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ABSTRACT

Membrane-bound carboxypeptidase D (CPD) is a B-type car-
boxypeptidase that specifically cleaves C-terminal Arg or Lys
from peptides and proteins. RAW 264.7 cells contained signif-
icant membrane-bound CPD activity as shown by activity as-
says and immunoprecipitation. To determine whether CPD can
increase nitric oxide (NO) synthesis by releasing precursor Arg,
cells were activated in Arg-free medium with 50 U/ml interfer-
on-y (IFN-y) and 0.1 wg/ml lipopolysaccharide (LPS) to up-
regulate inducible NO synthase. Addition of the specific car-
boxypeptidase substrate, 200 uM furylacryloyl-Ala-Arg,
stimulated NO production by 6-fold and this effect was blocked
83% by a specific inhibitor, bL-2-mercaptomethyl-3-guanidino-
ethylthiopropanoic acid (MGTA). MGTA did not inhibit NO syn-
thesis stimulated by added free Arg. Lys, an inhibitor of Arg
transport, also blocked the effect of the carboxypeptidase sub-

strate. In cells stimulated with IFN-y and LPS in Arg-free me-
dium, CPD activity increased 2- to 3-fold between 8 and 16 h
after treatment, but did not change in cells stimulated in me-
dium containing 0.4 mM Arg. The NO synthase inhibitor N-
monomethyl-L-arginine blocked the inhibitory Arg effect and
the NO donor S-nitroso-acetylpenicillamine mimicked it, indi-
cating that high levels of NO block the up-regulation of CPD.
Immunohistochemical staining and Western analysis revealed
an increase in CPD protein, and Northern analysis showed
increased CPD mRNA upon stimulation of cells in Arg-free
medium. CPD was localized both on the plasma membrane and
in the Golgi. These data suggest that CPD expression is en-
hanced during inflammatory processes and may stimulate NO
production by cleaving Arg from peptide substrates.

The amino acid arginine is used by one of three types of a
nitric-oxide synthase (NOS) to produce the biologically active
gas nitric oxide (NO). The K, value of purified NOSs for Arg
lies between about 1 and 20 uM (Knowles and Moncada,
1994), whereas the Arg concentration in cells and plasma
normally ranges from about 100 uM to at least 800 uM
(McDonald et al., 1997; Wu and Morris, 1998; Closs et al.,
2000). Because the Arg concentration is well above the K,
value for NOSs, it is generally considered that the Arg supply
is not rate limiting for NO production. However, studies in a
variety of different model systems have demonstrated that
increasing extracellular Arg does increase NO production
(Moncada and Higgs, 1995) and this has been termed the
“arginine paradox” (McDonald et al., 1997).

Another factor that determines the dependence of NO pro-
duction on Arg levels is the amount of NO produced. Whereas
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the constitutive NOSs (endothelial or neuronal NOS) require
an increase in intracellular calcium for activation and pro-
duce low levels of NO upon stimulation, iNOS produces NO
levels that can be orders of magnitude greater (Knowles and
Moncada, 1994; Michel and Feron, 1997). iNOS has a tightly
bound Ca®*/calmodulin that doesn’t dissociate at the low
intracellular calcium level; thus, its activity is primarily reg-
ulated at either the transcriptional level or by altering the
supply of substrate Arg (Michel and Feron, 1997). To main-
tain the high output of NO by this isoform, a higher supply of
Arg is required. In addition, at wounds or other inflamma-
tory sites where iNOS levels would be up-regulated, the
supply of Arg can be depleted by arginase, which converts it
to ornithine. Arginase levels in macrophages are up-regu-
lated in response to LPS (Albina et al., 1988), and arginase is
responsible for up to two-thirds of the Arg consumed by
macrophages under these conditions (Granger et al., 1990).
The resulting low level of Arg reduces the cytotoxicity of
macrophages (Albina et al., 1988). That the supply of Arg can

ABBREVIATIONS: NOS, nitric-oxide synthase; NO, nitric oxide; iNOS, inducible nitric-oxide synthase; LPS, bacterial lipopolysaccharide; IFN-,
interferon-vy; CP, carboxypeptidase; DMEM, Dulbecco’s modified Eagle’s medium; MGTA, pL-2-mercaptomethyl-3-guanidinoethylthiopropanoic
acid; dansyl-Ala-Arg, 5-dimethylaminonaphthalene-1-sulfonyl-L-alanyl-L-arginine; Fa-Ala-Arg, furylacryloyl-L-alanyl-L-arginine; BSA, bovine se-
rum album; SSC, standard saline citrate; PBS, phosphate-buffered saline; L-NMA, N-monomethyl-L-arginine; NF-«B, nuclear factor-«B.
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be a critical factor in NO production is also supported by the
finding that induction of iNOS is accompanied by an increase
in Arg transport in macrophages (Bogle et al., 1992). Studies
have shown that inducible NOS activity is dependent on the
concomitant induction of the high-affinity L-Arg transporter
system y*, and in the absence of extracellular Arg uptake by
system y*, inducible NOS activity is reduced to zero (Stevens
et al., 1996). Thus, the level of extracellular Arg can be rate
limiting for NO synthesis.

Another factor that can enhance NO synthesis, even in the
presence of extracellular Arg, is the recycling of citrulline
(produced by NOS) via the combined action of argininosucci-
nate synthetase and argininosuccinate lyase to produce Arg.
The ability of cells to recycle citrulline to Arg for NO synthe-
sis was first described in detail in endothelial cells and was
also detected in a murine macrophage cell line (Hecker et al.,
1990). This was shown to be a significant pathway for regu-
lating NO synthesis in stimulated murine macrophages
where coinduction of iNOS and argininosuccinate synthetase
was demonstrated in response to LPS and IFN-y (Nussler et
al., 1994).

