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Abstract Phosphatidylcholine transfer protein catalyzes in-
termembrane transfer of phosphatidylcholines exclusive of
all other phospholipid classes. Although postulated to par-
ticipate in phosphatidylcholine biosynthesis and biliary traf-
ficking in liver, the molecular basis underlying the substrate
specificity of phosphatidylcholine transfer protein remains
to be elucidated. Having demonstrated the inability of 

 

Es-
cherichia coli

 

 to express recombinant phosphatidylcholine
transfer protein, we infected 

 

Spodoptera frugiperda

 

 (Sf9)
cells with recombinant baculovirus. When assayed in vitro,
cytosol of recombinant but not control infected cells dem-
onstrated high levels of intermembrane phosphatidylcho-
line transfer activity and no transfer activity for phosphati-
dylethanolamine. A two-step purification protocol in which
10 mg of cytosolic protein was subjected to anion exchange
chromatography followed by hydroxylapatite chromatogra-
phy yielded 0.1 mg active protein which was 

 

.

 

92% pure.
The identity of purified protein was confirmed by matrix-as-
sisted laser desorption–ionization mass spectrometry and
by amino acid sequencing. Based on the recovery of 30% of
PC transfer activity after purification, we estimate that re-
combinant rat phosphatidylcholine transfer protein ac-

 

counted for 

 

,

 

3–6% of cytosolic protein mass of infected
cells.  These results demonstrate the utility of baculovirus
for expressing recombinant phosphatidylcholine transfer
protein and should facilitate studies designed to elucidate
the structural biology and physiological functions of this
uniquely specific phospholipid transfer protein.—

 

Feng, L.,
and D. E. Cohen.
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In 1968, Wirtz and Zilversmit (1) reported that hepatic
cytosol dramatically accelerated intermembrane transfer
of phospholipids. This observation led to the purification
of phosphatidylcholine transfer protein (PC-TP), which
exhibits exquisite specificity for phosphatidylcholines
(PCs) (reviewed in ref. 2). Early studies demonstrated that
PC-TP binds PC in a tight 1:1 stoichiometric complex, and
even minor chemical modifications of the phosphorylcho-

 

line head group of PC greatly reduce or abolish transfer
by PC-TP (3). Subsequent biochemical and physical–
chemical studies have suggested that a lipid-binding pocket
is formed by hydrophobic segments within the primary
structure of bovine PC-TP (4), which binds 

 

sn

 

-1 palmitoyl-
and 

 

sn

 

-2 unsaturated-acyl chains preferentially (2). Re-
cent cDNA cloning of PC-TP from rat and bovine liver (5–
8) has demonstrated these homologues to be highly simi-
lar (80% and 76% nucleotide and amino acid identities,
respectively), but to be unrelated to other cytosolic lipid
transfer proteins (9). These collective observations not-
withstanding, the molecular basis underlying the unique
specificity of PC-TP for PC as well as its function(s) in vivo
have remained largely unresolved.

Detailed studies of structure–function relationships of PC-
TP necessitate a facile expression system for production
and purification of recombinant protein. Whereas 

 

E. coli

 

has been used to express recombinant sterol carrier pro-
tein 2 (10–12) and phosphatidylinositol transfer protein
(13, 14), which are cytosolic proteins capable of promot-
ing intermembrane transfer of PC in addition to other
phospholipids, we have found this prokaryotic expression
system to be inadequate for expression of recombinant
PC-TP.

 

2

 

 Here we describe expression and purification of

 

Abbreviations: PC, phosphatidylcholine; PC-TP, phosphatidylcho-
line transfer protein; PE, phosphatidylethanolamine; MLV, multilamel-
lar vesicles; SUV, small unilamellar vesicles; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; HPLC, high performance
liquid chromatography; PCR, polymerase chain reaction; MALDI-
TOF-MS, matrix-assisted laser desorption ionization time-of-flight mass
spectrometry.
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In preliminary experiments, expression of recombinant PC-TP was
first attempted using 

 

E. coli.

 

