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Abstract The rabbit cholesteryl ester transfer protein 
(CETP) was expressed in the methylotrophic yeast Pichiu 
pnrt0ri.s by introducing the CETP cDNA under the control of 
the methanol-inducible alcohol oxidase promoter. The cDNA 
was cloned from in vitro amplified cDNA of rabbit liver 
"A. The nucleotide sequence of the cloned cDNA dif- 
fered slightly from the previously published sequence that 
changed the amino acid sequence in six residues. Interest- 
ingly, five of these replacements are identical to the corre- 
sponding residues in human CETP. In addition, the encoded 
mature N-terminal sequence was changed from Cys- to Arg- 
Glu-Phe- to link the CETP sequence to the yeast acid phos- 
phatase signal peptide. The culture medium of the trans- 
formed cells induced with 1% methanol contained both 
cholesteryl ester and triglyceride transfer activity comparable 
to that of rabbit plasma. Like rabbit plasma, the lipid transfer 
activity in the medium could be inhibited by monoclonal 
antibodies that block CE/TG transfer or TG transfer alone. 
Immunoblot analysis of the medium detected a major im- 
munoreactive species of M, = 80 K and minor species of M, = 
60-100 K. In spite of these differences, the specific transfer 
activity of the recombinant CETP was indistinguishable from 
that of rabbit plasma CETP of M, = 74 K. N-Glycosidase F 
treatment converted both the recombinant and plasma CETP 
to a single species of M, = 55 K. Both the plasma and recom- 
binant CETP lost their activity after removal of N-linked 
carbohydrate and sialic acid. A single 55 K component was 
found in the cell-lysates. The intracellular form of the recom- 
binant CETP was not modified by N-glycosidase F treatment. 

In conclusion, the recombinant CETP is synthesized as 
an inactive polypeptide that is processed and secreted as a 
functional glycoprotein. In addition, the N-terminal Cys resi- 
due of the plasma CETP is not required for its activity.-Ko- 
take, H., Q. Li, T. Ohnishi, K. W. S. KO, L. B. Agellon, and 
S. Yokoyama. Expression and secretion of rabbit plasma 
cholesteryl ester transfer protein by Pichia pastorir. J. Lipid 
Res. 1996.37: 599-605. 
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in plasma is synthesized in high density lipoprotein 
(HDL) by 1ecithin:cholesterol acyltransferase (3) and 
distributed to low density lipoprotein (LDL) and very 
low density lipoprotein by the action of CETP, mainly 
in exchange with TG at least in bulk plasma (4,5). This 
transfer of CE can facilitate the efficient clearance of CE 
from circulation by receptor-mediated uptake of LDL 
by the liver. Therefore, CETP may play an important 
role in the pathway by which peripheral tissue choles- 
terol is removed by lipoproteins and returned to the 
liver for catabolism. On the other hand, the action of 
CETP can also result in lower HDL-cholesterol and 
higher LDL-cholesterol, a lipoprotein profile consid- 
ered to be atherogenic and a risk for coronary heart 
disease (6). Thus, the overall role of CETP in plasma 
lipoprotein metabolism and development of 
atherosclerosis is unclear. 

Rabbit CETP consists of 496 amino acid residues (7) 
and has a high degree of similarity to the human CETP 
of 476 amino acid (8). The major difference is the 
19-residue insertion near the COOH-terminal in the 
rabbit protein. Biochemical analysis also show a differ- 
ence in substrate specificity and distribution in plasma 
(4, 7, 9). We have previously purified rabbit CETP and 
shown that human and rabbit CETP have similar specific 
activities with respect to CE transfer in vitro, although 
they differ in physicochemical properties, especially in 
hydrophobicity (10, 11). We also reported the produc- 
tion of novel inhibitory monoclonal antibodies against 
rabbit CETP that cross-react with human CETP (5). One 
of the monoclonal antibodies dissociated radioisotopic 
TG and CE transfer activities of CETP. 

