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Rat apolipoprotein C-Il lacks the conserved site for
proteolytic cleavage of the pro-form
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Abstract Apolipoprotein C-II (apoC-II) plays a critical role in
the metabolism of plasma lipoproteins as an activator for lipo-
protein lipase. Human apoC-II consists of 79 amino acid resi-
dues (pro-apoC-II). A minor fraction is converted to a mature
form by cleavage at the site QQDE releasing the 6 amino-
terminal residues. We have cloned and sequenced the cDNA for
rat apoC-II from a liver cDNA library using human apoC-II
¢DNA as a probe. The cDNA encodes a protein of 97 amino
acid residues including a signal peptide of 22 amino acid
residues. There is approximately 60% similarity between the
deduced amino acid sequence of rat apoC-II and other apoC-II
sequences presently known (human, monkey, dog, cow, and
guinea pig). B Compared to these, rat apoC-II is one residue
shorter at the carboxyl terminus. Furthermore, there is a dele-
tion of 3 amino acid residues (PQQ) in the highly conserved
cleavage site where processing from pro- to mature apoC-II oc-
curs in other species. Accordingly, rat apoC-II isolated from
plasma was mainly in the pro-form. Northern blot analyses indi-
cated that rat apoC-II is expressed both in liver and in small in-
testine. —Andersson, Y., L. Thelander, and G. Bengtsson-
Olivecrona. Rat apolipoprotein C-II lacks the conserved site for
proteolytic cleavage of the pro-form. J. Lipid Res. 1991. 32: 1805-
1809.
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Apolipoprotein C-II (apoC-II) has a well-known func-
tion as an activator for lipoprotein lipase (1, 2). Genetic
deficiencies affecting apoC-II lead to massive hypertri-
glyceridemias, demonstrating the importance of the activa-
tion in vivo (3). Human apoC-II is a 79 amino acid resi-
due protein (4, 5). Studies with peptide fragments of
apoC-II have demonstrated that the carboxy-terminal
third of the molecule contains the structures needed for
interaction with lipoprotein lipase and for activation,
while the amino-terminal part probably forms amphi-
pathic helices that anchor the protein to the lipid particle
(1). The amino acid sequences are now known for apoC-I1
analogues from several species; monkey, cow, dog, and
guinea pig (6-9). The conservation is high in the carboxy-
terminal part of the apoC-II molecules, while there are
more substitutions in the amino-terminal portion. This
probably reflects that the lipid-binding function has less

specific structural requirements. There is, however, one
area in the amino-terminal end that is fully conserved in
all apoC-II sequences known this far. This is the QQDE-
sequence (residues 5 to 8 in the human sequence). Fojo et
al. (10) reported that a small fraction of human plasma
apoC-II was proteolytically processed at this site. Later,
processing of both monkey apoC-II (11) and bovine apoC-II
(8) was reported. In these species the cleaved form of
apoC-1II was dominant in plasma. Both forms of apoC-II
stimulate lipoprotein lipase in in vitro systems (8, 10, 11).
Thus, the function of the cleavage, if any, is not known.
We were interested in studying the processing of apoC-I1
in an animal model. For that we turned to rats, because
their lipoprotein metabolism has been extensively studied
and their lipoprotein lipase system is well known. How-
ever, the primary structure of rat apoC-II was not known.
We therefore determined this from the corresponding
c¢DNA which we cloned using the cross-hybridizing human
apoC-1II cDNA as a probe. To our surprise, in rat apoC-II
there is a deletion of 3 amino acid residues, which partly
affects the proteolytic cleavage site. This suggested that no
cleavage of apoC-II occurs in this animal. To directly
study this, rat apoC-II was isolated from plasma and its
amino-terminal sequence was determined.