 At the time these experiments were under-
taken, our laboratory had not yet completed cDNA cloning of rat PC-
TP. Therefore, the coding region of a cDNA encoding bovine PC-TP
(6) was cloned into an appropriate expression vector downstream from
a T7 RNA polymerase promoter (15). Upon induction of a trans-
formed host bacterial strain, no evidence for expression of recombi-
nant PC-TP could be demonstrated either by detection of PC-TP activ-

 

ity (16) or by appearance of an appropriately sized (

 

,

 

25 kDa) band by
SDS-PAGE. Moreover, there was no evidence for the formation of inclu-
sion bodies in these experiments.
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recombinant rat PC-TP using baculovirus-infected 

 

Spodoptera
frugiperda

 

 (Sf9) cells.

MATERIALS AND METHODS

 

Materials

 

Restriction enzymes and other molecular reagents were pur-
chased from Boehringer Mannheim (Indianapolis, IN). Grade I
egg yolk PC, egg yolk phosphatidylethanolamine (PE), and bo-
vine heart cardiolipin were from Avanti Polar Lipids (Alabaster,
AL). Phospholipids were 

 

.

 

99% pure by high performance liquid
chromatography (17). 

 

l

 

-

 

a

 

-1-Palmitoyl-2-[1-

 

14

 

C]linoleoyl-PC (58
mCi/mmol), [1,2,6,7-

 

3

 

H(N)]cholesteryl oleate (71 Ci/mmol),
and 

 

l

 

-

 

a

 

-1-palmitoyl-2-[1-

 

14

 

C]arachidonyl-PE (56 mCi/mmol)
were from NEN Life Science Products (Boston, MA). Pre-swollen
diethylaminoethyl cellulose (DE-52) and carboxymethyl cellulose
(CM-52) were obtained from Whatman (Maidstone, England),
and Sephadex G50 was from Pharmacia Biotech (Piscataway, NJ).
Hydroxylapatite chromatography medium (BIO-GEL

 

®

 

 HTP)
and protein assay reagents were from Bio-Rad Laboratories (Her-
cules, CA). All other chemicals were either ACS or reagent grade
purity (Sigma, St. Louis, MO). Native rat PC-TP was purified ac-
cording to the method of Teerlink, Poorthuis, and Wirtz (18).

 

Cloning of a cDNA encoding rat PC-TP

 

A cDNA containing a complete open reading frame (ORF) en-
coding rat PC-TP was constructed using genomic and comple-
mentary DNA molecules previously cloned in our laboratory (8).
A partial, 1683 bp cDNA was isolated by screening a rat liver
cDNA library (GenBank accession no. AF040261) and spanned
from the polyA

 

1

 

 tail at its 3

 

9

 

-extent to include a 585 nt open
reading frame at its 5

 

9

 

-extent. The deduced amino acid se-
quence, which lacked an amino terminus, was 78% identical to
the homologous region of bovine PC-TP (6). The remaining nu-
cleotide sequence encoding the amino terminus was derived
from a cloned genomic DNA fragment that contained the first
exon of the rat PC-TP structural gene (GenBank accession no.
AF040262). A single 1979 bp clone containing a full-length (642
bp) coding sequence was constructed by utilizing a common 

 

AocI

 

restriction site. The presence of an additional 

 

AocI

 

 restriction site
in the cDNA necessitated its partial digestion with 

 

AocI

 

 followed
by gel purification of the appropriate product (19) prior to liga-
tion with the genomic 

 

XbaI-AocI

 

 fragment. Proper construction
of the composite DNA clone in pBluescript SK (Stratagene Cloning
Systems, La Jolla, CA) was confirmed by nucleotide sequencing.

