Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 2722-2727, March 1999
Biochemistry

Tissue-specific processing of cocaine- and amphetamine-regulated

transcript peptides in the rat
(brain/adrenal gland/appetite regulation)

LARs THIM*, PETER KRISTENSEN, PER F. NIELSEN, BIRGITTE S. WULFF, AND JES T. CLAUSEN

Health Care Discovery, Novo Nordisk A/S, DK-2880 Bagsvaerd, Denmark

Edited by Tomas Hokfelt, Karolinska Institute, Stockholm, Sweden, and approved January 13, 1999 (received for review November 12, 1998)

ABSTRACT Cocaine- and amphetamine-regulated tran-
script (CART) is a recently discovered hypothalamic peptide
regulated by leptin and with a potent appetite-suppressing
activity. In the rat, the CART gene encodes a peptide of 116
amino acid residues (or a splice variant 13 residues longer).
The predicted signal sequence is 27 amino acid residues,
resulting in a prohormone of 89 residues. The CART prohor-
mone contains several potential posttranslational processing
sites in the form of mono- and dibasic sequences. In the
present study we have purified CART peptides from extracts
of adrenal gland, hypothalamus, nucleus accumbens, and
pituitary gland (anterior and neurointermediate lobe) of the
rat and determined the peptide structures by using microse-
quencing and mass spectrometry. In none of the tissues
examined the long splice variant was found. From the adrenal
gland, the CART(1-89) and CART(10-89) peptides were
isolated, in contrast to the hypothalamus and nucleus accum-
bens, from which the shorter form peptides CART (42-89) and
CART (49-89) were purified. From the anterior lobe of the
pituitary gland, CART (42-89) was isolated, in contrast to the
neurointermediate lobe, which contains only CART(49-89).
This tissue-specific processing indicates that CART peptides
may have different biological functions in the periphery and
in the central nervous system.

Over the last several years, a number of neuropeptides have
been identified as central signaling molecules with an overall
effect on feeding behavior and have thus attracted interest in
relation to the development of antiobesity drugs. These mol-
ecules include neuropeptide Y, bombesin, cholecystokinin,
galanin, and glucagon-like peptide 1 (GLP-1), as well as the
newly discovered agouti-related peptide and orexin/
hypocretin (for review, see ref. 1). Recently, the peptide
CART was added to this list (2). CART stands for cocaine- and
amphetamine-regulated transcript and refers to the way this
peptide was originally discovered. Douglass and coworkers (3)
identified the CART mRNA by differential-display techniques
that allowed identification of genes specifically expressed after
acute administration of cocaine and amphetamine to rats. In
both rats and mice, CART exerts a very potent anorectic effect
(2, 4) and is able to completely block the feeding response
induced by neuropeptide Y (2). CART is the third most
abundant mRNA in rat hypothalamus after subtraction of
hippocampal and cerebellar mRNAs (5). Furthermore, CART
expression in the arcuate nucleus is regulated by leptin (2),
indicating that CART is integrated in the circuit that controls
the overall regulation of food intake. The rat CART gene
encodes a peptide of either 129 or 116 amino acid residues in
length (3). The predicted leader sequence is 27 amino acid
residues, thus resulting in a mature CART peptide consisting
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of either 102 (long form) or 89 (short form) amino acid
residues (3). In contrast to the rat, only the short form exists
in humans (6). The mature peptide contains several potential
cleavage sites (mono- and dibasic sequences), and CART may
be posttranslationally processed in vivo into several biologically
active fragments. Posttranslational processing at a Lys—-Arg
sequence in the middle of the short form of CART would
generate an N-terminal CART(1-39) and a C-terminal
CART(42-89) fragment. The latter of these fragments has
actually been isolated from ovine hypothalamic extracts (7),
thus indicating that CART is processed at the Lys*-Arg*!
sequence at least in the ovine brain. So far, no systematic
studies have been carried out to determine the naturally
occurring forms of CART. Because immunoreactive CART
peptides have been reported to be present in adrenals glands
(8), hypothalamus (8, 9), and nucleus accumbens (10), we have
chosen these three tissues, together with the pituitary gland, as
starting material for the isolation and structure determination
of naturally occurring forms of CART peptides. By using
microsequencing and mass spectrometry, we here demonstrate
a tissue-specific processing of CART, which may point to
different biological functions of CART peptides in the periph-
ery and in the central nervous system.

