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ABSTRACT

Transport and Uilization of Arginine and Arginine-
Cont ai ni ng Pepti des by Rat Al veol ar Macrophages

Xi aodong Yang

Pur pose. To denonstrate that al veol ar macrophages (AM from
rats exhibit pepTl-like transporter for the uptake of small
ar gi ni ne-cont ai ni ng peptides (ACPs) and utilized these
peptides as direct substrates for nitric oxide (NO

pr oducti on.

Met hod. A HPLC assay was devel oped for quantitative

measur enent of Arg and ACPs in rat plasma and

bronchoal veol ar | avage (BAL) fluid. The uptake of snall
pepti des by rat AM was eval uated using fluorescein

i sot hiocynate (FITC)-1abeled (*) peptides (Arg-Lys*, B-Ala-
Lys*, and @ y-Sar-Lys*), HPLC analysis of potential peptide
degradati on, and known inhibitors on arginine (Arg) and
PepTl transport. NO production by AMthrough Arg and ACPs
was studied wth and without inhibition by transport

i nhibitors. The presence of PepTl-like transporter on AM
was eval uated using anti pepTl anti sera and Western bl ot
anal ysis. The substrate specificity of Arg-Ay and Arg-dy-
Asp was determ ned using purified inducible nitric oxide
synt hase (i NOS). The availability of ACPs in the |ung was
determ ned by the HPLC anal ysis of plasma and (BAL) fluid.

Results. The FITC-| abel ed peptides were internalized by AM

wi t hout degradation. Uptake of Arg-Lys*, B-Ala-Lys*, and
dy-Sar* was bl ocked (~50% by cephradine, but not by Lys
(an inhibitor on CAT-2B for arginine transport). The NO
production by AMthrough ACPs was significantly bl ocked by
PepTl1l inhibitors and by an anti PepTl anti body in a dose-
dependent manner. These inhibitors had no effect on AM
production of NO using Arg as a substrate. Arg-dy and Arg-
A y-Asp were found to be direct substrates for i NOS with
simlar Kmand Vmax values to those of Arg. But the
production of NO by AM using ACPs as substrate was 2-fold
hi gher than using Arg as a substrate. Both Arg-dy and Arg-
A y-Asp were found in rat plasma and BAL fluid. The
presence of a PepTl-like transporter on AMwas confirmed by
Western bl ot.



Concl usion. This study shows that AM exhibits PepT1l-1ike
transporter for small peptide uptake. ACPs, through PepTl-
i ke transporter, can serve as direct substrates for AM
production of NO an inportant nediator on both protection
the lung frombacteria infection and augnents inflammation

lung injury.
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Chapter I Statement of Question, Hypothesis, and Specific Aims

Chapter |

St atenent of Question, Hypothesis, and Specific Ains of This
St udy

Peptide transporters play a pivotal role in efficient
absorption of protein digestion products (mainly di- or
tri-peptides) through plasma nmenbranes in the snal
intestine. As a result of the transport of these snal
peptides, up to 78% of the amno acids in the plasma are in
the formof di- or tri-peptide in experinental animls
(Seal and Parker 1991). Renoval of such |arge anmounts of
smal | peptides fromthe plasma into an organ could be the
result of dipeptide hydrolysis in plasma or of actual
utilization of peptides by the organ. Lochs et al. (1988)
showed that the hydrolysis in plasm was not a nmajor
mechani sm for the di sappearance of dipeptides from
circulation. This suggests that direct utilization of
t hese peptides could occur in various tissues.

| ndeed, direct utilization of small peptides by
different tissues has been reported (Krzysik and Adi bi,
1977; McCorm ck and Webb, 1982). Fei et al. (1994)
reported that small peptides mght be directly used by the
liver, kidney, brain and placenta. Mre recently, Wang et
al (1996), for exanple, reported that di- or tri-
nmet hi oni ne-cont ai ni ng peptides were nore efficiently
utilized than free nmethionine in the synthesis of mamary

ti ssue proteins secreted fromlactating mce. The
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utilization of small peptides in anabolic process in other

ti ssues, including the lung renmains uncl ear.

I n pul nonary host defense, nitric oxide (NO is
produced in particularly |arge anmounts by al veol ar
macr ophages (AM to provide cytostatic/cytotoxic effects
agai nst invading bacteria. |Induction of NO production by
AM and agents such as |i popol ysaccharide (LPS), depends not
only on the activity of the inducible nitric oxide synthase
(1NOS), but also on the availability of the substrate
argi nine. Recent studies have shown that arginine is taken
up by AMthrough the cationic amno acid transporter 2B
(CAT-2B) (Caivano, 1998). LPS, which stinmulates the
production of iNGCS, also facilitates AM uptake of arginine
(Kakuda et al., 1999).

The substrate for NO synthesis may not be necessarily
restricted to arginine. Thienmermann et al. (1991) reported
that in endothelial cells, arginine-containing dipeptides
fit the active site of NO synthase than arginine in
endothelial cells. 1In addition, Meredith and Boyd (1995)
reported the presence of a peptide transport protein in the
pul nonary type Il cells and suggested that this transporter
may play a role in lung peptide honmeostasis. Recently
Groneberg et al. (2001) denonstrated the presence of a
peptide transporter in alveolar type |l pneunocytes,
bronchi al epithelium and endothelium of snmall vessels of
manmmal i an lungs. Due to the availability of small peptides

in plasma and the presence of peptide transporter in the
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al veol ar epitheliumand endothelium direct utilization of

these smal| peptides is therefore feasible.

The hypot hesis of this study was that al veol ar
macr ophages can take up argini ne-containi ng peptides and
directly utilize themas substrates for NO production, and

that this process is regulated by a peptide transporter.

A nunber of transporters including PepTl and PepT2
| ocated in the intestinal and kidney epithelial cells,
respectively, have been identified for di- or tri-peptide
transport (Fei et al., 1994, Saito et al. 1996). It is
reasonabl e to suggest that in various organ systens, where
transport or absorption of small peptide is necessary,
there are simlar peptide transporters.

In order to characterize the potential presence of a
peptide transporter on AM this research used the structure
of PepTl (Figure 1) as a nodel to test the underlying
hypothesis. In this approach, two peptide segnents,
peptide | and peptide Il (figure 1-3), while exhibit high
homol ogy in am no acid sequence anong rat, rabbit, and
human PepTl, were chosen to produce the anti-PepTl
antisera, and used as proteins for the detection of a

pepti de transporter on AM

The specific ainms of this study were:
(1) To develop a reliable nethod for the anal ysis of
ar gi ni ne and argi ni ne-containing peptides in the

bi ol ogi cal system
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(2)

(3)

(4)

To establish that appreciable anmount of arginine-
containing small peptides are present in the |ungs

To denonstrate the presence of a peptide transporter
in al veol ar macrophages (AM and the uptake of

ar gi ni ne-cont ai ni ng peptides through this transporter,
and

To determ ne the arginine-containing peptides are
direct substrates for the inducible nitric oxide
synthase (i NOS) in AM for NO production.

The outconme of this research should provide a

pl ausi bl e mechani smfor the role of arginine-containing

peptides in vivo NO production.



Chapter II Review of Literature

Chapter 11

Revi ew of Literature

1. Peptide Transporters

The exi stence of a peptide transporter in human snal
i ntesti ne was hypot hesi zed nore than 25 years ago (Matthews
and Adi bi, 1976). Due to the technical difficulty, this
transporter protein was not identified until recent years.
The first peptide transporter, called (PepTl) was cloned by
Fei et al. (1994) fromrabbit small intestine. The second
one, called PepT2, was cloned from absorptive cells of the
renal proximal tubule (Saito et al., 1996). The di scovery
of peptide transporters not only supported the hypothesis
but al so provided a useful tool for studying the
utilization of peptides by various tissues.

1.1. Physiological Inportance

1.1.1. Peptide Transporter in the Small Intestine

The physi ol ogical inportance of a small peptide
transporter becanme apparent with the observation of smal
peptides in the gut |unmen, then their di sappearance from
smal | intestine, and reappearance in portal vein after a
protein nmeal. Adibi et al. (1971 and 1981) investigated
whet her intact absorption played a role in the snal
pepti de di sappearance. A series of small peptides were

infused directly into the upper small intestine of human
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volunteers and their fates were determ ned. The results of
t hese studi es suggested the absorption of |arge anount

di peptides and tripeptides in an intact form

Thi s observation challenged the traditional idea that
dietary proteins nmust be broken down to ami no acids in the
gut lumen before absorption could occur. The inportance of
peptide transporter was further confirmed by the fact of
patients with genetic inpairnments of am no acid absorption
(Cystinuria and Hartnup di seases). These inpaired

i ndi vi dual s do not experience protein malnutrition.