Cholesteryl ester transfer protein (CETP) is a plasma 
glycoprotein that functions to transfer neutral lipids, 
such as cholesteryl ester (CE) and triglyceride (TG), 
among lipoprotein particles (1, 2). The majority of CE 

Abbreviations: CETP, cholesteryl ester transfer protein; CE, 
cholesteryl ester; TG, triglyceride; HDL, high density lipoprotein; 
LDL, low density lipoprotein; PAGE, polyacrylamide gel 
electrophoresis; SDS, sodium dodecylsulfate; DlT,  dithiothreitol. 
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In order to further dissect the reaction mechanism of 
CETP, a reliable supply as well as a facile system to 
introduce specific modifications to the protein is re- 
quired. To meet these requirements, we have con- 
structed a vector that directs the production of recom- 
binant rabbit CETP in the yeast, Pichia pastoris, which 
has previously been shown to efficiently express and 
secrete various recombinant mammalian proteins 
(12-14). Once the transfected yeast cell line is estab- 
lished, the culture can be grown rapidly, inexpensively, 
and without the need for a sophisticated culture facility, 
an advantage compared to the expression systems util- 
izing mammalian and insect cells ( 15- 17). 

MATERIALS AND METHODS 

Cloning of rabbit CETP cDNA 
Figure 1 shows the overview of the cloning. Total 

RNA was extracted from the newborn New Zealand 
White rabbit liver and poly(A) fraction was separated 
from total RNA by using oligo(dT) latex (18). Two cDNA 
fragments (encoding from the N-terminal to amino acid 
residue 262 of rabbit CETP and from the residue 263 to 
the C-terminal) were produced by in vitro DNA ampli- 
fication of cDNA reverse-transcribed from rabbit liver 
RNA. The region of the rabbit cDNA that encodes the 
mature polypeptide was obtained by in-frame fusion of 
the two fragments and cloning in pUC19. The sequence 
was confirmed by sequencing the cloned amplified 
products using an Applied Biosystem 373A DNA se- 
quencer. The amplified cDNA sequence differs from the 
previously published sequence in 8 nucleotides causing 
six amino acid replacements (Asn + Asp at 110, Asp + 
Gln at 122, Asn + Lys at 185, Val + Met at 284, Ala + 
Thr at 434 and Thr + Ala at 435). Interestingly, these 
replacements are identical to the corresponding amino 
acid residues in human CETP except for that of the 
residue 122 (8). The rabbit cDNA was constructed to 

Nucleotides 1 500 
I I 

contain an EcoRI and Hind111 restriction sites at the 5’ 
and 3’ ends, respectively. This allows the convenient 
cloning of the fragment into PHIL-S1 expression plas- 
mid. In addition, the sequence of the 5’ end of the cDNA 
encoding the mature N-terminal end was designed to 
allow the in frame fusion with the Pichia pastork acid 
phosphatase signal sequence encoded by PHIL-Sl. This 
altered the natural N-terminal residue of the mature 
CETP from Cys to Arg-Glu-Phe. This modification was 
necessary to allow the cleavage of the acid phosphatase 
signal sequence encoded by the PHIL-S1 from the re- 
combinant rabbit CETP. 

Expression of rabbit CETP in A’chia pastoris 

Pichia pastoris GSll5 (defective in HlS4), PHIL-Sl 
expression plasmid and transfection reagents were ob- 
tained from Invitrogen (San Diego, CA). Transforma- 
tion of Pichia pastoris GS115 with the rabbit CETP 
expression vector was carried out essentially according 
to the instructions provided by Invitrogen based on the 
previous publications ( 12-14). A recombination event 
is designed to occur in vivo between the cassette in 
PHIL-Sl (includes CETP cDNA and HIS4 between 5’ 
and 3‘ ends of alcohol oxidase gene (AOXl) regulatory 
sequences) and those in the genome of Pichia pastoris. 
The clones with impaired growth in the media contain- 
ing methanol as the sole carbon and energy source (in 
which the AOXl structural gene was replaced with the 
rabbit CETP expression cassette) were selected (18). 
The modified cells were grown at 30°C in 150 mL of 
Minimal Glycerol Medium as described by Invitrogen 
(San Diego, CA). The AOXl promoter is used to drive 
the expression of the rabbit CETP cDNA by incubating 
the cells in the medium containing methanol (1%, v/v) 
at 30°C for 48 h. The conditioned media of the cells was 
collected for the analysis and partial purification of the 
recombinant CETP. The cells were washed, resus- 
pended in ice-cold breaking buffer (50 mM sodium 
phosphate, pH 7.4, 1 mM PMSF, 1 mM EDTA, and 5% 
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RNA 1111 POlY(A) - rCETP-1 
KETP-2 4 