Arg is a semiessential amino acid, becoming an essential
amino acid during growth and development or wound healing
(Wu and Morris, 1998). However, little is known about the
possibility that Arg derived from peptides and proteins can
be used for NO synthesis. The release of a single amino acid
from a peptide or protein requires the action of an exopepti-
dase. One class of enzyme that is likely to be involved in this
type of process is basic or B-type metallocarboxypeptidases.
These enzymes cleave a single amino acid at a time from the
C terminus of peptides and proteins and exhibit strict spec-
ificity for C-terminal Arg or Lys (Skidgel, 1996; Skidgel and
Erdos, 1998). Although the prototype is pancreatic car-
boxypeptidase B, this enzyme is found only in the digestive
tract where it degrades dietary substrates (Skidgel, 1996).
Two members of the regulatory carboxypeptidase family, car-
boxypeptidase (CP) M and CPD, are relatively widely distrib-
uted membrane-bound proteins that specifically cleave C-
terminal arginine or lysine (Skidgel and Erdos, 1998). CPM
is a 62-kDa membrane protein anchored via glycosylphos-
phatidylinositol, whereas CPD is a 180-kDa single chain
glycoprotein with three homologous carboxypeptidase active
site domains and a carboxyl-terminal hydrophobic trans-
membrane anchor (Song and Fricker, 1995; McGwire et al.,
1997; Skidgel and Erdos, 1998)

In this study we used the mouse monocyte/macrophage-
like cell line RAW 264.7 as a model system to test the hy-
pothesis that B-type carboxypeptidases can generate the Arg
substrate for iNOS to increase NO production, particularly
under inflammatory conditions. We also determined whether
the inflammatory stimuli that up-regulate NO production,
could also up-regulate B-type carboxypeptidase activity.

Experimental Procedures

Materials. Dulbecco’s modified Eagle’s medium (DMEM) and bac-
terial LPS (Escherichia coli 0127:B8) were obtained from Sigma (St.
Louis, MO). Fetal bovine serum was from Atlanta Biologicals
(Norcross, GA). DL-2-Mercaptomethyl-3-guanidinoethylthiopro-
panoic acid (MGTA) was from Calbiochem (San Diego, CA). 5-Di-
methylaminonaphthalene-1-sulfonyl-L-alanyl-L-arginine (dansyl-
Ala-Arg) substrate was synthesized and purified as described previ-
ously (Tan et al., 1995). Trifluoroacetic acid was from Pierce Chem-
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ical (Rockford, IL). Custom-made arginine-free DMEM, interferon-y
(murine recombinant), and TRIzol reagent for RNA isolation was
from Life Technologies (Gaithersburg, MD). Furylacryloyl-Ala-Arg
(Fa-Ala-Arg) was from Bachem Biosciences (King of Prussia, PA).
[a-32P]deoxycytidine triphosphate and the enhanced chemilumines-
cence Western blotting analysis kit were from Amersham Pharmacia
Biotech (Piscataway, NdJ). Goat anti-rabbit IgG (H+L)-horseradish
peroxidase was purchased from Southern Biotechnology Associates
(Birmingham, AL). Vectashield mounting medium was from Vector
Laboratories (Burlingame, CA). Common chemicals were from
Fisher Scientific (Pittsburgh, PA).

Cell Culture. RAW 264.7 cells were obtained from the American
Type Culture Collection (Rockville, MD). Cells were cultured in
DMEM or arginine-free DMEM and 10% heat-inactivated fetal bo-
vine serum (to destroy any endogenous serum carboxypeptidase).
For NO measurements, RAW 264.7 cells were cultured in 24-well cell
culture dishes (1 X 10 © cells/well) and were activated with IFN-vy (50
U/ml) and LPS (0.1 pug/ml) at 37°C. Cells were activated in DMEM
with or without 0.4 mM Arg for 16 h. Medium was replaced with
fresh Arg-free medium containing either added 200 uM Arg or the
carboxypeptidase substrate Fa-Ala-Arg (200 uM), with or without
the carboxypeptidase inhibitor MGTA (20 uM), or 10 mM lysine. NO
production was determined after a further incubation of 8 h.

Measurement of NO Production. NO production was assessed
by measuring its stable metabolite, nitrite. Nitrite was quantified
colorimetrically after its reaction with Griess reagent (1% sulfanil-
amide, 0.1% naphthalene diamine dichloride, and 2% phosphoric
acid) (Vodovotz et al., 1994). Culture medium (100 ul) was mixed
with 100 pl of Griess reagent and after 10 min at room temperature
the absorbance was measured at 540 nm and compared with a
standard curve generated with known concentrations of sodium ni-
trite.

Measurement of Carboxypeptidase Activity. RAW 264.7
cells, with or without activation by IFN-y and LPS in DMEM or
arginine-free DMEM as described above, were harvested, homoge-
nized, and fractionated by differential centrifugation (100g for 10
min, 10,000g for 25 min, and 100,000g for 1 h). Enzyme activity in
the final 100,000g (P;) membrane pellet was determined in a fluoro-
metric assay with dansyl-Ala-Arg substrate as described previously
(Tan et al., 1995). CPM activity was measured in 50 mM HEPES, pH
7.5, with 0.1% Triton X-100, and CPD activity was measured in 0.1
mM sodium acetate, pH 5.5, containing 0.1% Triton X-100 (McGwire
et al., 1997).