Cystinuria patients |ack the basic amno acid
transporter and can not absorb arginine fromtheir
intestine. However, the dipeptide Arg-Leu is well absorbed
in these patients. Hartnup disease is a hereditary
condition in which the active transport of several neutral
amno aids is deficient fromboth renal tubules and the
small intestine. It exhibits a pellagra-like syndrone, but
is benign, and patients fare quite well nutritionally by
absorbing small peptides. This would not have been
expected if the amino acid transporters, instead of the
peptide transporters, were mainly responsible for

absorption of protein digestion products.
1.1.2. Peptide Transporter in Kidney
In addition to the PepTl in small intestine, a peptide

transporter (PepT2), is also present in absorptive cells of

the renal proximal tubule (Saito et al., 1996). This
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transporter via the active transport process plays a
significant role in conserving peptide bound am no nitrogen

whi ch m ght otherwi se be lost in the urine.

Such a physiologically significant role, however, was
not readily accepted because it was generally assuned that
the concentrations of small peptides in the circulation
were very low. However, recent studies (Gardner, 1994,
Mat t hews 1994, Schl agheck and Webb, 1984, Seal and Parker,
1991) have provided clear evidence that up to 70% of the
pl asma am no acid pool is in the peptide-bound form

1.2. Regul ation of Peptide Transporter

The know edge on the regul ati on of peptide
transporters is limted. The ability of the intestine to
absorb intact peptides varies wth age. In several aninal
speci es including man, the peptide transport systemis

established in the small intestine prior to birth
(Guandal i ni and Rubi no, 1982, Hi nukai et al., 1980, Sagawa
et al., 1979). The peptide absorptive capacity is nmaxi mal

at birth and then decreases with age to reach adult |evels.

The intestinal peptide transport systemis also
regul ated by diet. A high-protein diet enhances the ability
of the intestine to absorb peptides. A switch froma | ow
to a high-protein diet resulted in a 1.5-2 fold increase in
the pepTl nRNA level in rat intestine (Ferraris et al.
1988). Vazquez et al. (1985) showed that netabolic

perturbations, such as starvation, alter peptide transport
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in the jejunum of human vol unteers. Short-termrestriction
of diet, for exanple, increases the intestinal peptide
transport activity. However, the nechanismthat m ght

regul ate this transporter was not studi ed.

Qur present know edge of the regulation of the
i ntestinal peptide transport system by hornones is |inmted.
Little is known about the regul ation of the peptide
transport in the kidney. The principal peptide transporter
expressed in the kidney through the action of hornones
and/ or second nessengers has not been studi ed.

1.3. Therapeutic Application

1. 3. 1. Pharnacol ogi cal |nportance

The peptide transport systens present in the smal
intestine and the kidney al so have pharnmacol ogi cal
rel evance. Many orally active peptide-like drugs possess
structural features simlar to those of the physiologic
substrates of the peptide transport system The intestinal
peptide transport systemrecogni zes these peptide-Ilike
drugs (e.g. pB-lactam antibiotics) as substrates and acts as

a vehicle for their effective absorption (Okano et al.,
1986) .

The peptide transport systemin the kidney is
responsi bl e for active reabsorption of these antibiotics
fromthe glonmerular filtrate and, hence, increases their
half-life in the circulation. Thus, the intestinal and
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renal peptide transport systens play an inportant
pharmacol ogic role in determining the efficiency of these

anti biotics.

It is obvious that the peptide antibiotics are not the
only pharmacol ogi cally rel evant conpounds that use the
pepti de transport systemas a vehicle for cellular uptake.
The transport systemal so participates in the transport of
many ot her therapeutically and biologically active
pepti des, such as angi otensin-converting enzyne inhibitors,
renin inhibitors, and anticancer drugs (Inui et al., 1992).

1.3.2. dinical Inportance

The peptide transport systemin the small intestine
and the kidney has received increasing attention in recent
years. In current clinical practice, short-chain peptides
are being seriously considered as viable substitutes for
free amno acids in enteral and parenteral solutions. The
reason for that is that since the transport of peptides in
the small intestine is the prinmary node of nitrogen
absorption, it is logical to enploy all peptides instead of
free am no acids as the source of nitrogen in enteral

solutions for patients.

Avai | abl e evidence in |aboratory animals and in man
strongly suggests that enteral solutions containing snal
pepti des nmay provi de an absorptive advantage to patients
with severely reduced intestinal absorptive area and to

patients who are acutely cachectic (trauma, sepsis, and
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burns). Moreover, synthetic di- and tri-peptides offer an
effective alternative nmeans of am no acid delivery using

enteral solutions for those am no acids that are unstable
or sparingly soluble in free form(e.g. tyrosine, cystine,

gl ut am ne).

Expanded know edge about extraintestinal peptide
assimlation in animals, especially the extraordi nary
ability of the mammali an kidney to extract small peptides,
is supporting the view that small peptides can be
substitute for free amno acids, not only in enteral
solutions, but also in parenteral solutions. Recent
studi es have shown that it is possible to supply daily
nitrogen requirenents, intravenously, in the formof smal
peptides to animals and man (Ginble et al., 1988,
Steinhardt et al., 1984).

The I ow osnolality of peptide-based parenteral
solutions is another advantage, especially in patients with
severe fluid restriction. Furthernore, some free am no
acids, e.g. glutamne, are relatively unstable in solution
and during heat sterilization. However, when included in
the formof a dipeptide, alanyl-glutamne (Ala-G@n), for
i ntravenous solutions, unlike free glutam ne, is stable.
Human studi es have shown that utilization of alanyl-
glutamne is highly efficient and that the suppl enentation
of the parenteral solutions with this peptide significantly
reduces postoperative nitrogen | osses and prevents the
post - operative reduction in nuscle glutam ne content
(Stehle et al., 1989).

10
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Thus, the peptide-based parenteral solutions may offer
a variety of advantages in a clinical setting, and the
basis for the clinical efficacy of these solutions is the
ability of extraintestinal tissues, primarily the kidneys,

to utilize peptides via the peptide transport.

In addition, the water solubility of sone am no acids,
particularly tyrosine, is limted. Water solubility of
tyrosi ne can be greatly increased by attachnent of this
amno acid to a water-soluble amno acid in dipeptide form
Therefore, mxtures of small peptides are used widely as

the nitrogen source for nutrition.

1.4. Tissue Distribution, Am no Acid Sequence, Antibody to

Pepti de Transporters

PepTl is expressed predomnantly in epithelial cells
of the small intestine. Rat PepTl is a 710 am no acid
protein (rat) and is a highly conserved between species,
77% and 83% w th that of rabbit and human, respectively
(Myanoto et al., 1996). nRNA of PepTl has been found in
ot her tissues including kidney, liver, brain, and pancreas
(Fei et al., 1994; Liang et al., 1995).

PepT2 is expressed predominantly in the kidney, and to
a small extent in the central nerve systemand spleen. It
is a 729 amno acid protein and showed 60-80% and 83%
am no acid sequence identity with that of rabbit and human,

respectively.

11
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Bot h PepTl and PepT2 share three conmon structural

features: (1) twelve a-helical transnmenbrane domai ns; (2)
one large extracellular loop that is positioned between
transmenbrane domain 9 and 10; (3) intracellular |ocation
of both N and G termnus am no acid. Overall am no acid
identity is 48% between PepTl and PepT2 in the rat.

G acom ni (1999) suggested that the extracel lular |oop

m ght play an inportant role in the interaction between
substrates and transporter.

Anti-peptide anti bodies to transporters have been used
to identify and | ocalize transporter protein (Saito et al.
1995; Sai et al., 1996). These anti-PepTl anti bodies
agai nst synthetic peptides corresponding to the Cterm nal
13-15 am no acids of the transporter were used in
i mmunobl ot ti ng and i nmunohi st ochem stry st udi es.

1.5. Peptide Transporter in Lung

The evidences for the presence of a peptide
transporter in lungs have increased. Morinoto et al.
(1993) reported that dipeptides could be transported across
the al veol ar epithelial cell nonolayers. Transport of
tripeptides in the lung has been investigated in detai
(Helliwell et al., 1994). Meredith and Boyd (1995)
suggested that a proton-coupl ed peptide transport protein
is present in the apical surface of the pul nonary type |
cells, and that this transporter may play a role in |lung

pepti de honeost asi s.
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Recently, a peptide transporter was reported to be
present in mammal |ung cells, including alveolar type |
pneunocytes, bronchial epithelium and endothelium of snal
vessels (G oneberg et al., 2001). The presence of the
peptide transporter in various cell types suggested that
direct utilization of peptides could occur also in the

| ung.

2. Arginine and Arginine-Containing Peptides in Plasma and

Bronchoal veol ar Lavage (BAL) Fluid

In our classical understanding of protein absorption,
we believe that dietary proteins are conpletely hydrol yzed
to free amno acids in the gut and that only free am no
acids can be transported by intestinal nucosa into the
circulation. There is now substantial evidence that this
concept is not valid. |In fact, after a protein neal, nost
am no acid constituents of proteins are not absorbed as
free amno acids but as dipeptides and tri peptides (Adibi
and Kim 1981).

