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Abstract Lecithin:cholesterol acyltransferase (LCAT) is the
plasma enzyme that catalyzes esterification of the sn-2 fatty
acid of phospholipid to cholesterol. To facilitate the isola-
tion of large quantities of LCAT and to assist in future
structure—function studies, LCAT containing a carboxy-
terminal histidine-tag (H6) was expressed in Chinese ham-
ster ovary cells (CHO). A high level of CHO-hLCATHG6 ex-
pression (=15 mg L~1) was achieved over a 72-h period
using 10 mm sodium butyrate to enhance transcription and
PFX-CHO protein-free medium. The pure enzyme (=96%)
was isolated by cobalt metal affinity chromatography with
an activity yield of 82 = 26%. CHO-hLCATH6 and CHO-
hLCAT species had identical specific activities (26 = 6 and
26 = 3 nmol CE formed g1 h~1, respectively). The enzy-
matic activity of CHO-hLCATHG6 was stable at 4°C in excess
of 60 days. Substrate saturation studies, using rHDL com-
posed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), cholesterol, and apolipoprotein A-1 (80:5:1) indi-
cated that the appK,, for CHO-hLCATH6, CHO-hLCAT,
and purified plasma LCAT were nearly identical at =2 pm
substrate cholesterol. i We conclude that carboxy-terminal
histidine-tagged LCAT is a suitable replacement for both
plasma LCAT and CHO-hLCAT.—Chisholm, J. W., A. K.
Gebre, and J. S. Parks. Characterization of C-terminal
histidine-tagged human recombinant lecithin:cholesterol
acyltransferase. J. Lipid Res. 1999. 40: 1512-1519.

Supplementary key words phosphatidylcholine-O-cholesterol acyl-
transferase « LCAT « CHO cells » cobalt metal affinity chromatography «
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LCAT (lecithin:cholesterol acyltransferase) is the plasma
enzyme that catalyzes the transacylation of an sn-2 fatty
acid from phospholipid to the 3B-hydroxyl of cholesterol
(1). LCAT is responsible for nearly all HDL cholesteryl es-
ters in human plasma and, in species having cholesteryl
ester transfer protein (CETP), a significant proportion of
VLDL and LDL cholesteryl esters. LCAT through the es-
terification of cholesterol is thought to play a major role
in the reverse cholesterol transport pathway (2-4) by fa-
cilitating the net movement of cholesterol from periph-
eral tissues back to the liver for excretion. Through this
action, LCAT appears to aid in the maintenance and de-
termination of plasma HDL levels, as transgenic overex-
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pression of LCAT increases plasma HDL concentrations
(5, 6), whereas LCAT deficiency results in a very low con-
centration of plasma HDL (7, 8).

Three different recombinant cell systems have been
previously described for the production of LCAT. LCAT
from both stably transfected CHO (9, 10) and BHK cells
(11) has been shown to be very similar to plasma LCAT
with the exception that they are more heavily and hetero-
geneously glycosylated. LCAT has also been expressed in
insect cells using the baculovirus system (9, 12) and al-
though enzymatically active, contains much less carbohy-
drate than LCAT from mammalian sources. Most LCAT
purifications from plasma and recombinant cell lines (9,
13-17) are based primarily on a combination of phenyl-
Sepharose and hydroxylapatite chromatography. How-
ever, a number of investigators (10, 11) have had success
in purifying recombinant wild-type LCAT using a single
phenyl-Sepharose step. The reliability and reproducibility
of this method for LCAT mutants and chimeras remains
to be determined. An alternate and theoretically more re-
liable method would be to add an epitope tag to recombi-
nant LCAT and LCAT mutants.

While numerous epitope-tagged proteins have previ-
ously been described in the literature, the application of
this technology towards LCAT has been lacking. Recently,
Vinogradov, Honggun, and Owen (18) have reported that
carboxy-terminal histidine 6 LCAT is catalytically active
and immunodetectable using an anti-His, antibody. How-
ever, the secretion efficiency of the CHO-hLCATHS®6 cell
line described was very low (3 mg L~1) and the recombi-
nant enzyme was not characterized. The investigators ra-
tionale for using a carboxy-terminal epitope tag, like ours,
was based on LCAT carboxy-terminal deletion mutant
studies that indicated the carboxy-terminus was not oblig-
atory for enzymatic activity and secretion (19, 20). We re-

Abbreviations: LCAT, lecithin:cholesterol acyltransferase; CHO-K1,
Chinese hamster ovary cells; BHK, baby hamster kidney cells; SDS, so-
dium dodecyl sulfate; NANase, neuraminidase; PNGase, n-glycanase;
BSS, balanced salt solution.
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port in this paper the development of a CHO cell line that
produces large amounts of CHO-hLCATH6 (=15 mg
L~1) using sodium butyrate to enhance expression.