Protein Determination. Protein concentrations were measured
as described previously (Bradford, 1976) with bovine serum albumin
(BSA) as the standard.

Immunoprecipitation of Carboxypeptidase Activity. Immu-
noprecipitation studies were carried out using polyclonal antiserum
to rat full-length CPD, generously provided by Dr. Lloyd Fricker of
the Albert Einstein College of Medicine (Bronx, NY). First, a 500-ul
sample of the resuspended P; membrane fraction was solubilized
with 500 ul of 20 mM Tris, pH 7.4, containing 0.3 M NaCl and 2%
Triton X-100, at 4°C for 2 h. The solubilized sample was then cen-
trifuged at 100,000g for 1 h to remove insoluble material. The su-
pernatant was incubated with 10 ul of the antiserum against CPD
(diluted 1:2 and heated at 56°C for 30 min to inactivate carboxypep-
tidase N in the serum) overnight at 4°C. Protein A-Sepharose (50 ul
of a 10% suspension) was added and the incubation continued for an
additional 30 min at 4°C followed by centrifugation at 1400g for 4
min to pellet the immune complexes. The supernatant was assayed
for remaining CPD activity. Control experiments were performed the
same way, except normal rabbit serum was used instead of the
anti-CPD antiserum.

Western Blot Analysis. RAW 264.7 cells were cultured in Arg-
free medium and incubated with or without IFN-y and LPS for 16 h
as described above. At the end of the incubation the cells were
harvested and fractionated by differential centrifugation. Equal
amounts of protein from the final membrane fraction (P;) were
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loaded on 7% polyacrylamide gels and separated by SDS-polyacryl-
amide gel electrophoresis. Proteins were electrophoretically trans-
ferred to nitrocellulose and the membrane was incubated with block-
ing solution (phosphate-buffered saline containing 0.1% Tween 20,
1% bovine serum albumin, 5% nonfat dried milk) for 1 h at room
temperature. Membranes were incubated with rabbit antiserum
against rat-full length CPD (diluted 1:1,000) for 3 h, washed, and
then incubated with goat anti-rabbit antiserum (1:30,000) conju-
gated to horseradish peroxidase for 1 h at room temperature. The
bands were visualized by enhanced chemiluminescence using the
ECL-Western blotting analysis system (Amersham Pharmacia Bio-
tech) according to the manufacturer’s protocol. Quantitative compar-
ison of the bands was performed by densitometry.

Northern Blot Analysis. RAW 264.7 cells were incubated with
or without IFN-y and LPS for 16 h in Arg-free medium as described
above. Total RNA was extracted from the cells using TRIzol reagent
as recommended by the manufacturer. Total RNA (20 pg/lane) was
run on a denaturing 1% agarose-formaldehyde gel, separated by
electrophoresis, and transferred to a nylon membrane by capillary
diffusion followed by baking the membranes at 80°C for 1.5 h. To
obtain a probe for hybridization with mouse mRNA, the GenBank
expressed sequence tag database was screened using the human
CPD sequence. A mouse clone (GenBank accession number AA
5289868), which has 87% homology to human CPD domain I, was
identified and obtained from the American Type Culture Collection.
The plasmid DNA was digested with EcoRI and HindIIl and the
cDNA purified by agarose gel electrophoresis. The mouse cDNA
clone thus obtained was used as a specific probe for detection of
mouse CPD mRNA and a probe for mouse p-actin was used to control
for equal loading. The probes were labeled by the random primer
method using [a-32P]dCTP. Hybridization was carried out at 42°C for
18 h, and then the blots were washed two times at room temperature
in 2X SSC (1X SSC = 150 mM NacCl, 15 mM sodium citrate, pH 7.0)
with 0.1% SDS followed by a wash in 1X SSC containing 0.1% SDS
at 42°C for 30 min followed by a wash at 56°C with 0.2X SSC
containing 0.1% SDS for 20 min. Blots were sealed in plastic bags
and exposed to X-ray film for 24 h. Bands were detected by autora-
diography and quantitated by densitometry correcting for RNA load-
ing by normalization with B-actin.

Immunohistochemistry. RAW 264.7 cells were cultured on cov-
erslips in Arg-free medium in the presence or absence of IFN-y and
LPS, for 16 h as described above. Cells used for immunocytochemis-
try were fixed for 20 min in 4% paraformaldehyde and then washed
with 100 mM glycine to quench free aldehyde. After three washes
with Ham’s F-12 and 0.2% BSA, the cells were preincubated in
Ham’s F-12 containing 5% goat serum, 0.2% BSA, 0.01% sodium
azide, and 0.1% Triton X-100, for 30 min at room temperature and
then incubated with the primary antibody (1:200 anti-recombinant
human CPD) or with preimmune serum overnight at 4°C. Cells were
washed again with Ham’s F-12 containing 0.2% BSA and then incu-
bated with the secondary antibody (goat anti-rabbit Alexa 488) for
2 h at room temperature. After washes with Ham’s F-12 containing
0.2% BSA, cells were mounted on glass slides using Vectashield
mounting medium and observed under a Nikon digital fluorescence
microscope or a Zeiss laser scanning confocal microscope.

