaming this question.

mﬂdnhhumhﬁﬂlﬂﬁnhﬁﬁif” o
deimingss found in sheiotal muscic, and the small amoust of citrulline found in mmecls prossing. X
ﬂlh*&bmbﬂmﬂﬁhﬂﬁimddm
1 compare sensitivitics. As woll as mensuring cisrulline in total mmscle protein (1.37 £ 0.03 pmelig),




Nishimaki e/ al. (S)Mwmmlmawmukudlmgﬂm
concentrations from <0.0] Mgmumﬂmmwnsuwgpmﬁnmm
Wmmllm&hhmﬂmnm“wmmgmbﬁlmﬂ
muscle cell protein.
Aaahupupbxingmurdxmhemdmmﬂiﬁﬂﬂs.n
Aﬂkmmaabdxmdcﬁmﬂmmuhwbmuhduhuybﬂhhﬁﬁﬁ
were not seasitive enough 10 detect citrulline from these pathways. iINOS and arginine ciminase would

mOre scasitive way 10 measure ornithine transcarbamoylase activity in skeletal muscie. lnnbinﬂle
that an alternative, yet unknown, pathway of citrulline synthesis exists.

PHYSIOLOGICAL FUNCTIONS OF NOS AND ARGINASE

Work in perfused hindquaricers and mwscle clearly indicase thet NOS functions in the
regulation of blood flow through the skeletal muscie (4,5). Presumably this NOS is locsted in the
oxidc as a wewrotransmiticr. Residest macrophages or fibroblasts are prescat in small sumbers in
mm.mmmunmmmum(o).umﬁwe&m
large amounts of mitric oxide, they could sccount for muscie citrulline synthesis.

Citrulline is also produced by cultered muscle cells (7), evidence that myocytes themselves
arc the most sbundant cell in skeletal muscie, total citrelline and nitric oxide production would be

vesecis 10 trigger vasodilation. This would paraliel the situstion in larger vesscls where endothelial
mmmmmmmumm&mman
Vasodilation aliows increased blood flow and consoquently incrossed delivery of the mtrients roquired
o mmummmmmpﬁm-m

a smali amount of arginase in the muscle. Ornithing is the
arginase may be 10 provide ornithine, the substrate for polyaming synthesis. Arginase has besn wsed t0
*WM&MMMhM(W&&MhHG:ﬁ
mm.mmmu,rus.s)mum-mmingﬁiq
tissue)(13) would make it unlikely that arginasc is used 10 reguinte arginine lovels in skelctel muscle.

REQUIREMENT POR ARGININE

The discovery of NOS in sholetal muscie may help 10 quantify the seoni-casentinl netws of
ldﬁe.ﬂhhﬁbhl“ﬁh&yﬂhﬂhﬂﬁﬁﬂ
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r 1 5B tabolism of glutamine, or NOS metabolism of arginine, 10 reform

the required arginine. Thtwﬁﬂhnﬁﬂﬁtnﬂnﬂﬁ‘mpﬁhﬁ;mhﬁhﬂﬁnﬂ
srginine would just cycle. hmammmnmmﬁrmnm
uﬂhﬂnﬁﬁhmm;nmﬁmwlgmmsﬁiﬁmm
mSMﬂd(l!)ﬂwnmﬂ“mpuﬁmﬁnﬂﬂmumﬂgm(:ms)w
ISlmmgm(:NDSﬁulhﬁ)ﬂﬂmmm-mﬁumm
arginine usc. If the body is unsble 10 synthesize the dditional arginine it must be provided from dietary
S0urces.

mm—ﬁﬁnﬂmumﬂdmmm&g“m
oxide is its short helf life (<5 sec)(15), preventing any build-up of the free radical. The socond defense is
hmﬁmﬂymm(ﬁ)nnﬂmmﬂm“m
concentrations in any single location of the cell. Scaveagers of nitric oxide incinding oxygen radicals
mhmcmumlhh@ﬁ-wmuﬁ)hm“m

&nﬁmﬂsmimmﬁnﬂ@ﬂ“mﬂﬁmm

mmw’cﬂm All these mec
m—mdmmmwm Smdymm
mmmmuhﬁﬁﬁﬂﬁ:mﬁpﬁdhm

hﬁhml&@hﬂﬁm

crop ij:ahpm:ﬁ—:(ﬁ).ﬂﬁﬂmk“imm&m
mmmmmmwmmmmmﬂm@
which will suppress NOS activity. Therefore scveral mechanisms exist 10 regulate the amount of nitric
oxide in the tissuc.

CONCLUSION

The described riments have established that arginine is metabolized im0 citrulline in
m-iﬁgﬁihﬂsﬁemm&ﬂyn&mﬂhﬁhmﬁnm
10 identify the NOS isoform and 10 determine if it has a physiclogical role other than vasodilation in
mﬂﬂ“m&.“ﬁ:“ﬂedﬂnm-ﬂﬂh&

m&mm-:&-ﬂm
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VIi. APPENDIX 1. DETAILS OF METHODS FOR MEASURING CITRULLINE

HPLC ANALYSIS OF CITRULLINE: REAGENT, SAMPLE AND STANDARD PREPARATION
Reagent Solutions
All reagents, including water were of HPLC grade.