MATERIALS AND METHODS

Animal Tissue. Wistar female rats (M & B, Ry, Denmark)
(weight ~250 g) were allowed to acclimatize for 1 week before
the experiment. Animals were decapitated and tissue was
removed and immediately frozen on dry ice.

In Situ Hybridization. In situ hybridization analysis was
performed as described (11) on saggital cryostat sections from
rat brain by using antisense RNA probes directed against the
rat CART cDNA (base pairs 226—411 (GenBank accession no.
U10071). Post-hybridization washes were performed at 62°C
and 67°C in 50% formamide. After hybridization, sections
were exposed on BetaMax film (Amersham Pharmacia) for 1
week.

Preparation of Monoclonal CART Antibodies (MCAs). Pu-
rified recombinant CART(41-89) (4) were conjugated to the
carrier ovalbumin by using carbodiimide. Mice of the RBF
strain were injected s.c. with the antigen in Freund’s complete
adjuvant and boosted twice every other week with the antigen
in Freund’s incomplete adjuvant. Spleen cells from an i.v.-
boosted mouse were fused by the polyethylene glycol method
to FOX myeloma cells (12). Supernatants from the resulting
hybridoma lines were screened in a direct ELISA by using
CART(41-89) as antigen. Positive hybridoma lines were
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cloned. The MCA (mAb from clone Ca6-1F4D4) was purified by
Protein A (Amersham Pharmacia) affinity chromatography.

Tissue Extraction. Tissue from 18 animals was used with a
total weight of 2.59 g (adrenal glands), 2.68 g (hypothalamus),
2.65 g (nucleus accumbens), 0.31 g (pituitary gland, anterior
lobe), and 0.11 g [pituitary gland, neurointermediate (inter-
mediate and posterior) lobe]. The tissue was frozen immedi-
ately after dissection and subsequently extracted at 4°C with 25
ml of 3:1 (vol/vol) ethanol/HCI (0.7 M) by using an Ultra-
Turrax type TP18/10 homogenizer equipped with a 10N head.
After 3 min of homogenization, the extraction mixture was
stirred at 4°C for 18 h. After centrifugation at 38,000 X g for
30 min, the supernatant was concentrated to 20% by vacuum
centrifugation and lyophilized. The lyophilized material was
extracted with 20 ml of 2M acetic acid, and after centrifugation
at 38,000 X g for 30 min, the supernatant was lyophilized. The
lyophilized powder was redissolved in 20 ml of PBS buffer (50
mM sodium phosphate, 100 mM NaCl, pH 7.2) containing a
mixture of protease inhibitors as described by the manufac-
turer (Complete, Boehringer Mannheim, catalog no. 1697498).

Affinity Column. A solution of 10 ml of MCA containing
2.17 mg/ml in PBS buffer was added to 10 ml of 0.6 M sodium
hydrogen carbonate (pH 8.6) and solid polyethylene glycol (M,
= 20,000) to a final concentration of 15% (wt/vol). Five
milliliters of Mini-Leak gel (Kem-En-Tek, Copenhagen, cat-
alog no. 1011F) was added. The coupling was carried out for
5 days at 4°C. The gel was washed with 0.15 M NaCl and added
to 10 ml of 0.2 M ethanolamine /HCI, pH 9.0. After 3 h at room
temperature, the gel was washed three times with 0.1 M
disodium hydrogen phosphate buffer (pH 11.0), three times
with 0.1 M glycine/HCI buffer (pH 3.0), and stored in 0.1 M
NaCl containing 15 mM sodium azide. Before use in the
CART peptide purification from tissue extracts, an aliquot of
the affinity gel was tested for its ability to bind recombinant
CART(42-89).