METHODS

Cloning and sequencing of rat apoC-II cDNA

Preparation of RNA, Northern blot analyses, construc-
tion of cDNA library, and DNA sequencing was done as
previously described for guinea pig apoC-II (9). The
c¢DNA library was made from 5 pg poly(A) RNA from rat
liver. About 60,000 colonies were screened with the human
apoC-II ¢cDNA probe. One positive clone, containing a
rat cDNA insert of about 600 base pairs, was obtained.
This size agreed well with the mRNA size obtained on
Northern blots of RNA from rat liver and intestine. The
DNA sequencing was interrupted after nucleotide 244,
probably due to secondary structure. A synthetic oligo-
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nucleotide, 5'GGACATGTACAGCAA3' (Symbicom,
Umea, Sweden), corresponding to nucleotide 224 to 238
was therefore used as a primer for the sequence reaction.
Rat apoC-II cDNA was prepared and used as a probe in
Northern blot analyses of RNA from rat liver and intestine
as was previously described for guinea pig apoC-II (9).

Isolation of rat apoC-II

ApoC-II was isolated from 110 ml rat plasma by ad-
sorption to a lipid emulsion (Intralipid), flotation of the
lipid droplets, and delipidation of the lipid-bound pro-
teins with ethanol-diethyl ether, as previously described
for isolation of apoC-II from bovine and guinea pig
plasma (8, 9). After solubilization in 3 M urea (10
mg/ml), the proteins were separated by polyacrylamide
gel electrophoresis in alkaline urea or by isoelectric focus-
ing on Immobiline Dry Plates, pH range 4.2-4.9 (Phar-
macia LKB Biotechnology). Running conditions, extrac-
tion procedures for detection of apoC-II in gel slices,
transfer of the proteins to Immobilon filters, and amino
acid sequence analyses were as described previously (9).

1 CGGCACGAGCAGACAGC

RESULTS

Fig. 1 shows the nucleotide sequence of rat apoC-II
cDNA with the deduced amino acid sequence. The cDNA
encodes a protein of 97 amino acid residues, including a
signal peptide of 22 amino acid residues. There is a 17
nucleotide 5'-untranslated region, and a 3'-untranslated
region containing 168 nucleotides. The sequence of 479
nucleotides plus the poly(A) tail agrees well with the ob-
served size of the apoC-II mRNA transcript on Northern
blots. The deduced amino acid sequence for rat apoC-II
is compared to all other presently known apoC-II se-
quences in Fig. 2. The signal sequence for rat apoC-II is
very similar to corresponding sequences in humans, mon-
key, and dog. The signal sequence for guinea pig apoC-11
differs both in length and structure, particularly in its first
half. There are two areas of particular interest in the se-
quence of rat apoC-II. In the carboxyl terminus, rat
apoC-I1 is one residue shorter than the other apoC-II var-
iants. In the amino terminus there are marked differences
between the rat sequence and the others, both in charge
and in structure. There is a deletion of 3 amino acid

18 ATGGGGTCTCGTTTCTTCCTGGCTCTATTCCTGGCTCTCCTAGTGTTGGGA

M G S R F F L A
-22

L F L AL L V L G

69 AACGAGGTCCAGGGGACCGAGGAAGATGATCCGGGCAGCTCAGCTCTGCTG

N E V Q G T E E D

1

D P G S s A L L

120 GACACGGTACAGGAGCACTTGTTCAGTTACTGGAACTCTGCCAAGGCGGCC
D TV Q E HUL F S Y WNS A KA A

171

222

273

312
363
414
465

GCCGGAGAACTATACCAGAAGACATACCTGACCAGCGTGGACGAGAAACTG
A G EL Y Q K TYULTS VDEKL
AGGGACATGTACAGCAAAAGCTCGGCGGCCATGACCACGTACGCTGGCATT
R DM Y S K 8 S A AMTT YA AGI

TTTACAGACCAGCTCCTTACTCTCCTGAAAGGAGAGIAG
F T D Q L L T L L K G E stop

TTACTACATAAACTCCGAGTTAGGGGARAGGAAAACCGGACACCCGGCCCT
TTTGCTCTCATCACCTGACCAGGATGGTCCTACATCTCCCTGTCCCAGCAT
CTCCCATCTTCCTGCGTCAACTCTAGACCAAATTCTTTCAATGARAGAATA
AATGAGTCCAGTTTC- (poly A)