eDNA 
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Fig. 1. Cloning of rabbit CETP mRNA obtained from the liver of a newborn rabbit is displayed according to 
a size scale in nucleotides. Direction of transcription is from left to right. Features of the message are, the 
undetermined length of 5’-untranslated and leader prepeptide coding region (broken line), mature protein 
coding region (open box), and 3’-untranslated region ending in poly(A) site (solid line). The positions of 
restriction sites on the cDNA are indicated by the names of the enzymes. The cDNA clones are displayed as 
rCETP-1 (5’ fragment) and rCETP-2 (3’ fragment). The arrow indicates the position of mutagenesis from the 
N-terminal Cys to Arg-Glu-Phe as described the text. 
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eluted with distilled water. Fractions (2 mL) were col- 
lected and aliquots (25 pL) across the protein peak were 
assayed for lipid uansfer activity. The recombinant 
CETP was purified 22.6fold from the conditioned me- 
dium (Table 1). 

lmmunoblotting was performed after polyacrylamide 
gel electrophoresis (PAGE) in 0.5% sodium dodecyl 
sulfate (SDS) and 2.5% of mercaptoethanol (21) as 
previously described in detail (5, 10). Proteins were 
electrophoretically vansferred to a nitrocellulose mem- 
brane (Bio-Rad), reacted with the monoclonal antibody 
against rabbit CETP (14-8H) (5). and then with horse- 

TABLE 1. Partial purilkation of recombinant rabbit CETP 

Toul Roccin Topl ACcMi SpeciRcACchit Ruwhdan Ywd 

w n = M  n-w w 46 
Medium 3180 8999 4.89 1 .O 100 

B~tycToYopenrl 38 2435 64.09 pP.6 p7 

(Rabbit pliuma) 0.56 
Specific activity was bwd on the assay of CE uansfer from LDL to HDL in the ysy m i x "  (LDLCE 34 

nmol and HDL-CE 30 nmol) described in the text. The values were corrected for thc recoyery of HDL in the 
supernatant (10 f 296). 

glycerol) and vortex4 with glass beads. The super- 
natants of the cell lysate were collected for the analysis. 

Lipid transfer activity was quantitated as previously 
described with slight modifications (5, 19). HDL (d 
1.07- 1.21 g/mL) and LDL labeled with [SH]cholesteryl 
oleate (d 1.02-1.063 g/mL) were prepared as described 
previously (20). The reaction mixture contained the 
labeled LDL and unlabeled HDL, 32 nmol and 30 nmol 
of cholesterol moiety, respectively, in a final volume of 
237.5 pL in the 10 mM Na-phosphate buffer containing 
150 mM NaCI, pH 7.4, in the presence of 5% bovine 
serum albumin (fatty acid-free, Sigma). The reaction was 
terminated by adding 12.5 pLof 5% heparid1 M MnCln 
to precipitate LDL, and the radioactivity in a lOO+d 
aliquot of the supernatant was counted. The specific 
lipid transfer activity of CETP is expressed as the CE/TG 
transfer activity per unit of the immunoreactive mass of 
CETP as a percentage of that of CETP mass in rabbit 
plasma (New Zealand White). 

The cultured medium of the transformed yeast clones 
was assayed for lipid uansfer activity. One clone that 
showed both CE and TG transfer activity was selected 
for detailed analysis (Pig. 2). Both lipid transfer activities 
exhibited a linear dose-dependency, and were inhibited 
by monoclonal antibody S9F. which inhibits both radioi- 
sotopic CE and TG transfer activities of rabbit plasma 
CETP (5). Similarly, monoclonal antibody 14-8H which 
inhibits only radioisotopic TG transfer activity of rabbit 
plasma CETP (5) also selectively blocked the TG transfer 
activity of the recombinant CETP. 