Purification of CART Peptides. Small affinity columns (3 X
10 mm) were equilibrated in PBS (pH 7.2), and the neutral
tissue extracts were passed over the columns with a flow rate
of 1 ml/min. The columns were washed with 30 ml of PBS, and
the bound peptides were eluted with 2.5 ml of 50 mM
glycine/HCI buffer (pH 2.5). To avoid cross contamination,
new column material was used for each tissue extract. The
eluates were concentrated to 0.25 ml by vacuum centrifugation
and injected onto a Vydac 214TP54 reversed-phase C4 HPLC
column (4.6 X 250 mm) equilibrated at 30°C at a flow rate of
1.0 ml/min with 0.1% (vol/vol) trifluoroacetic acid in 5%
(vol/vol) acetonitrile. The concentration of acetonitrile in the
eluting solvent was raised to 65% (vol/vol) over 30 min, and
the absorbance was measured at 214 nm. Peptide material
corresponding to UV peaks were collected and further ana-
lyzed.

Characterization of CART Peptides. N-terminal amino acid
sequences were determined by automated Edman degrada-
tions by using an Applied Biosystem Model 494 Protein
Sequencer essentially as described by the manufacturer. By
using an optimized system, it was possible to determine the
partial sequence of as little as 300-500 fmol of peptide.

Mass spectrometry analysis was performed on a Voyager RP
matrix-assisted laser desorption-ionization time of flight in-
strument (Perseptive Biosystems, Framingham, MA)
equipped with a nitrogen laser (337 nm). The instrument was
operated in linear mode with delayed extraction, and the
accelerating voltage in the ion source was 25 kV.

Sample preparation was done as follows: 1 ul of sample
solution was mixed with 1 ul of matrix solution [a-cyano-4-
hydroxycinnamic acid dissolved in a 5:4:1 (vol/vol/vol) mixture
of acetonitrile/water/3% (vol/vol) trifluoroacetic acid], and 1
ul was deposited on the sample plate and allowed to dry.
Calibration was performed by using external standards, and
the accuracy of the mass determinations was within 0.1%.
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RESULTS

Characterization of MCA to CART. The MCA reacted
equally well with the CART(41-89), CART(48-89), and
CART(49-89) peptides, all of which were produced in yeast
(4) (Fig. 1). To further clarify the epitope to which the MCA
binds, we displaced binding of the antibody to CART(41-89)
with the synthetic peptides CART(1-39), CART(42-54), and
CART(42-46). As expected, the CART MCA did not react
with the synthetic peptides from the N-terminal end of the
CART(1-89) molecule (Fig. 1), indicating that the C-terminal
part of the molecule is necessary for binding to the MCA.
Furthermore, reduced CART(42-89) did not displace the
binding of the MCA to active CART(42-89), indicating that
the three-dimensional structure, including the three disulfide
bonds, is essential for binding.

CART Peptides in Hypothalamus and Nucleus Accumbens.
Fig. 2 shows the HPLC chromatograms of the CART peptides
isolated from extracts of nucleus accumbens and hypothala-
mus, respectively. As can be seen from this figure, the total
amount of CART peptides isolated from the hypothalamus is
~7-fold higher than from nucleus accumbens (approximately
the same amount of tissue was used). This is in good agreement
with the relative intensities observed when comparing mRNA
amounts based on the findings using in sifu hybridization (Fig.
3). By sequence and mass spectrometry analysis, the two
peptides eluting at 17.5-17.6 min and 18.3-18.5 min were
found to correspond to CART peptides. The sequence analysis
of the peptide eluting at 18.3 min from the hypothalamic
extract is shown in Table 1, and the corresponding mass
spectrum of this sample is shown in Fig. 4. From these
sequence data, it can be seen that the peptide material eluting
in this fraction is a mixture of CART(42-89) and CART(49-
89). The molecular mass of rat CART(42-89) and CART(49-
89), as calculated from the published amino acid sequence (1),
is 5,259.3 and 4,387.2 Da, respectively. The molecular mass of
the two hypothalamic CART peptides were found to be
5,263 = 5 and 4,390 £ 4 Da, respectively (Fig. 4), in good
agreement with the theoretical values. Sequencing and mass
analysis of the peptides from nucleus accumbens also identi-
fied the CART(42-89) and CART(49-89) (results not
shown).