Flow Cytometry. RAW 264.7 cells were harvested, washed with
phosphate-buffered saline (PBS), and suspended in PBS containing
0.1% sodium azide (PBS-azide). Cells were incubated with the poly-
clonal antiserum against the C-terminal region of domain I of human
recombinant CPD (1:100), or preimmune serum for 1 h at 4°C. Cells
were washed three times with PBS-azide (1%) and then incubated
for 1 h at 4°C with goat anti-rabbit IgG conjugated with fluorescein
isothiocyanate. Cells were washed three times with PBS-azide (1%)
and analyzed on a FACSCalibur analyzer (Becton Dickinson, Moun-
tain View, CA). Cells were identified and gated using forward scat-
tering and side scattering of light. Data were analyzed using the Cell
Quest Software (Becton Dickinson). Values acquired reflect the
mean fluorescence intensity for 10,000 events.

Results

Carboxypeptidase Substrate Stimulates NO Produc-
tion in Mouse Monocyte/Macrophages. Unstimulated
RAW 264.7 cells produced very low levels of NO even in the
presence of Arg (data not shown). RAW 264.7 cells were
activated with IFN-y and LPS for 16 h in Arg-free DMEM to
up-regulate iNOS. In control studies, maximal NO synthase
activity was achieved between 12 and 18 h after treatment
(data not shown), consistent with previously reported results
(Schmidt et al., 1992). Because the medium contained 10%
fetal bovine serum, it was not completely Arg-free. Based on
estimates of plasma levels of Arg in mammals, which range
from 100 to 200 uM (Wu and Morris, 1998), it is likely that
the cells were exposed to 10 to 20 uM Arg in this and subse-
quent experiments using Arg-free DMEM. This probably ex-
plains the low amount of NO generated by stimulated cells in
the absence of added Arg (Fig. 1).

To test whether cellular B-type carboxypeptidases can gen-
erate sufficient Arg to stimulate NO synthesis, we used a
specific carboxypeptidase substrate, Fa-Ala-Arg (Tan et al.,
1995). As shown in Fig. 1, addition of 200 uM Fa-Ala-Arg
resulted in a 6-fold increase in NO production. To prove that
the substrate was being hydrolyzed by a B-type carboxypep-
tidase and not used directly by iNOS or cleaved by another
type of enzyme, we used a B-type carboxypeptidase inhibitor,
MGTA (Skidgel, 1996; Skidgel and Erdés, 1998). MGTA spe-
cifically inhibits only metallocarboxypeptidases that cleave

30 T
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! ! !

nmol NO,/10° Cells
S

5_

0-
200MArg - - - - + +

20 um MGTA - - + - - +
200pMFa-A-R - + + + - .
10mMLys - - - + - .

Fig. 1. Carboxypeptidase substrate stimulates NO production in RAW
264.7 cells. RAW 264.7 cells were activated with IFN-y and LPS for 16 h
in arginine-free DMEM as described under Experimental Procedures.
Medium was replaced with fresh DMEM containing 200 uM carboxypep-
tidase substrate Fa-Ala-Arg or 200 uM Arg, with or without the car-
boxypeptidase inhibitor MGTA (20 uM) or with Fa-A-R and lysine (10
mM), an inhibitor of Arg transport. Results shown are the mean = S.E.M.
of three to four separate experiments.
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C-terminal Arg or Lys, but it does not distinguish among
members of this family (e.g., between CPM and CPD or CPE).
MGTA (20 uM) inhibited by 86% the increase in NO produc-
tion stimulated by 200 uM Fa-Ala-Arg (Fig. 1). As a control,
MGTA was also applied in the presence of 200 uM Arg to
confirm that its effect is not due to inhibition of iNOS or other
nonspecific effects. In the presence of 200 uM Arg, there was
a large increase in NO production, but MGTA did not inhibit
the effect (Fig. 1).

To determine whether the hydrolysis occurred extracellu-
larly, requiring uptake of the released Arg by the basic amino
acid transporter, experiments were run in the presence of
lysine. Lysine is a competitive inhibitor of the Arg trans-
porter that does not directly inhibit iNOS and it is a com-
monly used tool for determining whether the source of Arg for
NOS is extracellular (Bogle et al., 1992; Closs et al., 2000). As
shown in Fig. 1, 10 mM Lys almost completely inhibited the
increase in NO production stimulated by 200 uM Fa-Ala-Arg.
This indicates that the substrate Fa-Ala-Arg is cleaved ex-
tracellularly by a carboxypeptidase and that the released Arg
is taken up into the cells and used for NO synthesis.

Identification of Membrane-Bound Carboxypepti-
dase Activity. We previously showed that the major mem-
brane-bound carboxypeptidase in another mouse macro-
phage cell line, J774A.1, was CPD (McGwire et al., 1997). To
determine the nature of the carboxypeptidase in the RAW
264.7 cell line, cells were harvested, homogenized, and then
fractionated by differential centrifugation. Carboxypeptidase
activity was determined with dansyl-Ala-Arg substrate in
the final P; membrane pellet. Dansyl-Ala-Arg was used in
these assays instead of Fa-Ala-Arg for three reasons (Tan et
al., 1995): 1) Because it has a fluorescent tag, it is more
sensitive. 2) It can be used with membrane fractions in the
presence of detergents. 3) The assay is faster with multiple
samples. Dansyl-Ala-Arg was not used with intact cells be-
cause at high concentrations (1-3 mM) it had some nonspe-
cific deleterious effects on the cells, whereas Fa-Ala-Arg did
not. Assays were run at both pH 5.5 and 7.5 to differentiate
the two major membrane-bound cellular carboxypeptidases;
carboxypeptidase M, which has a pH optimum around 7.0
and CPD, which has a pH optimum of 6.2 (Song and Fricker,
1995; McGwire et al., 1997; Skidgel and Erdos, 1998). The
carboxypeptidase activity was much higher at pH 5.5 (76.7 +
2.3 nmol/h/mg; n = 3) than at pH 7.5 (7.1 = 2.8 nmol/h/mg),
consistent with its identity as CPD (Song and Fricker, 1995;
McGwire et al., 1997; Skidgel and Erdos, 1998). To conclu-
sively identify the enzyme, immunoprecipitation studies
were carried out on solubilized membrane fractions with
antiserum specific for CPD. Compared with the preimmune
serum control, antiserum to CPD precipitated 94.0 = 1.7%
(n = 3) of the carboxypeptidase activity solubilized from the
RAW 264.7 cells, showing that it is indeed CPD. The pres-
ence of CPD protein and mRNA was confirmed by Western
blot, flow cytometry, immunohistochemistry, and Northern
blot analysis (see below).