Fig. 1. Nucleotide sequence of the cDNA encoding rat apoC-II and the predicted amino acid sequence of the pro-
tein. The nucleotide sequence begins with the 5'-untranslated region and is numbered to the left of each line. The
first amino acid in the signal peptide (-22) and the first amino acid in the apoC-II protein (1) are numbered. The
positions of the stop codon and the polyadenylation signal are underlined. The site of the synthetic oligonucleotide

used for sequencing is marked with dots.
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Sequence homologies in apolipoprotein CII

Species Residue number

-20 -10 1 10 20
Rat MG|SRFFLALFLALLVLGNEVQGTEE - - -DD P G|S[S AL E|
Human MGTRLLPALFLVLLVLGFEVQGTQQPQQDEMPSP|TF E
Monkey LVLLVLGFEVQGAQLPQQDEPPSPAL E
Canine LVLLVLGFEVQGAHES|QQDE[TT|S[SAL E
Bovine AHV[PQODEAS|SPAL E
Guinea Pig MDARSLLLLWLLLPLLL/LLG/clEVoGAHL T0QDEPT|SPDL E|
21 30 40 60 70 79

HLF[SYWN[SA

SLSSYWESAK
SLSSYWESA

N

AAGELY|QKTYL|TSVDEKLRDMYSKS|S(AAMT[TYA[GIFTDQL[LTLLKGE
AAQNLYEKTYLPAVDEKLRDLYSKSTAAMSTYTGIFTDQVLSVLKGEE
AAQKLYEKTYLPAVDERLRDLYSKSTAAMSTYTGIFTDQVLSVLKGEE
AAEDLYKKAYPTTMDEKRIRDI¥YSKSTA VSTYEGIFTDQELS@LKGDS
AAQKLYKKTYLPAVDEKIRDIYSKSTAAVTTY

AAQGLYNNTYLPAVDE[TIRDIYSKGSAAISTYTGI

Gxﬂrnq-ﬁsvns KD
L

Fig. 2. Comparison of the deduced amino acid sequence of rat apoC-II to all other apoC-II sequences presently known. Negative numbers are used

for amino acid residues in the signal peptides. Deletions in rat apoC-II
---. Shaded boxes indicate homologies to the human sequence.

residues, corresponding to residues 4-6 in the human se-
quence. This affects the highly conserved sequence,
QQDE, which is found in apoC-II from all other species
investigated so far. Furthermore, the amino terminus of
rat apoC-II is negatively charged because of the two glu-
tamic acid residues in positions 2 and 3. In the canine se-
quence there is one glutamic acid residue in position 3,
but the other variants are uncharged or contain histidine
residues.

The lack of the cleavage sequence raised the question
whether rat apoC-II was cleaved at some other site in-
stead. We therefore isolated apoC-II from rat plasma to
enable determination of its amino-terminal sequence. For
this, lipid-binding proteins in plasma were isolated by ad-
sorption to a lipid emulsion, a method previously used for
isolation of apoC-II from bovine and guinea pig plasma.
Polyacrylamide gel electrophoresis in alkaline urea of the
delipidated proteins showed three rapidly migrating
bands (Fig. 3a). On extraction of gel slices, apoC-II-like
activity was found in one symmetrical peak associated
with the upper two of these three bands. Amino-terminal
sequence analyses of the slowest and the fastest of the
three protein bands revealed the sequence Asp-Glu-Gly-
Glu-Gly- for both. This sequence is identical to the
amino-terminal sequence of rat apolipoprtoein C-III (12).
To improve the separation of the activator protein from
the isoforms of apoC-III, the material was subjected to
isoelectric focusing in a narrow pH gradient in the pres-

(three residues) and in guinea pig apoC-II (four residues) are indicated by

»

=

Fig. 3. Separation of lipid binding proteins from rat plasma by elec-
trophoresis and isoelectric focusing. Panel a: lipid binding proteins from
rat plasma (about 30 ug) separated by polyacrylamide gel electrophoresis
in alkaline urea (9). Panel b: the same material as in panel a (about 100
ug) was separated by isoelectric focusing in the pH range 4.2-4.9. Minus
and plus signs indicate the positions of the cathode and the anode,
respectively. Corresponding unstained lanes were cut in 2-mm slices, ex-
tracted, and assayed for their ability to stimulate lipoprotein lipase ac-
tivity as described previously (9). The arrows indicate the position of the
peak of lipase stimulation.