Characterization of recombinant rabbit CEI'P 

The recombinant rabbit CETP was partially purified 
by chromatography on a Butyl-Toyopearl (Supelco Can- 
ada) column (2.3 cm diameter x 7 cm) pre-equilibrated 
with 1 M NaCl solution containing 1 mM EDTA and 1 
mhj PMSF (equilibration solution) (9. 19). The clarified 
medium was loaded directly onto the column at 1.0 
mymin .  The column was washed with an equal volume 
of equilibration solution, then with 150 mM NaCl solu- 
tion containing 1 mM EDTA and 1 mM PMSF until the 
UV absorbance returned to near base line and finally 
with 3 column volumes of 1 mM EDTA/l mM PMSF. 
Bound proteins (includes lipid transfer activity) were 
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Fig. 2. Relative CE a d  TC transfer d t y  in h e  conditioned 
medium with 1% methanol of the tmnsformed cells. The ysy war 
carried out as described in the text. T~IC medium was preincubated 
with the antiGElT monodonal antibodies (MF. 148H) (64 pg 
ld;/mL) for 1 h to inhibit the activity. Percent of the activity was 
determined dative to the activity of the rabbit p h  CElT. Data 
repmcnt the mean f SE for n - 3. 
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Fig. 3. SDSPAGE immunoblot of the conditioned medium of the 
transformed cells and the soluble fraction of the cell-lysate. The 
medium and the cell-lysate supernatant (20 pl) were subjected to 
SDS-PAGE, followed by immunostaining of CETP after electro- 
phoretic transfer to a nitrocellulose membrane. For immunostaining, 
SO pg of IgG/mL of monoclonal antibody 14-8H was used as the 
primary antibody to detect CETP by fluorography. Lane 1, prestained 
SDS-PAGE standards (low molecular weight range); lane 2, rabbit 
plasma; lanes S and 4, the conditioned medium of the transformed 
cells with lipid transfer activity; lanes 5 and 6. the conditioned medium 
of transformed cells without lipid transfer activity; lanes 7 and 8. the 
supernatant of lysate of the transformed cells secreting lipid transfer 
activity; lanes 9 and 10, the supernatant of lysate of the transformed 
cells that do not secrete lipid transfer activity. 

radish peroxidase-linked sheep anti-mouse immuno- 
globulin (Amersham). Immunocomplexes were visual- 
ized by chemiluminescence. The mass of CETP was 
determined by densitometric scanning of luminog- 
raphs. 

RESULTS 

Immunoblot analysis revealed that the conditioned 
media of the transformed yeast cells having the lipid 
transfer activity contained the protein species that re- 
acted to the monoclonal antibody against rabbit CETP 
(148H) while the media without the lipid transfer activ- 
ity had no protein recognized by the monoclonal anti- 
body (Fig. 3). The immunoreactive proteins detected 
ranged in SDS-PAGE from Mr = 60 K to 100 K but the 
major form showed the mobility of M ,  = 80 K. Thus, the 
recombinant rabbit CETP differs in size from the rabbit 
plasma CETP which has a molecular mass of M,. = 74 K. 
The intracellular form of the recombinant CETP was 
also examined. The soluble fraction of the transformed 
cell lysate contained a single immunoreactive protein of 
Mr = 55 K. This size was equivalent to the peptide 
molecular weight predicted by the cDNA sequence (54, 
674 for 498 amino acid residues). This discrepancy is 
most likely due to glycosylation, similar to that observed 
in human CETP (8,22). 