CART Peptides in the Pituitary Gland. Although the
amount of pituitary tissue extracted (0.31 g anterior lobe and
0.11 g intermediate and posterior lobe) was considerably less
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Fic. 1. Displacement of MCA by CART peptides.
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FiG. 2. Reversed-phase HPLC on a Vydac 214TP54 column of partially purified CART peptides from nucleus accumbens (A4) and hypothalamus (B).

than the corresponding nucleus accumbens and hypothalamic
tissue (both ~2.7 g), the total amount of CART peptides
purified from each tissue was approximately the same. In
contrast to the brain sections, only one CART peptide was
isolated from each lobe of the pituitary gland; from the
anterior lobe, CART(42-89) was identified, and from the
neurointermediate lobe, CART(49-89) was isolated (results
not shown).

CART Peptides in Adrenal Glands. CART peptides from
the adrenal gland extract also were subjected to affinity
purification followed by HPLC using the same system as

described for the brain extracts. The HPLC chromatogram
(not shown) revealed a single broad peak eluting at a retention
time of 20.8 min, thus significantly different from the brain and
pituitary extracts. A partial amino acid sequence analysis on
peptide material corresponding to this peak identified the
sequence of: Ala-Leu-Asp-lIle-Tyr-Ser-Ala-Val-Asp-Asp-,
corresponding to CART(10-89). The corresponding mass
spectrum obtained on this fraction is shown in Fig. 5. The
calculated mass of the identified CART(10-89) is 8,882.4 Da.
In the mass spectrum, two peaks corresponding to 8,882.6 and
8,963.2 Da are found (Fig. 5). The first of these peaks

FiG. 3. Film image of saggital section from rat brain demonstrating the overall distribution of CART mRNA by in situ hybridization using
35S-labeled antisense RNA. Inset shows hematoxylin and eosin staining of the same section. ac, accumbens nucleus; arc, arcuate nucleus; cer,
cerebellum; ctx, cerebral cortex; dg, dentate gyrus; edw, edinger-westphal nucleus; mm, medial mammary nucleus; 111, third ventricle. Sections were
exposed to film for 5 days.
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Table 1. Automated Edman degration of CART peptides
from hypothalamus

CART CART
(42-89) Yield, (49-89) Yield,
Cycle PTH-AA pmol PTH-AA pmol
1 Ile 6 Tyr 11
2 Pro 4 Gly 10
3 Ile 4 Gln 11
4 Tyr 4 Val 10
5 Glu 3 Pro 8
6 Lys 4 Met 8
7 Lys 5 (Cys) —
8 Tyr 4 Asp 6
9 Gly 8 Ala 8
10 Gln 6 Gly 11
11 Val 4 Glu 4
12 Pro 6 Gln 8
13 Met 3 (Cys) —
14 (Cys) — Ala 7
15 Asp 5 Val 5
16 Ala 5 Arg 10
17 Gly 8 Lys 7
18 Glu 2 Gly 10
19 Gln 5 Ala 8
20 (Cys) — Arg 12
21 Ala 6 Ile 5
22 Val 4 Gly 11
23 Arg 12 Lys 7
24 Lys 7 Leu 7
25 Gly 9 (Cys) —
26 Ala 5 Asp 7
27 Arg 12 (Cys) —
28 Ile 3 Pro 7
29 Gly 9 Arg 13
30 Lys 5 Gly 10
31 Leu 5 Thr 4
32 (Cys) — Ser 5
33 Asp 6 (Cys) —
34 (Cys) — Asn 2
35 Pro 6 Ser 5
36 Arg 12 Phe 4
37 Gly 8 Leu 4
38 Thr 3 Leu 4
39 Ser 4 Lys 4
40 (Cys) — (Cys) —
41 Asn 2 Leu 4
42 Ser 4
43 Phe 3
44 Leu 4
45 Leu 4
46 Lys 4
47 (Cys) —
48 Leu 3

PTH, phenylthiohydration. Cysteine residues (Cys) were not iden-
tified.