Reagents

Solvent A: 27.2 g NaOH was dissolved in ~1.6 1 of water. 1.5 M NaOH or acetic acid were used to
adjust the solution to pH 7.2. 180 ml methanol and 10 ml tetrahydrofuran were added
and the solution was stirred with the lid on 0 avoid unpicasant odours. Volume was
brought t0 2 | with water. Stable for two weeks.

Solvent B:  Mcthanol
Fluoraldchyde  0.50 g of o-phthaldialdehyde was dissolved in 12.5 mi methanol and 112 mi 0.04 M

Reagent: sodium borate buffer (pH 9.5, 15.25 g sodium borate in 1 litre water), 0.50 ml
Wﬂldwssﬂmmmmmﬁuﬂymm
woek.

Samplc Buffcr: 1.2 g benzoic acid was added ic 25 ﬂﬁwl(28407 and brought t0 100 m!
with water. Stable at 4 ©C for months.

Internal Standard Solutions

Stock solution: 0.09)3 g L-a-amino-f-guanidino proprionic acid was dissolved in 100 ml water
(S mol/ml). Stablc at 4 OC for months.

Working 0.05 ml AGPA stock into 25 ml water. This solution was made fresh daily.
solution:

Amino Acid Solutions

Citrulline stock Zl.7gciu|lﬁuwadi.olvedin25nlm«.93|nollml).Swell"Cfotm.
solution:

Amino Acid o.nwumwmm«z.smﬁm)uo.osumm

Working were added 10 25 mi watcr or other solvent (sce sample preparation). This solution

Preparation of Standards and Semples

Samples in Incubation Media
Amino acid standard working solution was made wp in water.



0.05 ml working amino acid standard (A.A. STD)
0.05 ml working internal standard (1.S. STD)
0.05 ml sample buffer

0.55 m! water

0.25 ml sampic
0.05mi LS. STD

0.05 ml sample buffer
0.35 ml water

Samples in TCA
Amino acid standard working solution was made up in TCA of the samc concentration as the
sampic TCA.

Standard vials Sample vials

0.05ml A A STD 0.10 ml sampie

0.10m! 1.S. STD 0.10ml 1S. STD

0.05 mi saturated K»B 04 0.05 mi saturaied KyB 404
0.20 ml water 0.15 ml water

Samples in 6 M HCI
was placed in a borosilicate tube. The standard and all samples were made basic with 12 M NaOH
(appe BJNNﬂUﬂM)Bm;nmmdm:ﬁm“wuﬂhmn
0.10ml AA.STD 0.25 ml sample
0.10ml LS. STD 0.10milS STD
0.40 ml satursted K5B 404 0.40 ml saturasted K»B 40+
0.15 ml water 0.00 ml water

Samples in 0.5 M Sodium Citrate
Amino acid standard working solution was made up in 0.5 M sodium citrate.
0.10ml A A STD 0.10 ml samplc
0.10mli1S. STD 0.10ml 1S STD
0.10 m! sample buffer 0.10 mi sampie buffer
0.40 ml water 0.40 ml water
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REAGENTS FOR CATION EXCHANGE METHOD
All rcagents werc laboratory grade. Water was distilled and deionized.
2 M NaQH % g NaOH into 10(} ml of water.
I M HC(I 20 ml of concentrated HCI into 70 mi water, brought to 100 m! with water.
6 M HCI 60) ml of concentrated HCI into 30 ml water, brought to 100 mi with water.

0 15 M Sodium 8.82 g of Trisodium citrate into about 180 ml water. Adjusted to pH 6 with
Citrate HCI 6 M HCI, brought to 200 ml] with water.

0 50 M Sodium 29 g of Trisodium citratc into about 180 m! water. Adjusted to pH 6.5 with
Citrate HCI 6 M HC). brought to 200 m! with water.

SNKOH 28 g of KOH into 100 ml of water



VIII. APPENDIX 2: TABLE A2 ]

Table A2.1: Skeletal Muscle Cytosol Formation of Labelled Citrulline in the Presence of Various
Concentrations of L-NAME or L-NMMA

Gastrocnemius muscle cytosol from 14 week old male rats was prepared (sec Chapter V) and incubated
for 12 min in the presence or absence of several concentrations of L-NAME or L-NMMA. At 1000 uM
L-NMMA or 100 uM L-NAME it was assumed that all NOS was inhibited. and that citrulline
production was at baselinc. Data are means, n=4, ND=Not determined. This data is also presented in

Figure 5.2.

Citrulline Formation (pmol/mg/min)

Inhibitor Concentration
{uM) ) - L-NMMA - L-NAME

00 ' 2.396 +0.559 2.330 + 0.510
03 ND 1.971 £ 0.516
30 1.330 £ 0.304 1,299 1 0.307
300 0.229 +0.109 0.531 £+ 0.423
300.0 0.120 £ 0.076 ND
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