To determine whether rabbit CETP is glycosylated, 
the rabbit plasma, the conditioned medium, and the 
soluble fraction of transformed cell-lysate were digested 
with N-glycosidase F (from Flavobactm.um meningosep- 
ticum, Boehringer Mannheim, Montreal, P Q  to remove 
N-linked carbohydrate chains. The rabbit plasma, the 

conditioned media of cells, and the soluble fraction of 
cell-lysate were dialyzed against 0.1 M sodium phos- 
phate, pH 8.0, containing 10 mM EDTA, 1% Triton 
X-100,0.02% SDS, 3 mM dithiothreitol (DTT), and 1 mM 
PMSF, and then treated with N-glycosidase F at 2.0 
unit/mL. The reaction mixture was incubated at 37'C 
for 18 h under nitrogen. After digestion, the samples 
were recovered by column chromatography of Butyl- 
Toyopearl as described above and analyzed by SDS- 
PAGE. 

The glycosidase treatment of the conditioned me- 
dium converted all immunoreactive proteins to a single 
species of 55 kDa in SDS-PAGE (Fig. 4). Similarly, the 
treatment of rabbit plasma reduced the size of CETP to 
55 kDa. This is in good agreement with the size of the 
polypeptide predicted by the rabbit CETP cDNAs as 
mentioned above. The mobility of the intracellular form 
of the recombinant protein remained unchanged after 
the N-glycosidase F treatment. These data indicate that 
the transformed cells synthesize CETP as a protein of 
55 kDa which is subsequently secreted after a varying 
degree of glycosylation. 

The specific lipid transfer activities of partially puri- 
fied recombinant CETP in Ndeglycosylated form were 
examined. In order to determine the activity of the 
deglycosylated protein, the N-glycosidase F digestion 
was carried out at 4.0 unit/mL after dialysis of the 
samples against the buffer without Triton X-100, SDS, 
and DTT. The deglycosylation of the CETP produced 
the same results as those by the digestion in the presence 
the detergents and the reducing reagent, showing that 
the N-glycosidase F reaction was completed even with- 
out these denaturants (Fig. 5): The partially purified 
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112K 4 . .  L a-*q 

&-dm 
4r,- 

83K 
53K 

3% 
Fig. 4. The treatment of CETP with N-glycosidase F. Rabbit plasma, 
the conditioned medium of the transformed cells, and the soluble 
fraction of cell-lysate were incubated with or without 2.0 unit/mL of 
N-glycosidase Fin the presence of the detergents and DTl-as described 
in the text. After the incubation, the samples were subjected to 
SDSI'XGE and subsequent immunostaining of the CETP after their 
electrophoretic transfer to nitrocellulose membrane. For immu- 
nostaining, SO pg of IgG/mL of monoclonal antibody 14-8H was used 
a$ the primary antibody to detect CETP by fluorography. The follow- 
ing samples are shown: lane 1, prestained SDSPAGE standards (low 
molecular weight range); lane 2, rabbit plasma; lane 3, rabbit plasma 
treated with N-glycosidase F; lane 4, the conditioned medium; lane 5, 
the conditioned medium treated with Nglycosidase F; lane 6, the 
supernatant of cell-lysate; lane 7, the supernatant of cell-lysate treated 
with N-glycosidase F. 
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Fig. 5. Nglycosidase F treatment of rabbit plasma and partially 
purified recombinant CETP with or without Triton X-100, SDS, and 
DIT. Rabbit plasma and partially purified recombinant CETF’ were 
dialyzed against the buffer with or without Triton X-100, SDS, and 
DIT, and then incubated with 4.0 unit/mL of Nglycosidase F or 
without enzyme as described in the text. After the incubation, the 
samples were subjected to SDSPAGE and immunostaining of the 
CETP. The following samples are shown: lane 1, rabbit plasma; lane 
2, rabbit plasma treated with Nglycosidase F in the presence of Triton 
X-100, SDS, and DTT; lane 3, rabbit plasma treated with Nglycosidase 
F in the absence of Triton X-100, SDS, and D?T; lane 4, the condi- 
tioned medium; lane 5, the conditioned medium treated with N-gly- 
cosidase F in the presence ofTriton X-100. SDS, and DTT, lane 6, the 
conditioned medium treated with Nglycosidase F in the absence of 

recombinant proteins showed both CE and TG transfer 
activities (Fig. 6). Specific CE and TG transfer activities 
were 82% and 112% of that of rabbit plasma, respec- 
tively. Removal of N-linked sugar by treatment with 
Nglycosidase F completely abolished lipid transfer ac- 
tivity of the both recombinant and plasma CETP. Thus, 
N-linked glycosylation is essential for the lipid transfer 
activity of rabbit CETP. 