METHODS

Engineering and cloning of His6-tagged human LCAT

The human LCAT cDNA (21) (a gift from John MacLean,
Genentech) in the pCMVS5 vector was used as a template for PCR
using a 5 complementary forward primer (5’-AGC TTC AAC
TAC ACA GGC CG-3") and a 3’ reverse primer (5-CG GGA TCC
TTA ATG ATG ATG ATG ATG ATG TTC AGG AGG CGG GGG
CTC-3") designed to append the sequence for 6 C-terminal histi-
dine residues, a stop codon, and a 3’ BamH | restriction site. The
resulting =500 bp human LCAT-H6 fragment was restriction di-
gested with Pst | and BamH | and ligated into Pst | and BamH |
digested pCMV5 human LCAT cDNA. The ligation reactions
were transformed into chemically competent DH5a cells (Gibco-
Brl) and transformed cells were selected with ampicillin (100
rg/ml) on LB (Lennox L Broth)-agar plates. The entire LCAT
cDNA sequence was sequenced in both directions for three indi-
vidual clones, using an ABI autosequencer (Perkin-Elmer). All
three clones were found to be identical and one was selected for
further use. hLCATH®6 plasmid for transfection was amplified in
LB cultures (containing 100 wg/ml ampicillin) and purified
using a Maxiprep purification kit (Genomed). Isolated plasmid
stocks were stored at —20°C.

Generation of hLCATH6 stable cell line

Chinese hamster ovary (CHO-K1) cells were co-transfected
with hLCATH®6 plasmid and pSV3-neo by the calcium phosphate
transfection method (22) using a 19:1 pCMV5-hLCATH6: PSV3-
neo ratio. Transfected cells were selected using Geneticin (G418,
Gibco-Brl, 700 pg ml~1) and 100 clones were selected and
screened for LCAT activity. The expression of hLCATH6 was as-
sessed by LCAT assay and normalized to cell protein. One clone,
16-2, was found to yield the highest level of LCAT expression and
was subjected to one round of dilution cloning. Cells were plated
at 0.5 cells per well in 24-well plates (Falcon) until colonies were
visible. Individual colonies were screened by activity and normal-
ized to cell protein. One clone, 16-2-6, was identified as the high-
est hLCATH®6 expressing clone. This cell line was maintained
under continuous selection using 700 wg mi~* of G418 in DMEM/
F12 (Mediatech), 10% heat-inactivated fetal bovine serum, 0.01%
penicillin—streptomycin, 2 mm I-glutamine, and vitamins.

Expression and purification of CHO-hLCATH6

CHO-hLCATHS6 cells (95-100% confluent) were washed 2X
with Hanks’s Balanced Salt Solution (BSS, Mediatech) and incu-
bated for 72 h in a minimal volume (50 ml for a 500 cm? triple
flask, NUNC) of PFX-CHO (Hyclone) serum-free complete
growth medium, containing 0.01% penicillin—streptomycin, 2 mm
I-glutamine, and vitamins, in either the presence or absence of
0.025 mCi/ml 35S cys/met labeling mix (New England Nuclear).
The specific activity of 35S-labeled LCAT was approximately
16000 CPM ug~1. To boost expression, sodium butyrate (10 mm
final concentration) was added to the medium after 24 h. Col-
lected medium was immediately cooled on ice, centrifuged (1500
g for 15 min) to pellet debris, and incubated with Talon™ co-
balt metal affinity resin (Clontech) for 1-2 h at 4°C. The
medium:resin ratio was routinely maintained less than 20:1.
The resin was pelleted by centrifugation 1500 g for 15 min and
batch-washed 4 times with one medium volume of 10 mm Tris
HCI, 140 mm NaCl, 0.02% NaNj3, pH 7.4, and then transferred to

a small column (Bio-Rad). Recombinant hLCATH6 was eluted
from the column with the wash buffer containing 50 mm imida-
zole (Fisher) and 10% glycerol (Fisher). Fractions containing re-
combinant hLCATH®6 were identified by either LCAT activity or
O.D.ZSO.