Webb (1986) reported that when conparing the
appearance of amino acids in portal plasma after a neal,
nore than 70% were associated with the peptide am no acid
in experinental calves. |[If these peptide am no acids are
of dietary origin, then this large contribution will be
significant. Even if these peptide am no acids are not of
dietary protein origin, they present a large quantity of

amino acids with which other tissues in the ani mal nust

13
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deal. There is excellent agreenment between Seal and Parker
(1991) and Gardner (1982, 1983) who reported that about 50%

peptide amno acids in rat and 65-78%in steer and sheep.

The distribution of the free am no acids arginine in

rat plasma and ti ssues has been reported (Barbul, 1990).
The concentration of arginine is 79-124 pMin plasma and

0.03-0.28 pnmol /g in different tissues. However, no
information is available about the distribution of
arginine-containing di- or tri-peptides in plasma and BAL
fluid.

3. Nitric Oxide, Arginine, and Arginine-Containing Peptides

Nitric oxide (NO is an inportant signal transduction
medi ator in a variety of physiological systens (reviewed in
Schm dt and Walter, 1994). In pul nonary host defense, NO
i s produced by al veol ar macrophages (AM in response to
inflammatory stinmulation to provide cytotoxic effects
agai nst invading bacteria (Beckerman et al. 1993), or to
regul ate cellul ar cytokine secretion and cycl ooxygenase
activity (Raso et al. 2001). The induction of NO
production from AM such as by |ipopol ysacchari de endot oxin
(LPS), depends not only on the activity of the inducible
nitric oxide synthase (i NOS), but also on the availability
of the substrate arginine.

NO synthesis fromarginine is a reaction, which
i nvol ves two separate nono-oxygenation steps (Stuehr et

al., 1991). N*Hydroxyarginine is an internedi ate species

14
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formed by a reaction requiring one O, and one NADPH and t he
presence of tetrahydrobiopterin (BH;). This reaction
appears to be simlar to those carried out by the aromatic
am no acid hydroxyl ases, which also require BH,. The second

step in the NO synthase reaction results in the oxidation

of N°-Hydroxyarginine to formcitrulline and NO Briefly
t he production of NO can be described by foll ow ng
f or mul ae:

Arg + NADPH + H" + O, - HydroxyArg + NADP" + H,O
HydroxyArg + 1/2 (NADPH + H) + O, - Ct + NO + HO

Argi nine as substrate for NO production has been
studied in detail (Barbul, 1990). However, little is known
whet her or not arginine is the only substrate. Thi emernmann
et al. (1991) showed that Arg-Phe fits the active site of
endothelial cell NOS than arginine and that this peptide is
not degraded to free amno acid during the reaction. This
suggested that the substrate specificity of the NOS in

endothelial cells is not necessarily restricted to L-Arg.

4. Upt ake of Arginine, Arginine-Containing Peptides by
Al veol ar Macrophages for NO Production

Systemy® is widely believed to be the major carrier of
cationic amno acids in adult tissues (Ml andro and
killberg, 1996). Arginine is transported across cel
menbr anes by system y+ which is Na* i ndependent and pH
insensitive (Wite et al., 1982).
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Three cationic amno acid transporters have been
identified termed CAT-1, CAT-2, and CAT-2B. CAT-1 and CAT-
2B are present in nmacrophages and nonocytes. |n RAW64
macr ophages, CAT-1 is accounted for the basal rate of
ar gi ni ne uptake, while CAT-2B, induced by the
| i popol ysacchari de (LPS), a conponent of the bacterial cel
wall, is responsible for the increased rate of arginine
upt ake. The uptake of arginine can be conpetitively
bl ocked by cationic amno acid e.g. lysine (Bogle et al.
1992) .

The i nportance of CAT transporters and argini ne uptake
for the production of NOin AMis well docunented, however,
whet her argi ni ne-contai ni ng peptides can be taken up as
direct substrates for NO production remains to be
det er m ned.

5. Nitric Oxide Synthases (NOS)

Nitric oxide is produced fromarginine by nitric oxide
synt hase (NOS). NOS was first described in 1989 (Know es
et al., 1989), first purified in 1990 (Bredt and Snyder,
1990), and first cloned in 1991 (Bredt et al., 1991).

There are three NOS isofornms have been identified in
mammal i an cells to date. Type I NOS (nNGCS, originally
identified as a constitutive protein in neuronal tissue)
and type Il NOS (eNGCS, originally identified as
constitutive in vascular endothelial cells) are calcium

dependent enzynes that are expressed in a cell-specific
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manner and their activation produces the NO that nedi ates
nost of the cGW nessenger functions of this nolecule. In
contrast, type Il NOS (iNCS, originally identified as being
i nduci bl e by cytoki nes in macrophages and hepat ocytes) has
an ubiquitous tissue distribution and is only expressed
during cell-nediated i mune responses. For this reason it
is usually referred to as inducible NOS (i NOS). The i NCS
in macrophages is only found to be expressed after

i nduction with LPS or cytokines. The half-saturating
concentration (K, of the substrate L-arginine neasured in

vitro for iNOS is about 30 puM (Cl oss et al., 2000).

6. Measurenent of NO

In general, two techniques have been commonly used as
the basis for the neasurenent of NO the oxidation of
henmogl obin and the formation of NGO, + NG; .

NO rapidly reacts with oxyhenogl obin to form NO;y and
nmet - henogl obin. The resulting spectral changes have been
used as the basis of a spectrophotonetric assay of NO
synt hase (Know es et al., 1990). Wth dual wavel ength
measur enent at 401 and 421 nmthis nmethod has a sensitivity
of less than 20nM

Formati on of NGO, + NO;, the oxygenation products of NO
can be nmeasured by a variety of techniques. One of them
uses reduction of NGO to NO, by nitrate reductase or
metallic catalysts followed by the colorinetric Giess
reaction (Stuehr et al., 1989).
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7. Inhibition of NO Synthase

The study of NO synthesis in mammalian systens has been
greatly facilitated by the identification of conpetitive
i nhi bitors of NO synthase. N Mononethyl -L-argi ni ne (L- NVMA)
is one of the nost comonly used. L-NVMA has been shown to
be a conpetitive inhibitor (conpetitive with L-arginine) of
all the formof NOS so far exam ned, with an 1G5 of ~7.4 uM
for iNOS (Stuehr et al. 1989). A range of arginine anal ogs
has been found to inhibit NO synthases. Like L-NVMA these
conpounds are conpetitive inhibitors.

Anot her way of inhibiting NO synthase in biological
systens is to limt the supply of one of its substrates or
cofactors. This type of indirect inhibition has been
denonstrated using inhibitors (N acetyl-5-hydroxytryptam ne)
of tetrahydrobiopterin (BH;) synthesis. Because of the
turnover of BH, in intact cells and tissues, inhibition of
its synthesis eventually results in deletion of BH; to

concentrations that Iimt NO synthesis.

NOS has been denonstrated to be subject to feedback
inhibition by NO two fornms of NOS, brain constitutive nNOS
and macr ophage i nducible i NOS were shown to be inhibited by
NO ei ther produced by the enzyme itself or generated from
chem cal NO donors (Stuehr and Giffith, 1992). It is
likely that this inhibition results forminteraction with

t he henme of NO synt hase.
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8. Remai ni ng Questions about the Peptide Transporters

A nunber of issues regarding the peptide transporters
still remain to be investigated.

(1) Are there additional HY/peptide transporters other
than PepTl and PepT2? What is the functional relationship,
if any, between these transporters?

(2) Is the H/peptide cotransporter systemis expressed
in the plasma nenbrane of mammualian tissues other than the
i ntestine and ki dney?

Nort hern bl ot analysis reveals the presence of nMRNA
transcripts that hybridize to the PepTl cDNA probe in
liver, brain, and pancreas. However, no information is
avai l abl e on H-coupl e peptide transport in these organs,
whet her the nRNA transcripts code for peptide transporters
or for different transporters wth honol ogy to the peptide
transporters remains to been investigated.
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Chapter 111

Materi al s and Met hods

1. Materials

Mal e Sprague-Dawl ey rats wei ghing 200-250 g (Hilltop
Labs. Scottsdale, PA) were used as a source for alveolar
macr ophages (AM throughout this studies. E Coli
| i popol ysaccharide (LPS), arginine (Arg), Arg-Sar, Arg-Qvy,
Arg-Lys, Arg-dy-Asp, cephradine, and cephal exin were
obtained fromSigm Co (St. Louis, MJ). Fluorescein
i sothiocynate (FITC)-I|abeled |Iysine (Lys*) and |ysine-
cont ai ni ng peptides (pB-Al a-Lys*, Arg-Lys*, and dy-Sar-Lys?*)
wer e purchased from Genened Synthesis, Inc (San Franci sco,
CA). In order to probe the presence of pepTl-Ilike
transporter on AM two peptide segnents (Peptide | and
Peptide Il) corresponding to P457-471 ( PGHRHTLLVWGPNLY) and
P480- 494 ( KPEKGENGA RFVST) of the extracellul ar donain of
rat pepTl (Myanoto, 1996) were synthesized and their anti-
rabbit anti-sera [anti-p457-471 antiserum (antiseruml) and
anti-p480-494 antiserum (antiserumll)] were devel oped
commercially by Genemed Synthesis, Inc. Peptides | and I
represent two sections of the extracellular domain that
show t he hi ghest degree of am no acid sequence honol ogous
anong rat, rabbit, and human pepTl. Peptide Il exhibits
relatively higher hydrophilicity than Peptide | due to the
presence of nore charged am no acid residues (K, lysine;, R
arginine; E glutamate). Purified i NOs was obtai ned from

Cal bi oChem (San Francisco, CA). Rat pepTl protein was

20



Chapter III Materials and Methods

kindly received fromDr. You-jun Fei (Departnent of
Bi ochem stry, University of Georgia) as a gift. All other

reagents were purchased from Sigma Co. (St. Louis, M.