 

Preparation of recombinant baculovirus

 

Recombinant PC-TP baculovirus was prepared using the Bac-
to-Bac™ baculovirus expression system (GibcoBRL, Gaithers-
burg, MD). Briefly, the full-length rat PC-TP cDNA was cloned
into the donor plasmid pFastBac1™, and transformed into com-
ponent 

 

E. coli

 

 DH10Bac, which contained baculovirus genomic
DNA (bacmid) as well as a helper plasmid. In 

 

,

 

8% of trans-
formed cells, the helper plasmid facilitated a recombination
event in which the PC-TP cDNA was translocated into the bacmid
DNA. Because this recombination event also interrupted a 

 

LacZ

 

gene which had been commercially introduced into the bacmid,
clones containing recombinant bacmids were selected by their
white color when grown on LB plates supplemented with X-Gal.
Bacmid DNA was amplified and purified from selected recombi-
nant clones. Introduction of the PC-TP cDNA into the bacmid
was verified by PCR using oligonucleotide primers positioned
both within the cDNA and in the adjacent bacmid DNA followed

by nucleotide sequencing of the PCR products. Bacmid DNA was
then lipofected into Sf9 cells and, after 48 h of incubation at
27

 

8

 

C in SF900II serum-free medium (SFM) (GibcoBRL), recom-
binant baculovirus was harvested from the medium. Viral stocks
were amplified by re-infection into Sf9 cells at a multiplicity of in-
fection (MOI) of 0.1 for 72 h at 27

 

8

 

C to achieve final viral titers
of 7 

 

3

 

 10

 

7

 

 pfu/mL as assessed by viral plaque assay. Recombinant
baculovirus containing a cDNA encoding a 65 kDa fusion protein
of murine IgG2a and 

 

Helicobacter pylori

 

 urease B for use as a con-
trol was a generous gift from Drs. Andreas Christ and Richard
Blumberg (Brigham and Women’s Hospital, Boston, MA).

 

Expression of recombinant rat PC-TP

 

Prior to infection with recombinant baculovirus, Sf9 cells were
grown in suspension to log-phase (viability 

 

.

 

98%) in 400 mL
serum-free medium (density 

 

,

 

1–2 

 

3

 

 10

 

6

 

 cells/mL). Cells were
then concentrated 

 

,

 

10-fold and infected at an MOI of 5 by incu-
bation in the dark at 27

 

8

 

C for 1 h prior to dilution to their origi-
nal densities in SFM. Infected Sf9 cells were grown in suspension
at 27

 

8

 

C in a rotary shaker (140 rpm) for 48–72 h until the pro-
portion of non-viable cells reached 20–40% as assessed by trypan
blue staining. Cells were then harvested by centrifugation (120 

 

g

 

at 4

 

8

 

C) and then resuspended in 20 mL buffer containing Tris-
HCl (20 m

 

m

 

), EGTA (5 m

 

m

 

), EDTA (1 m

 

m

 

), 

 

b

 

-mercaptoethanol
(10 m

 

m

 

), NaN

 

3

 

 (3 m

 

m

 

), and the protease inhibitor phenylmethyl-
sulfonyl fluoride (PMSF, 1 m

 

m

 

) at pH 7.2. Cells were lysed by
four brief (15 sec) periods of sonication on ice using a Branson
Model W140 Sonifier Cell Disrupter (Heat Systems Inc., Plain-
view, NY). Supernatants containing cytosolic proteins were recov-
ered after removal of membrane fragments by centrifugation at
100,000 

 

g

 

 for 1 h at 4

 

8

 

C.

 

In vitro phospholipid transfer activity assay

 

Transfer activity of PC-TP was determined by measurement of
intermembrane transfer of radiolabeled phospholipids between
model membranes essentially as described by DiCorleto and Zil-
versmit (16). Briefly, donor small unilamellar vesicles (SUV)
were prepared by bath sonication (Special Ultrasonic Cleaner,
Laboratory Supply Corp., Hicksville, NY) of 1 mg of pure PC or
of PC plus PE (1:1 molar ratio), [

 

14

 

C]PC (0.1 

 

3

 

 10

 

6

 

 dpm),
[

 

3

 

H]cholesteryl oleate (1 

 

3

 

 10

 

6

 

 dpm) and the antioxidant butyl-
ated hydroxytoluene (2 

 

m

 

g) dispersed in 1.0 ml of buffer (5 m

 

m

 

EDTA and 50 m

 

m

 