Up-Regulation of CPD Activity. Stimuli that up-regu-
late NO production also up-regulate many other proteins
involved in inflammatory processes. To determine whether
CPD activity can also be up-regulated, RAW 264.7 cells were
cultured in DMEM or Arg-free DMEM in the presence or
absence of IFN-y and LPS for 24 h. Cells were harvested,
homogenized, and fractionated by differential centrifugation

Regulation of NO Synthesis by Carboxypeptidase D 1327

and the carboxypeptidase activity was determined in the
final membrane pellet. IFN-y and LPS had no effect on car-
boxypeptidase activity in cells treated in normal DMEM,
which contains 0.4 mM Arg, but in the Arg-free medium,
CPD activity increased by almost 2-fold (Fig. 2). To deter-
mine the time course of the up-regulation, RAW 264.7 cells,
cultured in Arg-free medium, were treated with IFN-y and
LPS for various time periods. As shown in Fig. 3, CPD activ-
ity steadily increased after treatment with IFN-y and LPS to
a maximum of about 3-fold between 8 and 16 h and began to
decrease by 24 h. Thus, under low Arg conditions, car-
boxypeptidase activity is up-regulated in response to inflam-
matory mediators. The prolonged time course of the response
is consistent with up-regulation at the transcriptional level.

Western Blot Analysis. Western blot analysis of mem-
brane fractions of RAW 264.7 cells revealed a band of about
190 kDa, consistent with the reported size of CPD (Song and
Fricker, 1995; McGwire et al., 1997) (Fig. 4). Densitometric
scanning revealed that the intensity of the band increased
2.2 * 0.1-fold (n = 3) in the cells treated with IFN-y and LPS
in Arg-free medium (Fig. 4). The increased protein synthesis
is consistent with the measured increase in enzyme activity.

Northern Blot Analysis. Northern blot analysis revealed
a band of about 8 kilobase pairs, consistent with that re-

180

144

108

72

36

CPD Activity (nmol /h/mg)

Control
IFN/LPS
Control
IFN/LPS

I !
+ 0.4 mM Arg Arg-free

Fig. 2. Up-regulation of CPD activity in RAW 264.7 cells. RAW 264.7 cells
were treated with 50 U/ml of IFN-y and LPS (0.1 pg/ml) for 24 h in
Arg-free DMEM or DMEM containing 0.4 mM Arg. Cells were harvested,
homogenized, and fractionated by differential centrifugation and CPD
activity was measured in the final membrane fraction. Results shown are
the mean = S.E.M. (n = 3).
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ported for CPD (Tan et al., 1997) (Fig. 5). Densitometric
analysis revealed a 10.1 = 2.8-fold (n = 3) increase in the
intensity of the band, corrected for B-actin, in the cells acti-
vated with IFN-y and LPS in Arg-free medium. This indi-
cates that the up-regulation is at the transcriptional level,
although enhanced mRNA stability cannot be ruled out.

Immunofluorescence Microscopy. Immunohistochemi-
cal staining of RAW 264.7 cells with antiserum specific for
CPD revealed bright intracellular perinuclear staining and
also diffuse staining of the cell membrane (Fig. 6). This is
consistent with the ¢rans-Golgi and plasma membrane dis-
tribution of CPD seen in other cell types (Varlamov and
Fricker, 1998). In contrast, the cells did not show any stain-
ing with preimmune serum (data not shown). Staining for
CPD was more intense in cells treated with IFN-y and LPS in
Arg-free medium, consistent with the results reported above,
but the pattern of distribution remained the same (Fig. 6B).

Flow Cytometry. To further confirm the presence of CPD
on the cell surface, we performed flow cytometric analysis on
nonpermeabilized cells using antibody raised against domain
1 of human recombinant CPD (Fig. 7). The mean fluorescence
intensity (for 10,000 events) was determined in three sepa-
rate experiments. There was a 5.23 = 0.55-fold increase in
mean fluorescence intensity for cells treated with the anti-
serum compared with those treated with preimmune serum.
Thus, CPD is on the surface of RAW 264.7 cells, where it can
hydrolyze the substrate Fa-A-R.

250 7

200 -

150

100

50

CPD activity (nmol/h/mg)

0 T | T T
0 6 12 18 24

Time, h

Fig. 3. Time course of up-regulation of CPD activity in RAW 264.7 cells.
RAW 264.7 cells were cultured in Arg-free DMEM in the presence of
IFN-v (50 U/ml) and LPS (0.1 pg/ml) for various time periods. Cells were
then harvested, homogenized, and fractionated by differential centrifu-
gation. CPD activity was determined in the final membrane fraction.
Results shown are the mean = S.E.M. (n = 3). *p < 0.05 compared with
the zero time control. CPD activity in the membrane fraction of control
(untreated) cells was 72.7 + 8.0 nmol/h/mg at zero time and 77.1 + 16.4
nmol/h/mg at 24 h.