2. Met hods

2.1. Plasma Sanpl e Preparation

Mal e Sprague-Dawl ey rats (~ 250 g) were anesthetized
W th sodi um pentobarbital (0.2 g/kg body weight). seven n
of bl ood was collected fromthe abdom nal aorta and kept in
t he heparinized ice-cold tubes. The bl ood sanples were
spiked with 1 mM Arg-Sar as an internal standard for
subsequent HPLC anal ysis, centrifuged at 1500 x g at 4 °C
for 10 mn, and the plasm sanples were collected. Two and
half m of plasma were taken and boiled for 15 mn
(deproteinization). The treated plasna was centrifuged at
2000 x g at 4°C for 30 mn.

The supernatant was | oaded on to a C18 cartridge (Vac
20, Waters) and the colum was eluted with 30m of 0.1% TFA
i n nethanol /water (95:1, pH2.4), then 30 ml of water
cont ai ni ng 30% net hanol (pH 2.4), and 10 m of deionized
water (pH 8). The third fraction was collected and
| yophilized. The freeze-dried fraction was re-dissolved in
250 ul water. 50 ul of aliquots were stored at —80°C until

it was anal yzed for ACPs neasurenent.
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2.2. Bronchoal veol ar Lavage Fluid Sanpl e Preparation

The bronchoal veol ar | avage fl ui ds were obtai ned by

pul nonary | avage. Briefly, rats were |avaged with 2 nm of
t he phosphate buffered nmedi um as descri bed above. The
recovered BAL fluid (-~ 1 m) for each rat was centrifuged
at 500 x g for 5 mnutes. The supernatant for each sanple
was m xed with an equal volunme of 6% sulfosalicylic acid.
The treated fluid was centrifuged at 2000 x g at 4 °C for 20
mn, and | oaded into a C18 cartridge (Vac 6, Waters). The
colum was eluted in succession with 15 m of water-
saturated ethyl acetate (pH 2.4), 15 m of 30% nethanol in
water (pH 2.4), and 3 ml of deionized water (pH 8.0). The
| ast fraction was collected and |yophilized. The freeze-

dried fraction was re-dissolved in 100 pl water. Aliqots of

20 pl sanples were stored at —80°C until tinme for analysis.

2.3. Separation of Arginine and Argi ni ne-Contai ni ng
Pepti des by HPLC

The separation of arginine and argini ne-contai ning
pepti des was achi eved by using high performance liquid
chromat ography (HLPC). The HPLC system consisted a Waters
600E system controller, Waters WSP 701B aut osanpl er,
Waters 486 tunabl e absorbance detector, and Waters 746 data
nodul e (Waters Corp., MIford, MA). The HPLC separation
nmet hod was devel oped by using a Cl8 reversed-phase col umm
(Keystone Scientific, 150 x 4.6 mm 3 um and a nobile
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phase consisting of 0.1%trifluoroacetic acid (TFA, pH 2.4)
in water as solvent A and 0.1% TFA in CH;CN as sol vent B
The flowrate was 1 m/mn with 90% of solvent A and 10%
solvent B. Elutes were detected by UV detection at 215 nm
Commercially available L-arginine, Arg-A@y, and Arg-d y-Asp
wer e chosen as standards and Arg-Sar as an internal

st andar d.

2.4. Quantitative Determ nation of Arginine and Argini ne-

Cont ai ni ng Pepti des

St andard sanpl es for each conpound of anal ysis was
prepared by spi king known concentrations of the conpound in
the appropriate fluid, followed by the extraction
procedures descri bed above. Follow ng HPLC anal ysis, a
standard curve was generated by plotting the peak area
rati o of conmpound/internal standard against the
concentration ratio of the conpound /internal standard.

Li near regression analysis was nmade, and the standard curve
was used to determ ne the concentration of the conpound.

2.5. Accuracy and Precision

Pl asma sanpl es were repeatedly neasured by HPLC
according to the nmethod described above at different tines
within a day, or different days. The sanples were kept in
ice (within a day) or frozen at —-80 °C (different days).
Preci sion values of the within-day (interassay) and
bet ween-day (intraassay) were determned in six replicates

at each concentration of 0.2, 1.0, and 2.0 ug/ul for Arg;
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0.05, 0.1, and 1.0 ug/ul for Arg-G@y; 0.01, 0.1, and 0.2
ug/ul for Arg-Ay-Asp in plasna and bronchoal veol ar | avage
fluid. The nmean concentrations and the coefficients of
variation were cal culated. The accuracy of the assay was
determ ned by conparing the nom nal concentrations with the

correspondi ng concentrations via |linear regression.

2.6. Sanpl e Recovery Experi nent

A standard curve for the internal standard, Arg-Sar,
was first generated by the plot of a series of Arg-Sar
standard solutions (0.2, 0.5, 1.0, 1.5, and 2.0 m\) agai nst
the corresponded peak area. Arg-Sar was added into 10 mi
bl ood sanple or 1 m lavage fluid (20 uM fi nal
concentration). The sanple was then processed as descri bed
in 2.1. or 2.2. The anount of Arg-Sar recovered fromthe
pl asma or | avage fluid was determ ned according to the
met hod described in 2.4. The recovery rate was cal cul ated
using follow ng fornmula:

(amount neasured / anount added) X 100%

20 uM of arginine and argini ne-containing peptides
were added into 10 m blood or 1 m |avage fluid,
respectively. 10 ml blood and 1 nml |avage fluid w thout
argi ni ne and argi ni ne-cont ai ni ng peptides addition were
used as controls. After follow ng the sanme procedure as
Arg- Sar descri bed above, the recover ratios for Arg, Arg-
Ay, Arg-Ay-Asp were determ ned by using a simlar nethod
except for the subtraction of the correspondi ng anounts of
Arg, Arg-dy, Arg-dy-Asp in the bl ood.
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[ (amount neasured — anmount in control) / anpbunt added] X
100%

2.7. Arginine-Containing Peptides Uptake and Utilization by
Al veol ar Macr ophages

2.7.1. Isolation of Al veolar Mcrophages

Mal e Sprague-Dawl ey rats (~ 250 g) were anesthetized
w th sodi um pentobarbital (0.2 g/kg body weight) and
exsangui nated by cutting the renal artery. Al veolar
macr ophages were obtai ned by pul monary | avage with a Ca®*,
My?*-free phosphat e-buffered nedi um (145 mM Nad, 5mM KO ,
1.9 mM NaH,PQ,, 9.35 mM Na,HPQ,, and 5.5 nmM gl ucose, pH 7.4).
Lavaged cells were centrifuged at a 500 x g for 5 m nutes,
washed, and resuspended in the sane phosphate-buffered
medium Cell counts and purity was neasured using an
el ectronic cell counter equipped with a cell sizing
attachnment (Coulter Electronics, H aleah, FL).

2.7.2. Intracellular Fluorescence Uptake by Al veol ar
Macr ophages

| sol ated AM were dispersed into 24 well culture plates
at 10° cells/well and was incubated with 5 uMof FITC, Lys*,
B- Al a-Lys*, Arg-Lys*, or dy-Sar-Lys* with/w thout 100 uM
inhibitors (lysine and cephradine) in Earle’ s salt solution
for 2 hours at final volume of 1 m. The uptake was
term nated by di scarding the supernatant and adding ice-

cold Earle’'s bal anced salt solution. The cells, were
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washed 4 times with ice-cold Earle’s salt solution and were
soni cated (MSE sonicator, Fisher, Pittsburgh, PA) for 15
mnutes. After a 5 mnutes centrifugation, the supernatant

was coll ected and neasured for relative fluorescence

intensity at Aex = 494 nm Aem = 519 nm

2.7.3. Uilization of Arginine-Containing Peptides by
Al veol ar Macrophages for Nitric Oxide (NO Production

| sol ated AM were cultured at 1x10° AMm in arginine-
free Earle’s salt solution containing 2nM of gl utam ne and
5% of fetal bovine serumwth/w thout LPS (lug/m ) (Thomas
et al. 1993). 200uM of arginine or arginine-containing
peptides (Arg-dy, Arg-dy-Asp) were added and incubated at
37°C for 24 hours. The AM conditioned nedia were collected.
NO production was determ ned by neasuring the accumul ati on
of nitrite using Geiss assay (Smth, et al. 1975).