 Tris at pH 7.2). In some experiments, [

 

14

 

C]PE
(0.1 

 

3

 

 10

 

6

 

 dpm) was substituted for [

 

14

 

C]PC. Multilamellar vesi-
cles (MLV) consisting of PC and cardiolipin (95:5 mol%) were
prepared by rotary shaking (250 rev/min) of PC (104.6 mg), car-
diolipin (10.4 mg), and butylated hydroxytoluene (10 

 

m

 

g) dis-
persed in the same buffer. In order to isolate a population of
multilamellar vesicles (MLV) that could be separated readily
from SUV by centrifugation, rotary shaken suspensions were cen-
trifuged at 55,000 

 

g

 

 for 30 min, the supernatant was discarded,
and the pellet was gently resuspended in 6 ml of buffer. Solutions
containing recombinant PC-TP (10–100 

 

m

 

l) were incubated to-
gether in a 37

 

8

 

C shaking water bath with donor SUV (50 

 

m

 

l), ac-
ceptor MLV (100 

 

m

 

l) adjusted to a final volume of 500 

 

m

 

l with
buffer. Control samples contained no added protein. After 30
min of incubation, intervesicular phospholipid transfer was ar-
rested by rapid cooling on ice. MLV were pelleted by centrifuga-
tion (55,000 

 

g

 

) at 4

 

8

 

C for 30 min, and the [

 

14

 

C]PC or [

 

14

 

C]PE
and [

 

3

 

H]cholesteryl oleate contents in a 350 

 

m

 

l aliquot of SUV,
which remained in suspension, were determined by liquid scintil-
lation counting (Liquid Scintillation System LS 6500TD, Beck-
man, Fullerton, CA). Because cholesteryl oleate is not trans-
ferred by PC-TP (20), 

 

3

 

H concentrations were used to correct for
small losses of SUV during centrifugation. In this manner,
[

 

14

 

C]PC or [

 

14

 

C]PE transferred from SUV to MLV was reflected
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by decreases in the 

 

14

 

C/

 

3

 

H ratio of SUV. Transfer activity (nmol/
h) of PC or PE was calculated as described by Zilversmit and
Hughes (21).

 

Purification of recombinant PC-TP

 

Purification of recombinant rat PC-TP was achieved by modifi-
cation and abbreviation of a procedure used by Teerlink,
Poorthuis, and Wirtz (18) to purify the native protein. All purifi-
cation procedures were conducted at 4

 

8

 

C. Cytosolic preparations
from Sf9 cells were dialyzed against 5 m

 

m

 

 Tris-HCl buffer (pH
7.2) containing 10 m

 

m

 

 

 

b

 

-mercaptoethanol, 1 m

 

m

 

 PMSF, and 3
m

 

m

 

 NaN

 

3

 

 and then applied to a 12 

 

3

 

 1.5 cm DE-52 anion ex-
change column equilibrated with the same buffer. PC transfer ac-
tivity, which eluted with the unbound protein fraction, was dia-
lyzed against 10 m

 

m

 

 potassium phosphate buffer (pH 6.8, 10 m

 

m

 

b

 

-mercaptoethanol, 1 m

 

m

 

 PMSF and 3 m

 

m

 

 NaN

 

3

 

) and applied to
a 13 

 

3

 

 1 cm hydroxylapatite column equilibrated with this
buffer. Bound transfer activity was eluted using 10 column vol-
umes of a 10–300 m

 

m

 

 potassium phosphate gradient buffer (pH
6.8) at a flow rate of 0.15 mL/min and fraction volume of 5 mL.