Inhibition of the Up-Regulation of CPD by Arg. We
wondered whether the ability of Arg to block up-regulation of
CPD in response to inflammatory mediators (Fig. 2) might be
mediated through the production of NO. To investigate this
possibility, cells were first cultured in normal DMEM con-
taining 0.4 mM Arg and stimulated with IFN-y and LPS for
24 h in the presence and absence of 2 mM N-monomethyl-L-
arginine (L-NMA), the NOS inhibitor. As before, there was no
change in carboxypeptidase activity with IFN-y and LPS in
medium containing 0.4 mM Arg (Fig. 8). However, in the
presence of L-NMA, IFN-y and LPS increased carboxypepti-
dase activity to a similar extent as that in Arg-free medium
(Fig. 8). In Arg-free medium, IFN-y and LPS stimulation
increased CPD activity as before (Fig. 8). However, addition
of an NO donor, 1 mM S-nitrosoacetylpenicillamine, blocked
the up-regulation of carboxypeptidase activity by IFN-y and
LPS in Arg-free medium. To rule out the possibility that NO
decreases CPD activity by direct inhibition (e.g., by S-nitro-
sation or nitration of Tyr residues), purified human recom-
binant CPD or membrane fractions from RAW 264.7 cells
stimulated with IFN-y and LPS or from control cells were
incubated in 0.05 M HEPES buffer, pH 7.4, with or without
1 mM S-nitrosoacetylpenicillamine for 4 or 20 h, and then
assayed for CPD activity with dansyl-Ala-Arg. The direct
effects of 1 mM S-nitrosoacetylpenicillamine on CPD activity,
expressed as percentage of control activity (incubated in
buffer alone) are as follows (average of duplicate samples
from two separate experiments): purified human CPD =

rCPD LPS/IFN Control

=130 kDa

=00 kDa
=70 kDa

Fig. 4. Western blot analysis of CPD in control and stimulated RAW
264.7 cells. Equal amounts of protein from membrane fractions of un-
stimulated RAW 264.7 cells (control) and from cells activated with IFN-y
and LPS (LPS/IFN) for 16 h in Arg-free medium were separated by
SDS-polyacrylamide gel electrophoresis and evaluated by Western blot
analysis using antiserum against rat full-length CPD. In the first lane,
human recombinant CPD (rCPD) generated in a baculovirus system was
run as a positive control. The lower molecular mass of this band is due to
the reduced glycosylation of recombinant proteins in insect cells com-
pared with mammalian cells. Although the CPD band migrates at the
same position as the 210-kDa marker, when calculated based on a curve
using all the molecular mass standards, the apparent molecular mass of
the CPD band is 190 kDa. The figure shown is representative of three
separate experiments.
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103% at 4 h, 96% at 20 h; membrane fractions from control
RAW 264.7 cells = 86% at 4 h, 84% at 20 h; and membrane
fractions from stimulated RAW 264.7 cells = 97% at 4 h, 94%
at 20 h. Thus, the NO donor had little, if any, effect on CPD
activity. These data indicate that in medium containing Arg,
NO prevents the up-regulation of carboxypeptidases by
IFN-y and LPS, but under low Arg conditions, carboxypepti-
dase activity increases in response to inflammatory media-
tors.

Discussion

The above-mentioned data show that a basic carboxypep-
tidase, which specifically cleaves C-terminal Arg and Lys
from peptides and proteins, can play a role in providing Arg
for NO production. In the present study, we demonstrated
that a carboxypeptidase substrate increases NO production
in activated macrophages and that the increase is blocked by
the specific carboxypeptidase inhibitor MGTA. That the ef-
fect is due to the extracellular release of Arg from the sub-
strate is also indicated by the observation that an arginine
transport inhibitor blocked the effect.

For carboxypeptidases to play a role in NO production, it
would be necessary for a variation in Arg levels to alter the
amount of NO produced. It is generally thought that normal
plasma or cellular concentrations of Arg are sufficient to
sustain maximal NOS activity in the presence of an appro-
priate stimulus. This is because the normal Arg concentra-

IFN/LPS

Control

CPD —

28 S —

18 S — .

p-actin— S -

Fig. 5. Northern blot analysis of CPD mRNA in RAW 264.7 cells. Equal
amounts of total RNA from unstimulated RAW 264.7 cells (control) or
from cells activated with IFN-y and LPS (IFN/LPS) for 16 h in Arg-free
medium were separated on an agarose gel, transferred to a nylon mem-
brane, and probed with radiolabeled CPD ¢cDNA and with B-actin cDNA
to control for equal loading. The figure shown is representative of three
separate experiments.
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tion in cells and plasma is far above the K, value for the
NOSs, which indicates they should be saturated with sub-
strate when activated (Knowles and Moncada, 1994; Mec-
Donald et al., 1997; Wu and Morris, 1998; Closs et al., 2000).
However, addition of extracellular Arg increases NO produc-
tion in a variety of different model systems. For example,
administration of oral Arg to human subjects increased
plasma Arg, increased the concentrations of exhaled NO
(Kharitonov et al., 1995) and also decreased blood pressure
(Smulders et al., 1997). The NO production of murine peri-
toneal macrophages was enhanced in a dose-dependent man-
ner by supplemental Arg in the range of 80 uM to 1 mM and
was associated with an increase in microbicidal activity to-
ward Trypanosoma cruzi (Norris et al., 1995).