Expression and purification of CHO-hLCAT

Plasma LCAT was purified from human plasma obtained from
the Red Cross as previously described (9). CHO-hLCAT was isolated
from the medium of stably transfected CHO cells as previously de-
scribed (9). Nearly confluent cell monolayers grown in DMEM/
F12 (containing 10% heat-inactivated fetal bovine serum, 0.01%
penicillin-streptomycin, 2 mm I-glutamine, and vitamins) were
washed 2X with BSS and incubated with RPMI 1640 (phenol
red-free) medium (Mediatech), containing 0.01% penicillin-
streptomycin, 2 mm I-glutamine, and vitamins. PFX-CHO could not
be used as a production medium, as it contains phenol-red which
co-purifies with CHO-hLCAT. Cells were incubated for 72 h and at
24 h sodium butyrate was added to a final concentration of 10 mm.
Medium was centrifuged at low speed 15009 for 15 min to pellet de-
bris and adjusted to 0.5 m NaCl with solid NaCl (added 23.4 g L™1).
Medium was batch bound to phenyl-Sepharose (Pharmacia) that
had been pre-washed with 5 mm NaPQO,, 0.5 m NaCl, by inversion for
2 h at4°C using a medium:resin ratio of 50:1 (v/v). The resin was re-
covered by low speed centrifugation 1500 g and washed 3 with 1
medium volume of wash buffer (5 mm NaPO,, 0.5 m NaCl, pH 7.4).
The resin was transferred to a disposable mini-column and washed
until the O.D.ygp was <0.010. Recombinant CHO-hLCAT was eluted
in 1-2-ml fractions with deionized H,O, pH 7.4, and LCAT-contain-
ing fractions were identified by activity assay. LCAT-containing frac-
tions were pooled and adjusted to 4 mm NaPO,, 0.15 m NaCl, pH
6.9, by the addition of a 40 mm NaPQO,, 1.5 m NaCl, pH 6.9, stock so-
lution. The sample was applied to a hydroxylapatite column (Bio-
Gel HT, Bio-Rad) (same resin volume as used for phenyl-Sepharose
step) that had been pre-equilibrated with 4 mm NaPQO,, 0.15 m NacCl,
pH 6.9. The column was washed with 4 mm NaPQO, until the O.D.,gq
was <0.010. LCAT was eluted using a linear gradient from 4 to 60
mm NaPO,, 0.15 m NaCl, pH 6.9. LCAT-containing fractions that
were identified by O.D.,gy and LCAT activity were pooled, adjusted
to 10% glycerol, and stored at —70°C.

LCAT characterization

Exogenous LCAT activity measurements were performed as
previously described (23) using recombinant HDL (rHDL) com-
posed of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phospocholine (POPC)-
cholesterol-apolipoprotein A-l1 80:5:1. Human apolipoprotein
A-l1 was purified from human plasma (Red Cross) as previously
described (24).

LCAT esterase activity was measured using a watersoluble sub-
strate p-nitrophenylvalerate (Sigma), as previously described (25).

Purified LCAT was analyzed by SDS-PAGE on 7.5% gels using a
buffer system as previously described (26). Gels were loaded with
0.5 p.g of protein, focused for 1 h at 25 mA, and run for approxi-
mately 3 h at 40 mA on 16-cm gels using the Bio-Rad Protein 11
system. Gels were silver stained as previously described (9).

Protein in purified LCAT preparations was either measured by
a modified Lowry method (27) or by OD,gq using a molar extinc-
tion coefficient of 2.0 mg=! cm? at 280 nm (28). Both 50 mm im-
idazole and 10% glycerol were found to interfere with the stan-
dard Lowry method. To compensate, samples containing both
reagents were measured by adding an equivalent amount of glyc-
erol and imidazole to the Lowry standards.

Deglycosylation
Endo and exoglycosidases were purchased from either Glyko
or New England Biolabs (NEB) and used according to the in-
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cluded methods or under non-denaturing conditions using
NEB’s recommended buffer for N-glycanase F

RESULTS

After colony selection and subsequent dilution clon-
ing, as described in Methods, the CHO-hLCATH®6 cell
line 16-2-6 was used for LCAT expression and purifica-
tion. Initial time-course experiments indicated that the
expression of LCAT under serum-free conditions (DMEM/
F12) was linear in excess of 72 h. Furthermore, the addi-
tion of sodium butyrate (10 mm final concentration), 24
h after switching to serum-free medium (DMEM/F12),
resulted in a doubling of LCAT volume activity (data not
shown). Sodium butyrate, an inhibitor of histone deacety-
lase, induces the transcription of some genes (29-31). To
further optimize the expression conditions for CHO-
hLCATHSG, serum-free DMEM/F12 was compared with an
essentially protein-free complete CHO specific medium
(PFX-CHO). In Fig. 1, the two media were compared
over a 72 h time-course both with and without the addi-
tion of sodium butyrate. LCAT expression, measured by
volume activity, was similar and linear for both media
over a time course of 72 h when sodium butyrate was not
added. LCAT expression using PFX-CHO and sodium bu-
tyrate was enhanced approximately 3-fold at the 72 h
time point, compared to PFX-CHO alone. Adding so-
dium butyrate at 48 h did not appear to increase expres-
sion by the 72 h time point (data not shown). These com-
bined results indicated that significantly increased LCAT
expression may be obtained when PFX-CHO medium is
used over a 72 h time-course in conjunction with addition

5001 mPFX-CHO
1 @PFX-CHO + NaBut (24h)
400 ©SF DMEMF12

o SF DMEM/F12 + NaBut (24h)