 

Analytical techniques

 

Protein concentrations were determined by using a Bio-Rad
kit based on the method of Bradford (22) using bovine serum al-
bumin as a standard. Protein purities were assessed by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(23) followed by Coomassie brilliant blue staining. Relative
intensities of protein bands were quantified by scanning laser
densitometry and image analysis using ImageQuant™ software
(Molecular Dynamics, Sunnyvale, CA). For estimation of pI
value, 2-dimensional electrophoresis was performed on a Mul-
tiphor II flatbed electrophoresis system (Pharmacia Biotech, Pis-
cataway, NJ). In preparation for mass spectrometry, reverse-phase
high performance liquid chromatography (HPLC) was used to
remove salts and minor protein impurities. Briefly, 4 

 

m

 

g of puri-
fied recombinant rat PC-TP was applied to a reverse-phase C4
column (30 

 

3

 

 2.1 mm, 5 

 

m

 

m particle size, Brownlee Labs, Inc.,
Santa Clara, CA) and eluted with water–acetonitrile gradient
(containing 0.01% trifluoroacetic acid) at 0.2 mL/min (1%/
min) using a Hewlett-Packard model 1090 HPLC apparatus.
HPLC-purified protein was also subjected to tryptic digestion
(24) and peptide fragments were separated by the same HPLC
procedure. Molecular weights of purified recombinant PC-TP
and tryptic digest fragments were determined by matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) (24) using a Voyager RP Biospectrometry Work
Station (Perspective Biosystems, Framingham, MA).

Nucleotide sequences of both plasmid DNA and polymerase
chain reaction (PCR) products were determined by fluorescence
cycle sequencing with dye-labeled terminators using an Applied
Biosystems model 377 automated sequencer (Perkin-Elmer, Fos-
ter City, CA). Amino acid sequencing was performed using a Pre-
cise™ 494 Protein Sequencer (Perkin-Elmer Applied Biosystems,
Foster City, CA).

 

RESULTS

 

Cloning of a cDNA for expression of rat PC-TP

Figure 1

 

 presents the nucleotide and deduced amino
acid sequences of the DNA clone used for expression of
recombinant rat PC-TP. Within the nucleotide sequence,
we have underlined the 

 

AocI

 

 restriction site used for con-
struction of the full-length ORF. The 642 bp ORF encodes
a 214aa protein with predicted molecular mass of 24,733

Da. The underlined amino acid sequence indicates the
tryptic peptide fragment of the expressed recombinant
protein that was subjected to detailed analysis (see below),
and the experimentally determined sequence is italicized.

 

Expression and purification of recombinant rat PC-TP

 

Expression and purification of recombinant rat PC-TP
was facilitated by in vitro determinations of intermem-
brane phospholipid transfer activity (16). 

 

Figure 2A

 

 shows
the PC transfer activity of cytosolic preparations from Sf9
cells prior to and after infection by recombinant PC-TP or
recombinant control baculovirus. Only baculovirus re-
combinant for rat PC-TP yielded high levels PC transfer
activity. Activity increased linearly as functions of total cy-
tosolic protein mass and then tended toward leveling-off
with protein amounts in excess of 15 

 

m

 

g (corresponding
to 30 

 

m

 

l of cytosolic protein solution). Figure 2B compares
transfer rates of [

 

14

 

C]PE and [

 

14

 

C]PC from SUV com-
posed of PC to MLV in the presence of cytosolic proteins
from recombinant PC-TP baculovirus-infected Sf9 cells.
Substitution of [14C]PE for [14C]PC completely abolished
transfer of the radiolabeled phospholipid. To ensure that
the absence of PE transfer activity reflected specificity of
the recombinant protein and not sequestration of [14C]
PE within the inner hemileaflet where it would be inacces-
sible to the transfer protein (25), these results were veri-
fied using SUV composed of an equimolar mixture of PC
and PE (26) (data not shown).