Conversely, several experimental models have shown a
link between Arg depletion and reduced NO synthesis. For
example, although Arg is not considered an essential amino
acid, experimental reduction of the dietary supply of Arg
impaired constitutive and inducible NO synthesis in young
rats even though plasma Arg levels remained above 100 uM
(Wu et al., 1999). At wounds or other inflammatory sites, Arg
is depleted and ornithine is increased as a consequence of
arginase derived from macrophages or tumor cells (Albina et
al., 1988) and the resulting low concentration of Arg reduces
the cytotoxicity of macrophages. In addition, mouse perito-
neal macrophages cultured in the presence of IFN-y with or
without LPS rapidly depleted the medium of L-Arg, abolish-
ing NO production, which then resumed when the medium
was replenished with Arg (Vodovotz et al., 1994).

Another way to regulate Arg supply, and thus NO produc-
tion, is through cellular conversion of citrulline to Arg
(Hecker et al., 1990). For example, it was shown that in RAW
264.7 cells stimulated with IFN-y or LPS to up-regulate
iNOS, citrulline enhanced NO production in the presence of
50 to 80 uM extracellular Arg (Nussler et al., 1994). This
pathway may play a role in regulating NO production in
inflammatory conditions because a major enzyme involved in
the conversion, argininosuccinate synthetase, is up-regu-
lated by LPS or IFN-v in murine macrophages (Nussler et al.,
1994).

One explanation of the so-called arginine paradox is that
arginine is sequestered in pools that are unavailable to the
NOS. Recent evidence supports this possibility in J774A.1
macrophages and EA.hy926 endothelial cells (Closs et al.,
2000). In both cell lines, there existed an Arg pool (pool I,
estimated at 2-3.5 mM) that was freely exchangeable with
extracellular arginine as well as an intracellular pool (pool II,
estimated at 160—-600 wM) that could not be depleted or
exchanged with extracellular Arg. Whereas endothelial NOS
(NOS III) could use pool II to generate NO in the absence of
extracellular Arg, iNOS (NOS II), in the macrophage cell line
could not, and was dependent on extracellular or pool I Arg
for NO synthesis (Closs et al., 2000). Based on these data, the
ability of carboxypeptidases to generate extracellular Arg for
NO synthesis would play a more critical role during inflam-
matory conditions, when iNOS (NOS II) is up-regulated.

Despite the importance of Arg supply on NO production
during inflammation, only a few studies have addressed the
possibility that Arg derived from protein or peptide sources
could be used for NO synthesis. In one study using Arg-
depleted endothelial cells, Arg production was inhibited 45%
by a mixture of protease inhibitors (Hecker et al., 1990).
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Moreover, when several Arg-containing dipeptides were in-
cubated with cultured endothelial cells, they were cleaved to
yield free Arg, consistent with their ability to potentiate NO
release and NO-dependent responses in vivo (Hecker et al.,
1990; Thiemermann et al., 1991). Arg-containing dipeptides
(Arg-Arg, Arg-Phe and Ala-Arg) significantly stimulated NO
synthesis in cytosolic and microsomal fractions of endothelial
cells and activated murine J774 cells (Hecker et al., 1991),
and incubation of Arg-Asp or angiotensin II with murine and
rat peritoneal macrophages led to 9- or 4-fold increases in
nitrite production (Hrabak et al., 1994). Despite these initial
reports, no information is available on the type of enzyme(s)
involved in this process. Based on protease specificity, the
release of free Arg from peptides and proteins would require
the action of an exopeptidase (i.e., an aminopeptidase or
carboxypeptidase). Because of their ability to cleave only
C-terminal Arg or Lys, membrane-bound B-type carboxypep-
tidases (such as carboxypeptidases M and D) are likely can-
didates to be involved in this process as shown in the present
studies. Potential in vivo substrates containing C-terminal
Arg are numerous (Skidgel, 1988, 1996), including: bradyki-
nin; anaphylatoxins C3a, C4a, and C5a; enkephalin hexapep-
tides (i.e., Arg6- or Lys6-, Met-, or Leu-enkephalin); dynor-
phin A, ,5; dynorphin A, ;;; dynorphin A, g; fibrinopeptides
6A, 6D, A, and B; atriopeptin II; cardiodilatin, 4;; albumin
propeptide; insulin C-peptide; hemoglobin; erythropoietin;
and a variety of growth factors, including epidermal growth
factor (McGwire and Skidgel, 1995). Other potential sources
for B-type carboxypeptidase substrates are the numerous
proteolytic cascades such as the fibrinolytic system, coagula-
tion cascade, and the complement system, which consist of a
series of normally inactive proenzymes that can be activated

20 um

10 um
e

10 um

after injury or during inflammation (Barrett et al., 1998).
Each step in the cascade requires the cleavage of an Arg-X
bond, resulting in the generation of a new protein chain with
a C-terminal Arg (Barrett et al., 1998). Thus, activation at

|:| Pre-immune serum

. Anti-CPD antiserum

120

80

40

Cell Number

0

102 103 104

Relative Fluorescence

Fig. 7. Flow cytometric analysis for CPD on RAW 264.7 cells. Flow
cytometric analysis was carried out using polyclonal antiserum against
human CPD and fluorescein isothiocyanate-labeled secondary goat anti-
rabbit IgG. Cells incubated with preimmune serum are represented by
the open histogram and cells incubated with the antiserum are repre-
sented by the solid histogram. Representative tracing from three sepa-
rate experiments.