The molecular weight of the major form of the se- 
creted recombinant CETP was higher than that of 
plasma CETP, which may be due to hyperglycosylation 
as was reported for several heterologous proteins pro- 
duced in Saccharomyces cerevisiae (23, 24). Such attach- 
ment of carbohydrate may allow proteins to achieve 
unique conformations that can influence their biologi- 
cal activities (25,26). However, the recombinant CETP 
showed a specific lipid transfer activity similar to that of 
the plasma protein. Thus, hyperglycosylation does not 
influence the activity of the recombinant CETP, suggest- 
ing that the functional structure is not significantly 
affected. 

DISCUSSION 

In our experiment, the lipid transfer activity of the 
recombinant rabbit CETP and rabbit plasma CETP was 
completely lost after treatment with N-glycosidase F. 
This indicates that posttranslative modification by N- 
linked carbohydrate and sialic acid at Asn residues is 
essential for the lipid transfer activity of rabbit CETP, 
though the critical Asn residue responsible for the activ- 
ity is yet to be determined. Rabbit CETP does not have 
an Asn residue corresponding to Asn 341 of human 

CETP (7) but is comparable in activity to human CETP 
(10). Thus, there are six potential N-linked glycosylation 
sites in rabbit CETP, at positions 88, 98, 110, 240, and 
402, as well as 416 which corresponds to the position 
396 of human CETP. Human CETP contains four po- 
tential N-linked glycosylation sites at positions 88, 240, 
341, and 396 (8), but as suggested above glycosylation 
at Asn 341 is not essential for the activity. Whereas 
earlier observations implicated that N-linked carbohy- 
drate and sialic acid are not essential for CETF’ activity 
(27), a different conclusion was drawn from recent 
experiments involving the elimination of Asn residues 
(22). Mutation of Asn 240 and Asn 396 did not signifi- 
cantly affect the transfer activity, but glycosylation at 
Asn 88 was essential for the normal lipid transfer activity 
of human CETP. Thus, our data are consistent with 
these results, implying that glycosylation at Asn 88 is 
critical for full lipid transfer activity of CETP. 

In conclusion, recombinant rabbit CETP w a s  ex- 
pressed and efficiently secreted as a glycoprotein in the 
yeast Pichiapmtoris. In order to secrete the recombinant 
CETP, the rabbit CETP sequence was fused to the acid 
phosphatase signal sequence. This changed the mature 
N-terminal residue of CETP from Cys to Arg-Clu-Phe. 
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Fig. 6. Specific CE and TG transfer activities of the partially purified 
recombinant CETF’ and Ndeglycosylated protein. The specific lipid 
transfer activity for each protein was calculated from CE/TG transfer 
activity and the immunoreactive mass of CETP protein determined 
by densitometric scanning of X-ray film. The data for recombinant 
protein were normalized to the plasma CETP protein values. Data 
represent the mean f SE for n = 3. 
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Despite this alteration, however, the recombinant CETP 
was fully active and had  specific lipid transfer activities 
indistinguishable from that of  the plasma protein. In 
addition, the 6 amino acid replacements had  n o  observ- 
able effect on activity. These amino  acid differences may 
represent bona fide and normal genetic amino acid 
heterogeneity of rabbit CETP. N-linked glycosylation 
was essential for  activity and accounted for all carbohy- 
drate modifications of the  recombinant a n d  plasma 
CETP. Thus, in spite of slight structural modification 
from the wild type, the recombinant rabbit CETP ex- 
pressed by Pichia pastoris represents a good model for 
structure-function studies and molecular charac- 
terization of CETP. These studies include mapping of  
epitopes of  species-specific and substrate-specific mono- 
clonal antibodies (5), investigation of  the mechanism for  
substrate specificity (28), a n d  introduction of site-spe- 
cific change that causes specific structural and func- 
tional a1teration.l  
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