For purification of recombinant protein, cytosolic prep-
arations (10 mg total protein) were first subjected to an-
ion exchange chromatography at pH 7.2. PC transfer ac-
tivity, which eluted with unbound protein fractions, was
applied to a hydroxylapatite affinity column. As shown in
Fig. 3A, PC transfer activity bound to the column at low
salt concentration (10 mm potassium phosphate), and was
selectively eluted using a linear salt gradient. Figure 3B
displays SDS-PAGE analysis after each step in recombinant
PC-TP expression and purification. When compared ei-
ther with cytosolic proteins from Sf9 cells prior to or after
infection with recombinant control baculovirus, the elec-
trophoretic pattern of cytosol from recombinant PC-TP
baculovirus-infected Sf9 cells did not clearly demonstrate
a prominent band close to the anticipated molecular
weight of recombinant PC-TP. However, a major band was
visualized near 24 kDa after anion exchange chromatogra-
phy. Based on preliminary experiments in which the mo-
lecular weight associated with PC transfer activity was dem-
onstrated by Sephadex G50 gel filtration chromatography
to elute near 24 kDa (not shown), the protein band that
migrated near the 24 kDa standard in lane 5 of Fig. 3B was
tentatively identified as recombinant rat PC-TP. Analysis
by laser scanning densitometry revealed the purity of the
putative recombinant protein to be ,30% after this initial
step. Lanes 6 to 10 in Fig. 3B show SDS-PAGE analysis of
concentrated fractions from the hydroxylapatite column
which comprised the peak of PC transfer activity in Fig. 3A
(i.e., fractions 17–21). These results show that the maxi-
mum PC transfer activity was closely matched with the in-
tensity of a protein band with molecular weight of 24 kDa.
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Fig. 1. Nucleotide sequence of rat PC-TP cDNA. The deduced 214aa sequence (one-letter amino acid symbols) ends with a stop codon in-
dicated by an asterisk. Dots signify abbreviation of the 39 untranslated region. The nucleotide sequence of the common AocI restriction site
used for cloning is underlined. Also underlined is the amino acid sequence of the tryptic digest fragment that was identified by mass spec-
trometry and purified by HPLC. The experimentally determined amino acid sequence is italicized.
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By 2-dimensional electrophoresis, the pI of purified re-
combinant PC-TP (lane 8 in Fig. 3B) was found to lie be-
tween 8 and 9 (not shown), which is consistent with the pI
of native rat PC-TP (8.4) (27). Laser scanning densitome-
try analysis of lane 8 demonstrated the purity of the puta-
tive recombinant PC-TP to be .92%. This purification
procedure yielded 100 mg of purified protein (fraction 19,
Fig. 3B) from 10 mg cytosolic protein. Compared with the
cytosolic protein preparation, ,30% of PC transfer activ-
ity was recovered after hydroxylapatite chromatography
(fractions 18–20, Fig. 3B). The specific activity of the puri-
fied recombinant protein was 30 nmol/mg per h and did
not differ appreciably from the specific activity of the na-
tive rat PC-TP.

Molecular confirmation of recombinant
PC-TP expression

To establish that purified protein in Fig. 3C was full-
length recombinant rat PC-TP, we analyzed the peak hy-
droxylapatite fraction (fraction 19, Fig. 3A) by mass spec-
trometry and amino acid sequencing. Salt and minor im-
purities were removed by reverse-phase HPLC, and Fig.
4A demonstrates a representative chromatogram after elu-
tion using a water/acetonitrile gradient. A major peak
eluted at 51 vol% acetonitrile with a much smaller peak at

53 vol% acetonitrile. Although PC transfer activity could
not be detected in either of these two fractions after re-
moval of organic solvent and reconstitution in buffer (5
mm EDTA and 50 mm Tris at pH 7.2), Fig. 4A also shows
SDS-PAGE analysis of the two samples that revealed in
each a single protein that migrated near 24 kDa. Mass
spectrometry demonstrated the molecular mass of the ma-
jor peak to be 24,760 Da (Fig. 4B) and the minor peak to
be 24,793 Da (not shown). Because our inability to obtain
N-terminal amino acid sequence suggested that the pro-
tein was blocked, tryptic digestion was performed. The
sequence of the first twelve amino acids of an HPLC-
purified fragment was determined and was found to

Fig. 2. Phospholipid transfer activity in Sf9 cell cytosol. (A) Inter-
membrane PC transfer activity was determined for cytosolic pro-
teins prepared from Sf9 cells prior to (!) and after infection with
recombinant PC-TP baculovirus (s) or recombinant control bacu-
lovirus (d). (B) Intermembrane transfer activity of PC (h) and PE
(j) was measured for cytosolic proteins prepared from Sf9 cells af-
ter infection with recombinant rat PC-TP baculovirus. Data points
represent mean 6 SD of three experiments.