10

109

Fig. 6. Immunohistochemistry of CPD in RAW 264.7
cells. RAW 264.7 cells were cultured in Arg-free medium
in the presence or absence of IFN-y and LPS as described
under Experimental Procedures. Cells were fixed, perme-
abilized with 0.1% Triton X-100 and stained with anti-
serum against recombinant human CPD followed by goat
anti-rabbit Alexa 488 and observed using a Nikon digital
fluorescence microscope (A and B) or a Zeiss laser scan-
ning confocal microscope (C and D). A, control RAW 264.7
cells. B, RAW 264.7 cells stimulated with IFN-y and LPS.
C, confocal image of control RAW 264.7 cells showing
perinuclear localization of CPD. D, confocal image of con-
trol RAW 264.7 cells showing surface localization of CPD.
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each step would produce a potential carboxypeptidase sub-
strate, which could then be cleaved to produce free Arg.
There are no known endogenous inhibitors that control the
activity of the B-type carboxypeptidases as there are for most
of the endoproteases (Barrett et al., 1998). Thus, the regula-
tion of their activity will depend on their expression mediated
at the transcriptional or translational level. The present data
show that CPD can be up-regulated (as shown by increased
mRNA, protein expression and enzyme activity) about 3-fold
by LPS and IFN-vy. That CPD can play a role in NO produc-
tion in inflammatory conditions is supported by the observa-
tion that up-regulation of the enzyme is stimulated by LPS
and IFN-vy, mediators that also up-regulate iNOS (Schmidt et
al., 1992). Because this effect was seen only in cells grown in
Arg-free medium, it might be a mechanism by which in-
creased Arg generation from protein and peptide substrates
can be stimulated under low Arg conditions. This “arginine
sensor” is modulated via NO because when NO synthesis was
blocked, CPD activity was up-regulated by LPS and IFN-y
even in the medium containing Arg, whereas an NO donor
blocked the up-regulation in Arg-free medium. This effect
was not due to direct inhibition of CPD because an NO donor
did not directly decrease the activity of purified human CPD
or CPD in membrane fractions of RAW 264.7 cells. These
data are consistent with the possibility that the regulation of
CPD is an NF-«B-mediated response because it was shown

150}
125
100

75

50 -

CPD activity (nmol/h/mg)

25

04mMAg + + + - - -
IFN-y + LPS - + + -+ o+
2 mM L-NMA - - + - - -
1 mM SNAP - - - - - +

Fig. 8. NO blocks the up-regulation of CPD activity in response to
inflammatory mediators. RAW 264.7 cells were incubated for 24 h with or
without IFN-y and LPS as before in normal (with 0.4 mM Arg) or Arg-free
DMEM as indicated. The NOS inhibitor L-NMA was used to block NO
synthesis in Arg-containing medium, and the NO donor S-nitro-
soacetylpenicillamine was used to generate NO in Arg-free medium. After
treatment, cells were lysed, fractionated by differential centrifugation
and CPD activity was measured in the final membrane pellet. Results
shown are the mean + SE.M. (n = 3).
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previously that NO can inhibit NF-«B activation by increas-
ing the expression, nuclear translocation, and stabilization of
its inhibitory protein I-«B (Peng et al., 1995; Spiecker et al.,
1997). NO thus blocks the NF-«kB-mediated up-regulation of
other proteins such as iNOS (Peng et al., 1995), vascular cell
adhesion molecule-1 (De Caterina et al., 1995), intercellular
adhesion molecule-1, E-selectin (Spiecker et al., 1997), and
cyclooxygenase-2 (Habib et al., 1997).

In the kinin system, B-type carboxypeptidases such as
CPD can either inactivate or alter the specificity of the pep-
tides by cleaving the C-terminal Arg® from bradykinin (Skid-
gel, 1988). This eliminates binding to the constitutive brady-
kinin B, receptor, but the resulting des-Arg®-bradykinin
binds to the B; receptor. Although the B, receptor is not
normally present in most tissues and cells, injury or inflam-
matory mediators up-regulate transcription of the B; recep-
tor (DeBlois et al., 1991; Bhoola et al., 1992). A recent article
reported the coinduction of B; receptors and B-type car-
boxypeptidase activity in aortas of pigs that had been treated
with an infusion of LPS (Schremmer-Danninger et al., 1998).
Our finding that CPD is up-regulated in response to inflam-
matory mediators is further evidence that coinduction of a
membrane carboxypeptidase could provide a mechanism for
increased generation of B, receptor agonists during inflam-
matory conditions that induce expression of the B, receptor
itself.

These observations may have pathological significance in
conditions such as septic shock. The hypotension and vascu-
lar hyporesponsiveness seen in septic shock is attributed to
excess NO production by iNOS (Anggard, 1994). NO can also
play a beneficial role in septic shock by inhibiting platelet
aggregation and leukocyte adhesion, thus preventing throm-
bosis and microvascular stasis (Anggard, 1994). Under these
conditions, complete blockade of NO production would abro-
gate both the beneficial and deleterious actions of NO. One
possible approach in the management of septic shock would
be to modulate NO production by regulating the levels of the
substrate L-Arg. Inhibition of carboxypeptidases could repre-
sent a potential strategy in limiting NO production in septic
shock under conditions in which the Arg supply and Arg
synthesis/recycling from citrulline is rate limiting.
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