corresponds to CART(10-89), whereas the latter peak seems
to correspond to CART(10-89) with an unknown posttrans-
lational modification of 80.6 mass units. In the high molecular
end of the spectrum, the mass 9,931.1 corresponds to
CART(1-89) with an N-terminal pyrGlu. The blocked N
terminus also explains why this form does not show up on the
sequence analysis. Also, the CART(1-89) exists with an
additional unknown posttranslational modification of 81.2
mass units. Thus, in the adrenal gland, two forms of CART
have been found, CART(1-89) and CART(10-89). Each of
these forms exists with or without an additional posttransla-
tional modification of ~80 mass units. Because of the small
amount of peptide material purified, it has not been possible
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FiG. 4. Mass spectrum of purified CART peptides from hypotha-
lamic tissue. The two peaks corresponds to CART(49-89) (theoretical
mass = 4,387.2 Da) and CART(42-89) (theoretical mass = 5,259.2
Da), respectively.

to further characterize this modification; however, both phos-
phorylation (on a Ser, Thr or Tyr residue) or sulfation (on a
Tyr residue) would fit with the observed data.

CART Processing. In Fig. 6, the different CART peptides
isolated and characterized in the present study have been
summarized. In the adrenal gland, CART(1-89) and
CART(10-89) were found. The latter of these forms might be
generated by a proline-directed arginyl cleavage at the Pro8-
Arg® sequence of CART(1-89), a well known cleavage site in
many other peptide precursors (13). In both hypothalamus and
nucleus accumbens, two forms of CART were found:
CART(42-89) and CART(49-89). Both of these forms are
generated as a result of processing at dibasic sequences, in this
case at the Lys*-Arg*! and Lys*’-Lys*® of the CART(1-89)
precursor. Dibasic processing sites are also found in proinsulin
(14, 15), proglucagon (16), and a long series of other peptide
hormone precursors. The same two forms of CART were
found in the pituitary gland, but interestingly, only the
CART(42-89) was found in the anterior lobe, and only the
CART(49-89) form was found in the posterior lobe.

DISCUSSION

By using in situ hybridization and immunohistochemistry tech-
niques, CART mRNA and immunoreactivity have been local-
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F1G. 5. Mass spectrum of purified CART peptides from adrenal
glands. The two peaks correspond to CART(10-89) (theoretical
mass = 8,882.4 Da) and CART(1-89) with an N-terminal pyrGlu
(theoretical mass = 9,931.6 Da). Both peaks are accompanied by a
larger peak representing an additional unknown modification of ~80
mass units.
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F1G. 6. Schematic representation of the tissue-specific processing of CART in the rat. The scheme is based on the amino acid sequence deduced
from rat cDNA (3) and the CART peptides identified in the present study. The lysine and arginine residues are indicated by K and R, and the
underlined residues represent the identified mono- and dibasic processing sites.

ized in a series of different tissues from several species (3, 5,
6, 8-10, 17). In the present study, we have purified the CART
peptides present in these different tissues and organs from the
rat and determined the actual structure of the peptides and
thus elucidated some of the posttranslational processing path-
ways of the CART precursor. The power of the affinity
purification technique in combination with high-sensitivity
mass spectrometry and sequencing is illustrated by the fact that
it has been possible to isolate and characterize the CART
peptides by using tissue from as little as 18 rats. The only
previous study in which a naturally occurring CART peptide
was isolated goes back to 1981, where Spiess and coworkers (7)
used hypothalamic tissue from 490,000 sheep. The results
obtained, however, are limited to the techniques used, and
because the crucial step in the isolation is an affinity purifi-
cation, only CART peptides recognized by the MCA will be
isolated. Because previous studies (2, 4) have shown that the
C-terminal part of the CART precursor, containing the three
disulfide bridges, is biologically active, the MCA was prepared
by immunization with the CART(41-89) fragment. As ex-
pected, this antibody recognizes CART peptides with intact
C-terminal but not N-terminal fragments of the precursor e.g.,
CART(1-39) (Fig. 1).

The proteolytic processing of the CART precursor was
studied both in central and in peripheral tissues from the rat.
The CART precursor was found to be processed differently in
central and peripheral sites, but differences in processing
patterns also were observed between the two peripheral tissues
studied, the adrenal gland and the anterior lobe of the pituitary
gland.