2.7.4. Inhibitory Effects of Anti-Rat PepTl Antiseruns on
NO Production in AM

The cells were co-incubated with different
concentrations of two rabbit anti-rat PepTl anti seruns
(I,1'1) and arginine-containing peptides. The inhibitory
effects of inhibitors or antiseruns on NO production by
LPS- acti vated al veol ar macr ophages were det erm ned

according to the procedure described above.
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2.7.5. Lactate Dehydrogenase (LDH) Determ nation

Cell viability was determ ned by neasuring the |actate
dehydrogenase (LDH) fromrel ease of AMinto the
extracel lular mediumin various AM i ncubati on m xtures
usi ng an aut omat ed Cobas FARA |1 (Rosh, San Franci sco, CA)
LDH activity was nonitored spectrophotonetrically at 340 nm
as it reductated pyruvate and oxi dated coupled with the
oxi dation of NADH.

2.8. Presence of Peptide Transporter in Alveolar

Macr ophages

2.8.1. Sanmpl e Preparation

| sol ated AM were seeded and cultured with or w thout
LPS (1 ug/m) in Earle’ s salt culture nmediumfor 24 hours.
Cells were collected, washed with ice-cold PBS buffer, and
centrifuged. AM were suspended in honogeni zing buffer (20%
glycerol, 0.1 MTris-HO, and 10 nM EDTA, pH 7.4) contai ning
vari ous protease inhibitors (1 mMdithiothreitol, 1 nM
phenyl met hyl sul fonyl fluoride, 1 mMbenzam dine, and 100
pg/ M aprotinin). The cell suspension was honbgenized with
a glass tissue grinder and sonicated for 10 second on ice.
Honogenat es were then centrifuged at 5,000 x g for 10 mn.
and the pellet (the nuclear fraction) was discarded. The
supernatant fluid was centrifuged at 50,000 x g for 2 hours
and resulting pellet (cell nmenbrane fraction) was
resuspended in honogeni zing buffer. Protein concentration

of the menbrane fraction was determ ned by Lowy’'s assay.
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50 m aliquots of the menbrane preparations were stored at
-80 °C.

2.8.2. Western Bl ot

A nmenbrane fraction containing 80 ug protein was
| oaded on 7% of SDS-PACE and then transferred to a
nitrocel | ul ose nenbrane. The nenbrane was incubated for 1
hour wi th polyclonal rabbit antibodies specific to rat
PepTl. After washing, the blot was incubated sequentially
W th secondary antibody | abel ed with horseradi sh
per oxi dase- conj ugat ed goat anti-rabbit 1gG (Pierce,
Rockford, I1L) and detected by enhanced chem | um nescence.
The signal densities of the protein bands were neasured
usi ng a Fl uochem 8000 densitoneter (Al pha Innotech Corp.,
Al exandria, VA).

2.9. Substrate Specificity Studies

2.9.1. Uilization of Arginine-Containing Peptides by i NOS
invitro for NO Production

Ar gi ni ne-cont ai ni ng peptides were i ncubated with i NOS
and NO production nmeasured using a nodified method of
Stuehr et al. (1992). Briefly, 0.1ng of i NOS was incubated
with 200 uM of arginine, arginine-containing peptides (Arg-
Ay, Arg-Gy-Asp), 4 uMof Hbiopterin, 4 uMof FAD, 3mM of
dithiothreitol (DTT), 2nmM of NADPH, and 40 nMof Tris HCO
buffer (pH 7.9 total volunme of 1 m). NO production was
determ ned by Geiss assay. The production of NO by
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ar gi ni ne-cont ai ni ng pepti des was conpared with that by

ar gi ni ne.

2.9.2. Enzynme Kinetic Studies of Arginine-Containing
Peptides for NO Production

Argi ni ne, and argi ni ne-cont ai ni ng peptides including
Arg-dy and Arg-dy-Asp at the concentration of 15, 20, 30,
60, 120,180, 240uM were incubated with i NOS, and Km and
Vmax were determ ned using the M chaelis-Mnten equation.
For inhibition studies, N°nonomethyl-L-arginine (L-NVWA)
was added to the reaction m xtures at concentration of O,

1, 4, 8, 12, 16, 20, 24, and 28 uM The |Gy was cal cul ated
by using the Wnnonlin Nonlinear Estinmation Program
(\V03. 0A) .

3. Statistical Analysis

Data are presented as nean + standard devi ations of at
| ease six nmeasurenents fromdifferent animals in al
experinments. Statistical analysis was conducted using a

one-way anal ysis of variance (ANOVA) with a Tukey nmultiple

conpari son procedure with significance set at p< 0.05.
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Chapter 1V
Resul ts and D scussi on

1. Separation of arginine and arginine-containing peptides
by HPLC

Arg-dy and Arg-d y-Asp are chosen as representative
of the arginine-containing di-and tri-peptides. Arg-Sar,
whi ch contains the N-nononethyl gl yci ne residue, is not
found in biological sanples. Due to its structura
simlarity to ACPs, stable and resistant to peptidase
degradation, Arg-Sar was chosen as internal standard for
the HPLC quantitative assay.

Chr omat ogr aphs of base |ine separation of arginine
(Arg, R), arginine-containing peptides (Arg-Gy, RG Arg-
dy-Asp, RE), and internal standard (Arg-Sar, RS) were
shown in Figure 4. The retention tine was 5.8 mn (Arg),
7.5 mn (Arg-Gy), 12.6 mn (Arg-G@y-Asp), and 16.8 mn
(Arg-Sar) in rat plasma, respectively. The simlar results
were in rat BAL fluid (Figure 5).

2. Standard Curves

Standard curves were generated for arginine or
ar gi ni ne-cont ai ni ng peptides by plotting the peak area
rati o of conpound/internal standard against the
concentration ratio of the conpound /internal standard.

The standard curves were obtained in the concentration

range of 0.2 — 2.0 pg/ul for Arg, 0.05 — 1.0 pg/ul for Arg-
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Gy, and 0.01 — 0.2 pg/l. The limt of quantitation (LOQ
was set at 0.2 pg/u for Arg, 0.05 pg/p for Arg-dy, and
0.01 pg/ul for Arg-Ay-Asp in both plasma and BAL fl uid.

3. Sanpl e Recovery Experi nent

si x sanples of plasma and | avage fluid, with or
wi thout the addition of standard arginine and argini ne-
cont ai ni ng peptides, were processed and anal yzed as
described in the nethod section. Recovery rates of Arg,
and argi ni ne-contai ning peptides fromrat plasma and BAL
fluid were cal cul ated and shown in table |

Table I shows the % recovery of arginine and the
peptides in plasma and in BAL fluid sanples for the
devel oped HPLC nethod. The sanpl e preparati on procedure
resulted in a ~15 % | oss of added concentration in plasna
and less then 10 %1 oss of concentrations in BAL fluid.
These results are within acceptabl e ranges for biological
sanples. In addition, the recovery rate for all testing
conmpounds i s about the sane, suggesting that this nethod
shoul d be very consistent for the anal ysis of the
i ndi vidual and relative quantities of arginine and the

ar gi ni ne- cont ai ni ng pepti des.

4. Accuracy and Precision

The accuracy and precision for quantitative assay of
Arg and ACPs from plasma and BAL fluid were processed as
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described in method section and the results were shown in
Table 11-1V.

The wi thin-day precision expressed as the coefficients
of variation (% C. V.). As shown in these tables, in
pl asam the values for Arg ranged from?7.9 to 11.8% For
Arg-dy, the value ranged from7.9 to 13. For Arg-dy-Asp,
the value ranged from4.3 to 14. 1.

The accuracy of the assay in plasma varied in the
range from99.4 to 105.2% for Arg; from102.5 to 104 for
Arg-dy; and from 101.3 to 102.2% for Arg-d y-Asp.

The simlar CV % and accuracy results were obtained in
BAL fluids. CV%value for Arg ranged from8.3 to 11.4%
for Arg-dy from5.2 to 11.3% for Arg-Ay-Asp from5.7 to
11.6 (table not shown). For accuracy, Arg from99.1 to
100.8% Arg-dy from98.9 to 100.4% and Arg-dy-Asp from
100.1 to 101. 3%

According to FDA “Specific Recomrendation for Method
Val i dation”, the acceptance criteria are not nore than 15%
CV for precision and not nore than 15% devi ation for the
nom nal value for accuracy. The nethod for quantitative
assay for Arg and ACPs reached the FDA requirenent,
suggesting the HPLC nmethod for quantitative assay for Arg

and ACPs are reliable.