Andersson, Thelander, and Bengtsson-Olivecrona  Rat apolipoprotein C-II 1807

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l 'mmm woiy papeojumoq


http://www.jlr.org/

JOURNAL OF LIPID RESEARCH

i

RN

Fig. 4. Northern blot analyses of RNA from rat liver and intestine.
Lane 1: total RNA from liver (20 pg). Lane 2: total RNA from intestine
(20 pg). Rat apoC-II cDNA was used as a probe. The X-ray film was
exposed to the filter for 4 h at —70°C on an intensifying screen. Hybridi-
zation with a rat B-actin cDNA probe was done to verify that the RNA
preparations were intact (not shown).

ence of urea (Fig. 3b). On this gel apoC-II-like activity
was found associated with a well-separated, although not
well-concentrated protein band. Amino-terminal sequence
analyses in five cycles of the acidic and the basic edges of
this band revealed the same sequence, Thr-Glu-Glu-Asp-
Asp-. This was identical with the expected amino-
terminal sequence of rat apoC-II.

Northern blot analyses of total RNA from rat liver and
small intestine indicated expression in both tissues
(Fig. 4). Scanning of the film indicated that the level of
expression in the intestine was approximately 15% of that
in liver.

DISCUSSION

The aim of this study was to determine the primary
structure for rat apoC-II. A characterization of the low
molecular weight proteins of rat high density lipoproteins
was done by Herbert et al. in 1974 (13). They reported the
presence of two isoforms of apolipoprotein C-III (apoC-
III), and designated them apoC-III-0 and apoC-III-3
based on the content of sialic acid. On electrophoresis in
alkaline urea and on chromatography on DEAE-cellulose,
rat apoC-II partly comigrated with apoC-III-0. The
authors were, however, able to determine both the amino
terminal and the carboxy-terminal amino acid residues of
rat apoC-II, data that are now confirmed by our nucleo-
tide sequence. Our pattern on alkaline urea gels was simi-
lar to that obtained by Herbert et al. (13), but we resolved
three bands whereas they resolved two. Amino-terminal
sequence analyses indicated that the middle band was
apoC-II, since the slower and the faster migrating bands
were isoforms of apoC-III. Swaney and Gidez (14) had
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demonstrated separation between rat apoC-II and the
apoC-III isoforms by isoelectric focusing. We therefore
chose a narrow pH gradient for isolation of rat apoC-II
to determine the amino-terminal sequence of the plasma
form and to confirm the sequence deduced from the
cDNA. From extraction of apoC-II-like activity from gel
slices, by the methodology previously used for apoC-II
variants from cow and guinea pig, we could conclude that
there is only one major isoform of rat apoC-II. A proteo-
lytically processed form, e.g., cleaved at the Glu-Asp
bond, would probably lack several negative charges, and
would separate from the pro-form in the systems used. We
cannot, however, exclude the possibility that a minor frac-
tion of rat apoC-II could be processed, but not detected
in our assay.

The conserved sequence QQDE has been found in all
other apoC-II analogues that have been sequenced until
now (5-9) and also in pro-apoA-I analogues from several
mammals (15-22). There is, however, some sequence vari-
ation. Rabbit pro-apoA-I has QRDE (23) and chickens
have QHDE (24). Nonetheless, both proforms are cleaved
(24, 25). Neither for apoA-I nor for apoC-II has a func-
tional role for the cleavage been found. Both proteins
function as activators for enzymes: apoA-I for lecithin:
cholesterol acyltransferase (26) and apoC-II for lipopro-
tein lipase (1, 2). It is clear that this function is not depen-
dent on the proteolytic processing (8, 10, 11). For apoC-II
this fits with the knowledge that, at least in vitro, a short
part of the carboxy-terminal end of the molecule is
sufficient for full activity (1). Similarly, carboxy-terminal
fragments of apoA-I stimulate lecithin:cholesterol acyl-
transferase (27). Thus, clues to the role of the processing
must be sought in other areas of function of these pro-
teins, e.g., regulatory effects on lipoprotein-receptor inter-
actions. B0
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