In the adrenal gland, the full-length unprocessed CART
precursor and CART(10-89) are present in a 7:1 ratio.
Cleavage of unprocessed CART to CART(10-89) takes place
on the C-terminal side of a single arginine in position nine.
N-terminal to this basic residue, a proline residue is present,
thus adding this processing site to the group of proline-directed
arginine-processing sites described by Schwartz (13). Both
CART(1-89) and CART(10-89) were found to exist in two
forms with and without an unknown posttranslational modi-
fication of ~80 mass units. As this heterogeneity was absent in
CART(42-89) and CART(49-89), this modification is most
likely associated with one of the residues in position 10-42.
These 80 mass units could correspond to a sulfation or a
phosphorylation. Examining the sequence from positions 10 to
42 identifies Ser® as the most likely site for a phosphorylation,
because this residue is surrounded by five basic residues (18).
However, applying the rules of Tyr sulfation (28) suggests that
sulfation of Tyr!4 may also be a possibility.

None of the potential dibasic cleavage sites are processed in
the adrenal gland CART. This is in contrast to the findings
from the anterior pituitary lobe, where the precursor is
efficiently cleaved after Lys*-Arg*, resulting in CART(42-
89). This is the only processing product that can be identified
in the anterior lobe, demonstrating that the anterior lobe
completely spares the Lys*’-Lys*® sequence from processing.
This lack of processing at the second Lys—Lys in the anterior
lobe is in agreement with the processing pattern of other
hormone precursors in the anterior lobe, e.g., proopiomela-
nocortin processing (19). Of the specific dibasic prohormone
convertases (PCs), only PC1 (also called PC3) is easily detect-
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able in the anterior lobe (20, 21) demonstrating that also in the
CART precursor, the Lys-Lys sequence is a poor substrate for
PCI. A similar differentiation in processing between Lys—Arg
and Lys-Lys cleavage sites in the proopiomelanocortin pre-
cursor has also been observed in an anterior lobe-derived cell
line, AtT-20 (22, 23). Like the cells of the anterior lobe, these
cells mainly express PC1 and very low (or nondetectable) levels
of PC2 (24, 25, 26).

In the hypothalamus and nucleus accumbens, two forms of
CART is identified, CART(42-89) and CART(49-89), show-
ing that cleavage occurs both after Lys*—~Arg*! and Lys*’-Lys*3
in these tissues. From the present data, it is not possible to
determine whether there are two subpopulations of CART-
expressing neurons, one containing CART solely cleaved after
Lys*-Arg*' and one capable of additional cleavage after
Lys*’-Lys*8, or whether the CART-expressing neurons express
both forms of CART. An immunohistochemical study using
antibodies specific for the two different CART forms is needed
to answer this question.

Only CART(49-89) is found in the extracts from the
intermediate and posterior lobe of pituitary. Examination of
both mRNA and protein expression (8, 17) has shown that
CART is not expressed in the intermediate lobe of the
pituitary gland. This observation indicates that the CART-
expressing hypothalamic neurons that project to the posterior
lobe all cleave efficiently at Lys*’-Lys*. The identity of the
processing enzyme responsible for the processing at Lys*’—
Lys*® is unknown. Both PC1 and PC2 are expressed in a
number of nuclei in the hypothalamus (21, 27). Furthermore,
a high degree of coexpression between PC2 and the posterior
lobe hormones vasopressin and oxytocin has been demon-
strated (27), and PC2 could be a possible candidate for
cleavage at this site. However, other processing enzymes, e.g.,
PC5, could also be involved, and colocalization studies with
CART and the processing enzymes is needed in order resolve
this question.

Within the CART precursor, other dibasic sequences are
found, and because of the limitations of the techniques used,
it is not possible to determined whether further processing of
the N-terminal part of CART [CART(1-39)] takes place in the
neuroendocrine cells studied (pituitary, hypothalamus, and
accumbens). An additional dibasic site in found in the C-
terminal part of CART, Arg®-Lys®. This site, however, is
positioned in the cysteine-rich region with disulfide bridges,
and is probably not available as a cleavage site.

The CART field is relatively new, and only few reports about
its biological activity have been published. Presently, no data
are available to support a biological significance of the differ-
ential processing reported in the present study. Future biolog-
ical studies with a panel of different CART fragments will
hopefully answer this question.
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