32



Chapter IV Results and Discussion

5. Determ nation of Arginine and Arginine-Cont aining
Peptides in Plasma and Bronchoal veol ar Lavage Fl uid.

The concentrations of arginine and argi ni ne-contai ni ng
peptides in plasma and bronchoal veol ar | avage fluid are
shown in table V. The concentration of arginine in rat
pl asma was 81 uM which is simlar to that previously
reported by Barbul (1990). The plasma concentration of
Arg-dy, and Arg-@y-Asp was 19.7 uMand 8.8 um
respectively. These results denonstrate for the first tinme
t he presence of arginine-containing peptides in rat plasna.

Consi dering the possible different conbinations of
argi nine and other amno acids, the total concentration of
argi ni ne-containing peptides in plasma is high. This
suggests that such as a large quantity of arginine-
contai ning peptides may be utilized by different tissues.
Not ably, the simlarly high concentration of arginine-
cont ai ni ng peptides in bronchoal veol ar | avage fluid
suggests that these small peptides may al so be directly

utilized by the lung tissues.

6. Intracellular Fluorescence Uptake by AM

To test the whether the small peptides can be directly
utilized by the lung, the uptake of fluorescently
conj ugat ed peptides by AMwas conpared to that of
fluorescently conjugated am no acid and fl uorescent probe
(FITC only. As shown in Fig 3, the uptake of FITC by AM

was minimal. |In contrast FITC | abeled Lys (Lys*) and snal
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peptides (B-Al a-Lys*, Arg-Lys*, and dy-Sar-Lys*) showed
enhanced intracellul ar accunul ati on, suggesting active
transport-nedi ated uptake of the conpounds. The uptake of
Lys* by AM was conpl etely bl ocked by non-1abel ed | ysi ne but
was not inhibited by cephradine, a reported substrate for
PepTl transporter. The uptake of the snmall peptides was
consistently inhibited by cephradi ne but not by |ysine.
These results suggested that the small peptides were
transported through a nenbrane transporter that is
different fromthe |lysine transporter, and were
internalized by AM wi t hout prior degradation.

7. Utilization of Arginine-Containing Peptides by Alveol ar
Macr ophages for Nitric Oxide (NO Production

To determine if AMcan directly utilize the smal
peptides for NO production, NO production of these peptides
in LPS-activated AM was neasured and conpared with that by

arginine. Table VI shows the production of NO by non-

stinulated and LPS-stinmulated AMin the presence of 200 puM
arginine or arginine-containing di- and tri-peptides.

Wil e both arginine and the small peptides were utilized by
AM to produce NO the production of nitrite through the
pepti des was consistently higher (~ 2-fold) than that of

the arginine system in LPS-prinmed cells.

Figure 7 shows the effect of various inhibitors of nenbrane
transport on NO production in LPS-stinmulated AM
Lysophosphati dyl choline (LPC) has been identified as a
potent inhibitor of CAT-2B-nediated am no acid transport.
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Qur results showed that LPC at 5 pM significantly inhibited
NO production through arginine but had little or no effect
on AM producti on of NO through argini ne-containing

peptides. 1In addition, lysine (1 mVM markedly inhibited NO
generation through the arginine system but failed to bl ock
NO production generated through Arg-Ay or Arg-dy-Asp.
Interestingly, lysine also blocked AM producti on of NO

t hrough the use of Arg-Lys as a substrate. This was not
expected, but presumably due to the fact that both the
arginine and lysine noieties are cationic, thus allow ng
this small peptide to be transported by both the amno acid
and peptide transporters. Figure 2 further shows that the
PepTl1 inhi bitors, cephal exin and cephradi ne, selectively

i nhi bited NO production through the argini ne-containing
peptides, but had little effect on the arginine system

The above results clearly show that LPS-induced i NOS
activity in AMfor NO synthesis is |argely dependent upon
the transport or uptake of the substrate(s). Wile
arginine is transported through CAT-2B, the arginine-
containing peptides are internalized through a peptide
transporter. This finding is different fromthat of an
earlier study on chicken nmacrophages, which suggested that
ar gi ni ne-cont ai ni ng di peptides were hydrol yzed to produce
argi nine before cellular uptake (Su and Austic, 1998). The
fact that these peptides resulted in increased production
of NO, 2-fold to that produced through argi ni ne, suggests
that these small peptides are nore efficiently taken up by
the cells or they may serve as direct and better substrates
for i NCS.
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8. Inhibitory Effects of Anti-Rat PepTl Antiseruns on
Utilization of Arginine-Containing Peptides for NO
Production in AM

A nunber of transporters including PepTl and PepT2
have been identified for di- and tri-peptide transport (Fei
et al., 1994; Saito et al., 1996). It is reasonable to
suggest that in various organ systens, where transport or
absorption of small peptides is necessary, there are
simlar peptide transporters. 1In the lung, it is already
reported that peptide transporter(s) is present in Type |
cells, the broncho epithelium and the small vessel
endot hel i um (Groneberg et al., 2001). W hypothesize that
a PepTl-like transporter is responsible for the uptake of
argi nine-containing di- and tri-peptides in AM For this
reason, two peptide segnents of the extracellul ar donai n of
rat pepTl were chosen for antibody production. These
pepti de segnments represent regions of the extracellular
domai n that have the highest degree of am no acid sequence
honmol ogous anong rat, rabbit, and human PepTl1l prot eins,
whi ch nakes it possible that these regions may be invol ved
in the binding of small peptides. Figure 8 shows the
effects of anti-pepTl anti-serum| and anti-pepTl anti -
serum Il on NO production by LPS-stinulated AM using
argi ni ne or arginine-containing peptides as a substrate.
Anti-serum | had no effect on NO synthesis in any of the
systens. But the production of NO was significantly
bl ocked by anti-serumlIl. Neither antibody affected the NO

production using arginine as the substrate. The inhibitory
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effect of antipepTl antiserumlIl on AMutilization of

ar gi ni ne-cont ai ni ng peptides for NO production was dose-
dependent (Figure 9). In conparison, antiseruml| in the
sanme concentration range did not inhibit the production of
NO by AM (Figure 10). It is interesting to point out that
the inhibitory effect of anti-serumlIl on Arg-lys is

consi derably weaker than its inhibition on other peptides.
Thi s agai n suggests that Arg-lys may be transported through
both the peptide and the cationic am no acid transporters.

Antiserumll is derived fromthe peptide segnent of
pepTl that contains nore charged am no acid residues than
peptide |, the correspondi ng peptide segnent for antiserum
|. This makes peptide Il a nore likely segnent to be
i nvol ved in the proton-coupled small peptide transport
process. The fact that antiserumIl inhibits AM
utilization of the arginine-containing peptides indicate
that AMindeed exhibit a pepTl-like transporter, and that
antiserumIl was able to bind and inactivate the
extracellular binding site of the transporter that is

crucial to the peptide transport process.

9. Lactate Dehydrogenase (LDH) Determ nation

The LDH | evel was determined in control groups
(wi thout LPS stinulation or any conpounds added) and
treatment groups (stinulated with LPS or conpounds added).
No statistically significant difference between the two
groups was found, suggesting that no significant cytotoxic

ef fects occurred during experinents.
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10. Detection of PepTl-like Transporter Protein in Cel
Menbrane of AM

Figure 11 shows the Western blotting anal ysis of the
presence of a PepTl-like transporter protein in the cel
menbrane of AM I n conpared to the purified rat PepTl
protein, a 120 kD band, was detected in the menbrane
fraction of both LPS-activated and non-activated AM using
antiserumlIl. This protein band was not observed in
antiserum|-treated nmenbrane fractions, suggesting that the
correspondi ng peptide | segnent is probably not present in
the peptide transporter in alveol ar macrophages.

I nterestingly, when the am no acid sequences of
peptide | (P457-471) and peptide Il (P480-494) fromrat
pepTl are conpared to those of rat pepT2, there is only 13
% honol ogy for peptide I, but 50 %for peptide Il. This
supports our data that peptide Il is involved in the
process of small peptide transport. The density of the
protein band from LPS-activated AM was significantly higher
(by 2.3-folds) than that of the non-activated AM
suggesting that LPS, which is known to induce i NOS, also
enhance AM upt ake of small| peptides through the pepTl-1ike
transporter. These results further confirmthe presence of
PepTl-like transporter in AMand suggest a role for AMin

regul ating | ung pepti de honeost asi s.
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11. Substrate Specificity Studies

Ar gi ni ne-cont ai ni ng peptides were i ncubated with i NOS
invitro to investigate whether the small peptides can be
used as direct substrates for i NOS in NO production. The
results show that these conpounds can be used as direct
substrates for NO production and that these peptides or
am no acid produced a simlar anount of NO at certain tinme
(Fig 9, 10, 11). Kinetic studies showed that Arginine and
ar gi ni ne-cont ai ni ng peptides shared simlar Kmand Vmax
(Fig 12; Table 1V), suggesting that the efficiency for NO
production is simlar anong these conpounds. The NO
producti on can be bl ocked by N°-nononethyl -L-arginine (L-
NVWA) with a simlar 1C50 value (Table VII1). This finding
suggested that these conpounds m ght share a simlar active
site of iNCS

This result appeared to be contradictory to the
observation that arginine-containing peptides resulted in
nore NO production by AMthan using arginine as a
substrate. One possible explanation is that the CAT-2B
transporter, which transports cationic am no acids, nay be
bl ocked by bi ol ogi cal conpounds such as other am no acids,
LPC, etc, whereas the PepTl-like transporter in the
menbrane of AMis nore selective in transporting peptide

mol ecul es.
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P457-471 P480-494

Cans o
T

U @
COOH
Peptide I (P457-471): PGHRHTLLVWGPNLY

+++
+ -+ -+
Peptide 11 (P480-494): QKPEKGENGIRFVST

Figure 1. Structure of PepTl (Fei et al., 1994) and
| ocation of two chosen peptide segnents for anti-PepTl
anti body devel opnent .