Fig. 3. Purification of recombinant rat PC-TP. (A) Cytosol har-
vested from Sf9 cells after infection with recombinant PC-TP bacu-
lovirus initially purified by DE-52 anion exchange chromatography
was applied to a hydroxylapatite column. Using a linear potassium
phosphate gradient, PC transfer activity eluted near 200 mm phos-
phate. (B) SDS-PAGE analysis of PC-TP purification. Lane 1: pro-
tein molecular weight standards; lane 2: Sf9 cell cytosol; lane 3: Sf9
cell cytosol after infection with recombinant control baculovirus;
lane 4: Sf9 cell cytosol after infection with recombinant PC-TP bac-
ulovirus; lane 5: cytosolic protein preparation from lane 4 after par-
tial purification by anion exchange chromatography; lanes 6 –10:
fractions 17 to 21 from the hydroxylapatite column (panel A).
Lanes 2–5 were loaded with ,7 mg of protein whereas lanes 6–10
were each loaded with 4 ml of protein solutions after 50-fold con-
centration by centrifugation using a 10 kDa cut-off filter (Centri-
con-10, Amicon, Inc., Beverly, MA). Under these conditions, 4 mg of
protein was applied to lane 8 which contained the peak of PC trans-
fer activity in panel B.
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match exactly the deduced sequence of recombinant rat
PC-TP from amino acids 130–141 (Fig. 1). Based on the
deduced amino acid sequence, this tryptic fragment was
predicted to span from amino acid 130 to 146 (under-
lined in Fig. 1) and to display a molecular mass of 1,944
Da. This was confirmed by mass spectrometry, which dem-
onstrated that the tryptic digest mixture contained a 1,945
Da fragment (data not shown).

DISCUSSION

Absolute specificity for PC to the exclusion of all other
phospholipid classes distinguishes PC-TP as the most se-
lective of cytosolic lipid transfer proteins (2), yet the mo-
lecular basis responsible for this selectivity as well as its
physiological function has remained elusive. In order to
facilitate studies that will elucidate PC-TP structure and
function, we have constructed a DNA clone encoding the

rat homologue and have expressed and characterized the
recombinant protein.

Under physiological conditions, PC is tightly bound to
PC-TP non-covalently in a 1:1 stoichiometry (2). We there-
fore hypothesized that availability of PC might be re-
quired to facilitate PC-TP synthesis, and that the absence
of PC in E. coli membranes (28) may have prevented PC-
TP expression in our preliminary experiments. Baculovi-
rus has been demonstrated to be useful for high level
expression of a variety of heterologous genes (29). More-
over, membranes of Spodoptera frugiperda (Sf9) cells, insect
ovarian cells commonly used for recombinant protein
production after baculoviral infection, contain PC as a
major phospholipid class (30). Therefore, we examined
whether recombinant rat PC-TP could be expressed using
a baculovirus/Sf9 cell system (29). Although production
of recombinant rat PC-TP clearly does not prove a re-
quirement of PC for heterologous expression, these experi-
ments demonstrate the utility of this system for expression
of this highly specific lipid transfer protein.

In addition to mediating intermembrane transfer activ-
ity for PC but not PE (Fig. 2), the physical characteristics
of recombinant PC-TP exhibited during purification (Fig.
3) demonstrate strong similarities between the native and
recombinant proteins. Anion exchange chromatography,
hydroxylapatite affinity chromatography as well as cation
exchange chromatography (data not shown) yielded the
same elution profiles as described for native rat PC-TP
(18, 27). The specific activities of the purified recombi-
nant and native PC-TPs were similar, and the experimen-
tally determined pI value for the recombinant protein
agrees well with the reported value of 8.4 for native rat PC-
TP (27).