PepTl protein has 12 transcellul ar domains. Both N
termnal and C-termnal locate intracellularly. It has a
bi g extracellular |oop which is believed as a inportant
part for its transport functioning. Two peptide segnents
(peptide | and peptide I1) were chosen fromthe | oop for
t he devel opment of anti-PepTl anti body devel opnent.
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MGMSKSLSCFGYPLSIFFIVVNEFCERFSYYGMRALLILYFRNFIGWDDNL
STVIYHTFVALCYLTlPILGALIADAWLGKFKTIVWLSIVYTIGQA\/TSLSSV

NELTDNNHDGleDSLPVHVAVCMIG LLLIALGTGGIKPSVSAFGGDQFEEG
QEKQRN RFFSIFYLAINAGSLLSTIIT4PMVRVQQCGIHVKQACYPLAFGIPAI
LMAVSLIVFHGSGMYKIS{F KPQGNILSKVVKCICFAIKNRFRHRSKQFPKRA
16—IWLDWAKEKYDERLIAQIKMVTRVLF LYIPLPMFWALFDQQGSRWTLQA
TTMSGRIGILEIQPDQMQTVNTILHIL\ZPIMDAVVYPLIAKCGLNF TSLKKM
TIGMFLSAMAF VAAAILQVEIDKTLPSFPKANEVQIKVLNVGSENMIISLPG
QTVTLNQMSgQTNEFMTFNEDTLTSINITSGSQVTMITPSLEPGHRHTLLV

WGPNLYRVVNDGLTQKPEKGENGIRFVSTYSQPINVTMSGKVYEHIASY
NASEYQFFTSGVKGFTVSSAGISEQCDFESPYLEFGSAYTYLITSQATGCPQ

VTEFEDIPPNTMNMAWQIPOYFLITSGEVVESITGLEFSYSOAPSNMESVL
10
QAGWLLTVAVGNIIVLIVAGAGQINKQWAEYILFAALLLVVCVIFAIMARF
11 12
YTYVNPAEIEAQFEEDEKKKNPEKNDLYPSLAPVSQTQ

Figure 2. Amno acid sequence of PepTl in rat intestinal
epithelial cell (Myanoto et al., 1996).

The nunbers of 1 - 12 represent 12 transcell ul ar

domai ns. The extracellular loop is shown as black col or
and the peptide | and Il is showm as red col or.
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Peptide | segnent

Rat : PGHRHTLLVWGPNLY
Rabbi t : AR QKR R R Rk x N
Hurmn Qk*Qk**A*****l_{*
Peptide Il segnent
Rat : KPEKGENG RFVST
Rabblt **SD*********I\I*
Hurmn *************I\I*

Figure 3. Conparison of am no acid sequence identity of
peptide | and peptide Il segnents chosen as anti-pepT1l
anti body devel opnent in different species.

Peptide | segnment shares 73% of amno acid identities
anong rat, rabbit, and human, respectively. In conparison
to peptide |, peptide Il not only shares higher identity
(80% between rat and rabbit but al so shares the hi ghest
identity between rat and human (939%.

* represents the identical am no acid.
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- RGD

RG

RS

f

Figure 4. Chromatogram of HPLC Separation of Arginine and
Argi ni ne- Contai ning Peptides in Plasma Sanple. The elutes
were Arg (R, Arg-dy (RG, Arg-@y-Asp (R@), and Arg- Sar

(RS).

43



Chapter IV Results and Discussion

R RGD

i

i

Figure 5. Chr omat ogram of HPLC Separati on of Arginine

and Argi ni ne-Cont ai ni ng Peptides in Bronchoal veol ar | avage
fluid Sanple. The elutes were Arg (R}, Arg-dy (RG, Arg-
dy-Asp (RE), and Arg-Sar (RS).
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Table |I. Recovery Rate of Argi nine and Arginine-
Cont ai ni ng Peptides from Bl ood and Bronchoal veol ar
Lavage Fl uid

Recovery rate (%

Bl ood Lavage Fluid
Arg 83.74 = 1.24 90.32 + 2.34
Arg-Ay 86.65 + 2.34 91.46 + 1.86
Arg-Gy-Asp 87.32 + 2.06 90.47 + 2.41

N=5, data are expressed as Mean * standard devi ation
(SD) .
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Table II. Eval uati on of accuracy and precision for theassay
of arginine in plasma sanple

Arginine (ug/pl)

0.2 1.0 2.0
Within-day
Calculated 0.20 1.08 2.13

0.22 0.99 2.00

0.185 1.16 1.89

0.171 1.10 1.96

0.20 0.96 2.21

0.21 0.94 1.78
Average £ S.D. 0.20 £ 0.02 1.04 £0.09 2.00+0.16
C.V. (%) 11.8 8.4 7.9
Accuracy 101.1 105.2 99.4
Between-day
Day 1 0.23 0.87 2.16
Day 2 0.197 1.03 2.04
Day 3 0.188 1.12 1.97
Day 4 0.25 0.99 1.85
Day 5 0.21 0.97 2.00
Day 6 0.22 1.05 2.07
Average + S.D. 0.22 £0.02 1.00 £ 0.08 2.01£0.10
C.V. (%) 10.5 8.4 5.2
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Table I11. Eval uati on of accuracy and precision for theassay
of Arg-A@y in plasna sanple

Arg-Gly (pg/pl)

0.05 0.1 1.0
Within-day
Calculated 0.05 0.13 0.98

0.046 0.12 1.07

0.060 0.09 1.03

0.061 0.11 0.89

0.063 0.12 1.12

0.05 0.118 1.06
Average + S.D. 0.055+0.01 0.11 £0.01 1.02 £0.08
C.V. (%) 13.0 11.9 7.9
Accuracy 103 102.5 104
Between-day
Day 1 0.047 0.086 0.98
Day 2 0.05 0.09 1.05
Day 3 0.064 0.12 1.11
Day 4 0.046 0.11 1.00
Day 5 0.052 0.10 0.99
Day 6 0.061 0.97 1.07
Average + S.D. 0.05 £ 0.01 0.10 £ 0.01 1.03 £0.05
C.V. (%) 14.0 12.6 5.0
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Table IV. Eval uati on of accuracy and precision for theassay
of Arg-dy-Asp in plasnma sanpl e

Arg-Gly-Asp (pg/pl)

0.01 0.1 0.2
Within-day
Calculated 0.01 0.09 0.21

0.012 0.12 0.20

0.013 0.113 0.196

0.01 0.09 0.206

0.009 0.12 0.189

0.01 0.118 0.19
Average + S.D. 0.01 £0.01 0.11 £0.01 0.20 £ 0.01
C.V. (%) 14.1 13.4 4.3
Accuracy 101.3 102.2 101.4
Between-day
Day 1 0.047 0.11 0.19
Day 2 0.05 0.12 0.23
Day 3 0.064 0.09 0.18
Day 4 0.046 0.08 0.20
Day 5 0.052 0.10 0.19
Day 6 0.061 0.09 0.18
Average + S.D. 0.05 £ 0.01 0.10 £ 0.02 0.20 £ 0.02
C.V. (%) 14.0 15.0 9.6
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Tabl e V. Concentrations of Arginine and Arginine-
Cont ai ning Peptides in rat Plasma and Bronchoal veol ar
Lavage Fl uid.

Concentration (uM

Bl ood BAL Fluid
Arg 81.45 + 3.28 82.61 + 4.16
Arg-Ay 19. 65 + 2.41 11.37 + 2.46
Arg-dy-Asp 8.77 + 1.03 7.62 + 1.61

N=6, data are expressed as Mean * standard devi ation
(SD) .
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Relative Fluorecence

100
80
60 O Control
* mlys
40 ] * @ Cephradine
20 -
o LA

FITC* Lys* Arg-Lys* B-Ala-Lys* Gly-Sar-Lys*

Figure 6. Transporter-nedi ated uptake of 5 uM FI TC

| abel ed |Iysine (Lys*) and small peptides (Arg-Lys*,
B- Al a-Lys*, dy-Sar-Lys*) by al veol ar nmacrophages
(10° Cell1s). Lys (1 mM and cephradine (1mM) was
used as inhibitors for CAT-2B and PepTl transporters,
respectively. * Significant difference fromcontrol
at P <0.05 n = 6.
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Tabl e VI. Production of NO by non-stinul ated and LPS-
stinmulated AMin the presence of arginine and arginine-
cont ai ni ng pepti des

Nitrite (UM)

Substrate -LPS +LPS
Cells only 1.4+£0.2 25+0.3
Arg 21204 21.5+35
Arg-Lys 72+13 39.2+£5.1*
Arg-Gly 5.1+0.3 419 + 3.6*
Arg-Gly-Asp 37£1.0 384 +2.1*

At equal nolar concentration (200uM of Arg and ACPs, NO
production from 10° AM with/wi t hout LPS stinul ation was
measured foll ow ng 24-hour incubation and expressed as

nitrite (uM. Each value represents the nmean + SD of six

separation experinments.
* indicates significant difference fromAM+ Arg, p < 0.05
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50
45
40 -
35
= O Control
3 30 mLPC
Qo 25 . OLys .
:E * O Cephalexin
Z 20 | * H Cephradine
%
_ *
15 1| | . *
10 x
5 B *
0
Arg Arg-Lys Arg-Gly Arg-Gly-Asp

Figure 7. Inhibitory effects of CAT and PepTl transporter
i nhi bitors on NO production by LPS-stinulated AM 1nM of
Lys, cephradi ne, and cephal exi n; 5uM of LPC were used as
inhibitors. * indicates significant difference fromcontrol
at P < 0.05 n = 6.
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50

40 -
= *
3 30 - OControl
9 * B Antiserum |
:.E 20 O Antiserum Il
Z

10 -

0 - :

Arg Arg-Lys Arg-Gly Arg-Gly-Asp

Figure 8. Effects of anti-PepTl antiserum| (1:10) and
anti-PepTl antiserum Il (1:10) on AM production of NO
usi ng argini ne and argi ni ne-contai ni ng peptides as
substr at es.

* indicates significant difference fromthe contro
(Arg). P <0.05 n = 6.
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50
40 -
*
*
’E" O Control
S 30 1 * B Antiserum 11 (1:100)
* . .

:g O Antiserum II (1:20)
= 20 - * O Antiserum II (1:10)
Z * | W Antiserum II (1:2)

10 -

0

Arg Arg-Lys Arg-Gly Arg-Gly-Asp

Figure 9. The dose-dependent effects of anti-PepTl
antiserum Il on NO production by LPS-stinulated AM using
argi ni ne or arginine-containing peptides as the substrates.

The anti serumdilutions were 1:100, 1:20, 1:10, 1:2.

Antiserum Il significantly block the NO production by Arg-
Lys, Arg-dy-Asp in a dose dependent manner. N=6, P < 0.O05.
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50

40
E O Control
S 30 B Antiserum I (1:100)
[ O Antiserum I (1:20)
'E 20 - O Antiserum [ (1:10)
Z B Antiserum I (1:2)

10

0

Arg Arg-Lys Arg-Gly  Arg-Gly-Asp

Figure 10. The dose-dependent effects of anti-PepTl
antiserum| on NO production by LPS-stinmulated AM using
argi nine or ACPs as the substrates. The antiserum
dilutions were 1:100, 1:20, 1:10, 1:2. N=6, P < 0.05.
Unlike to the antiserumIl, no dose-dependent effects of
the anti serum 1 on NO production by LPS-stinulated AM were
obser ved.
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80000
212kD [ 70000 | T
> 60000
116 kD e Syl 7 g 50000 -
97 kD T < 40000 -
S 30000 1
66 kD —_— % 20000 |
el 10000 |
39.2kD 0

Figure 11. Western Bl ot of PepTl-like Transporter on the
nmenbrane fraction of AM

A 120 kD bands were detected in nenbrane fraction of
both LPS-stinmulated and non-stinul ated AM usi ng anti -
PepTl antiserum|ll. Wstern Bl ot of AM nmenbrane proteins
usi ng anti-p480-494 antiserum (antiserumll). The signal
densities of correspondi ng bands were neasured.

A: Mol ecul ar wei ght marker; B: Prei mune serum C
PepTl standard protein; D: LPS-stimulated AM E:. Non-
stinmul ated AM
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Vo(NO umol/mgprotein/min)
2

0 1 1
0 100 200 300

Arginine (uM)

Figure 12. M chaelis-Menten Saturation Curve of Arginine.

n =5  The Kinetics was carried out by incubation of 0.1
mg i NOS with arginine as substrates at concentration of 15,
20, 30, 60, 120, 180, and 240 pyMfor 4 min. The initial
rates of NO synthesis were neasured spectrophotonetrically
using the Geiss assay.
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Figure 13. M chaelis-Menten Saturation Curve of Arg-Qy.

n =6. The Kinetics was carried out by incubation of 0.1
ng iNOS with Arg-G@y as substrates at concentration of 15,
20, 30, 60, 120, 180, and 240 pMfor 4 mn. The initial
rates of NO synthesis were neasured spectrophotonetrically
using the Geiss assay.
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Figure 14. Mchaelis-Menten Saturation Curve of Arg-dy-
Asp.

n =5  The Kinetics was carried out by incubation of 0.1
nmg i NOS with Arg-d y-Asp as substrates at concentration of
15, 20, 30, 60, 120, 180, and 240 pMfor 4 mn. The
initial rates of NO synthesis were neasured
spectrophotonetrically using the Geiss assay.
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Figure 15. Lineweaver-Burk plots for iNOS activity using
Arg, Arg-dy, and Arg-dy-Asp as substrate (n=5).

The enzyne reactions were carried out by incubation
0.1 ng iNOS with arginine or arginine-containing peptides
at concentrations of 15, 20, 30, 60, 120, 180, and 240 uM
for 4 mn. The initial rates of NO synthesis were neasured
spectrophotonetrically using the Geiss assay.
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Table VII. Kn Vmx, and | Gs values for the enzyne kinetics
of iNOS using Arg, Arg-Ay, and Arg-dy-Asp as substrates
and L-NMVA as a conpetitive NO inhibitor.

Substrate K Virax | G50 (L- NMVR)
(MM (unol / mi n/ g prot ein) (UM

Arg 59.3 = 2.1 6.6 £ 0.7 14.2 £+ 1.1

Arg-Gy 56.0 =+ 1.8 8.4 +1.2 12.8 £ 0.8

Arg-Q3y-Asp 60.1 = 2.2 6.8 £+ 1.3 14.0 £ 0.6

Each val ue represents the nean + SD of six separation

experi nments.
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Chapter V
Summary and Concl usi on

A HPLC nethod to anal yze argi ni ne and ar gi ni ne-
cont ai ni ng peptides from bl ood and bronchoal veol ar | avage
fluid has been established. The accuracy and precision of
assay is within 15%devi ation and 15% C. V., respectively,
whi ch reach the FDA requirenent for analytical nethod
validation guide. The Ilimt of quantitation (LOQ was in

nano-range W thout derivatization, 0.2 pg/u for Arginine,
0.05 pg/pul for Arg-dy, and 0.01 pg/ul for Arg-@y-Asp in
both plasma and BAL fluid. So the nethod is sinple,
accuracy and reliable.

This project also denonstrates that arginine-
containing di- and tri-peptides are direct substrates to
the inducible nitric oxide synthase. Arginine-containing
pepti des such as Arg-@y and Arg-d y-Asp, which are present
in significant concentrations in plasma and the |ungs, can
be readily internalized through a peptide transport process
and utilized for NO synthesis by a variety of cell types.
This notion is in agreenent with several reports that nany
di- and tri-peptides in plasma are directly absorbed by
vari ous organs w thout hydrolytic degradation (Lochs et
al ., 1988; Fei et al., 1994). In the pul nonary system
where NO production on one hand protects the lung from
bacteria infection (Boockvar et al., 1994) and on the other
hand exacerbates inflammatory lung injury, AMare shown to
exhi bit PepTl-like transporter and produce high |evels of

NO by directly using arginine-containing peptides as
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substrates. This study suggests a pl ausi bl e mechani sm
t hrough which a significant portion of the NO production by
AM may be gener at ed.

The transport and utilization of arginine-containing
pepti des by AM may have a broader inplication on the
regul atory role of peptide transporters in various
bi ol ogi cal systens. Studies have shown that renal-inpaired
patients may devel op hypertension due to reduced production
of NO by endothelial cells. The reason for the reduction
of NO synthesis has been attributed to a bl ockage of
argi nine transport through the CAT-2B transporter by
conpounds such as LPC, a natural CAT-2B inhibitor (Kikuta
et al., 1998; Caivano, 1998). Qur studies showed that LPC
i ndeed bl ocked AM production of NO through argini ne uptake
but had no effect on the cellular uptake and utilization of
t he argi ni ne-contai ning peptides. This suggests that
ar gi ni ne-cont ai ni ng peptides, which are internalized
t hrough a peptide transporter, may be considered as an
alternative source of substrates for NO synthesis.
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