In the current study, molecular identification of puri-
fied recombinant protein was accomplished by MALDI-
TOF-MS analysis and by amino acid sequencing. During
HPLC purification used for desalting and removal of mi-
nor impurities, loss of PC transfer activity was not unantic-
ipated as a result of the relatively high concentration of
organic solvent (51 vol% acetonitrile) required to elute
recombinant PC-TP after binding to the reverse phase col-
umn. This finding is consistent with the observation by
Kamp et al. (31) that the water-miscible solvent dioxan ir-
reversibly inactivated PC-TP activity at concentrations in
excess of 15 vol% apparently due to induction of confor-
mational change(s) in the protein. Indeed, the finding of
a variably sized minor peak of the same molecular weight
(Fig. 4) suggests the likelihood that an alternative confor-
mation may also be adopted by the protein under the
HPLC chromatographic conditions.

Based on the deduced amino acid sequence, the pre-
dicted molecular mass of recombinant PC-TP is 24,733
Da. Our experimental finding of slightly larger values
24,760 Da and 24,793 Da (Fig. 4B) are consistent with a
blocked N-terminus. Blocking by acetylation as is observed
for native bovine PC-TP (32), would increase the pre-
dicted molecular mass to 27,775 Da, which agrees well
with the experimentally determined values. Collectively,
these analytical findings suggest that recombinant PC-TP

Fig. 4. Molecular mass confirmation for recombinant rat PC-TP.
(A) The fraction containing peak PC transfer activity after hydroxyl-
apatite chromatography (fraction 19, Fig. 3A) was further purified
by application to a C4 reverse phase HPLC column followed by elu-
tion using a linear acetonitrile/H2O gradient (A280, dashed line;
A214, solid line). Peaks eluting at 51 and 53 min were concentrated by
lyophilization and analyzed by SDS-PAGE (inset figure). (B) MALDI-
TOF-MS analysis of peak eluting at 51 min (panel A) indicating a mo-
lecular weight (24,760 Da) consistent with recombinant rat PC-TP.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1868 Journal of Lipid Research Volume 39, 1998

is expressed by baculovirus with good fidelity and should
serve as an excellent surrogate for studies of structural fea-
tures that confer absolute specificity of this protein for PC.

The technical utility of the baculovirus/Sf9 cell system
for studies of PC-TP structure and function may be as-
sessed by several criteria. As demonstrated in Fig. 2, an in
vitro lipid transfer assay (16) was used for detection and
purification of recombinant PC-TP. The same activity assay
should facilitate rapid screening of the functional conse-
quences of alterations in the primary structure of PC-TP
introduced by site-directed or random mutagenesis (33).
Moreover, recent advances in methods for production of
recombinant baculovirus (e.g., the Bac-to-Bac™ system)
now permit facile preparation of recombinant viral stocks
after cloning of cDNA constructs (34). We further demon-
strated that recombinant PC-TP can be readily purified
from Sf9 cell cytoplasm (Fig. 3) without the need for mod-
ification of the target protein, such as by addition of a his-
tidine tag. Under the current experimental conditions
(MOI ,5, duration of infection ,48 h), our recovery
from 10 mg of cytosolic protein of 0.1–0.2 mg of recom-
binant PC-TP and ,30% of PC transfer activity after hy-
droxylapatite chromatography (Figs. 3B and 4C) indi-
cate that the recombinant protein comprised 3–6% of
cytosolic protein. Compared with a value of ,0.02% sim-
ilarly calculated for rat liver from the data of Teerlink et
al. (18), baculovirus infected Sf9 cells represent a 150- to
300-fold richer source of starting material for PC-TP
purification.

Based on our recent demonstration that submicellar
bile salt concentrations greatly enhance in vitro transfer
activity of PC-TP (5, 17) and the long-standing observa-
tion that biliary phospholipids are highly enriched in PC
(35), we have hypothesized that a key physiological func-
tion of PC-TP in liver might be the selection and cytosolic
trafficking of PC molecules destined for secretion into
bile (17). The capability to express recombinant PC-TP
will now permit studies designed to elucidate molecular
mechanisms underlying specific intermembrane transfer
of PC in liver cytosol.
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