300 1

200 A

Cholesteryl ester formed (nmol mI! h1)

Time after media change (h)

Fig. 1. Optimization of CHO-hLCATHG6 production. Equal num-
bers of stable expressed CHO cells were seeded into 6-well plates.
The next day, the cells were washed 2X with BSS and incubated
with either serum-free DMEM/F12 (Mediatech) or PFX-CHO
(Hyclone) containing 0.01% penicillin—streptomycin, 2 mm I-
glutamine, and vitamins. Sodium butyrate (Sigma) was added to a fi-
nal concentration of 10 mm at 24 h, to one set of wells, as described
in the figure legend. A small aliquot of medium was taken at each
time point for LCAT activity determinations and immediately frozen
at —20°C. The sampled volume was replaced with fresh medium.

1514 Journal of Lipid Research Volume 40, 1999

of sodium butyrate at 24 h. The only other low or protein-
free medium that we have evaluated was CCM5 (HyClone).
This medium yielded results similar to PFX-CHO in
terms of medium LCAT volume activity; however, the pu-
rification of CHO-hLCATHG6 was complicated by the co-
elution of a heme-containing compound from the cobalt
affinity column.

Binding of CHO-hLCATH®6 from culture medium using
a cobalt affinity resin followed by elution in 50 mm imida-
zole yielded a total activity recovery of 82 = 26% (see
Table 1). This was very efficient when compared to the 17 +
11% total activity recovery achieved by isolating CHO-
hLCAT using a combination of phenyl-Sepharose and hy-
droxylapatite chromatography. The purity of each prepa-
ration, as assessed by SDS-PAGE followed by silver staining,
was estimated to be =96%. The specific activities of both
CHO-hLCATH®6 and CHO-hLCAT were identical 26 = 6
and 26 = 3 nmol cholesteryl ester formed h=1 ug=1, re-
spectively (see Table 1). Based on the specific activity and
volume activity, the CHO-hLCATHG6 cell line was esti-
mated to produce >5-fold (15 = 5 mg L~1) more LCAT
than the CHO-LCAT (2.6 = 0.1 mg L~1) cell line. The es-
terase activity of CHO-hLCATH®6 using a water-soluble
substrate p-nitrophenylvalerate was similar to CHO-
hLCAT and purified plasma LCAT (data not shown).

Results from the sequential deglycosylation of CHO-
hLCATHS6 (Fig. 2) suggested that the mature protein had
an estimated molecular mass of 65 + 1 kDa with the degly-
cosylated core protein having an apparent molecular mass
of 48 + 1 kDa. The protein was composed of 26% carbo-
hydrate of which 8% was sialic acid. The majority of the
chains were N-linked with a small amount (1%) of O-linked
sugars. The presence of O-linked sugars was variable and
detection was limited by the resolution of SDS-PAGE.

The native molecular mass, deglycosylated molecular
mass, and carbohydrate content of CHO-hLCATHG6, CHO-
hLCAT, and pure plasma hLCAT were compared by SDS-

TABLE 1. Summary of CHO-hLCATH®6 and

CHO-hLCAT purifications
% Yield
Medium LCAT POPC  (Totalvolume LCAT
n LCAT specific activity activity) Purity
nmol formed
mg L1 h=lug?t % %
CHO-hLCATH6 7 15=*5 26+ 6 82% =+ 26% 96 * 4%?

CHO-hLCAT 2 26x0.1 26 =3 17% = 11% 95 = 1%

CHO-hLCATHS6 was produced from confluent monolayer cultures
in 500 cm? triple flasks (NUNC). PFX-CHO was used as the production
medium with 10 mm sodium butyrate added at 24 h. Medium was col-
lected at 72 h and CHO-hLCATH®6 was purified by cobalt metal affinity
chromatography. CHO-hLCAT was produced as described in Methods.
LCAT protein in purified preparations was measured by a modified
Lowry procedure as described in Methods. The medium LCAT concen-
tration was estimated from the specific activities of the purified LCAT
preparations and medium volume LCAT activities using rHDL com-
posed of POPC:cholesterol:apolipoprotein A-1 (80:5:1). Purity was
assessed by densiotometric scanning of silver-stained SDS-PAGE gels
using NIH Image.

aMean = SD of 4 analyses using two separate CHO-hLCATH®6
preps.

b Mean + SD of 2 separate measurements.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

RLCATHG6 + + + +

NANase Il - + + +

O-Glycosidase DS - - + +

PNGase F - - - +
65 Kd —p .

W ¢— 47Kd

Fig. 2. Sequential deglycosylation of purified CHO-hLCATHS.
CHO-hLCATH®6 was purified by affinity chromatography as de-
scribed in Methods and sequentially deglycosylated using enzymes
supplied in a kit (Glyko). NANase I, neuraminidase (a2-3,6);
PNGase F, n-glycosidase F. Samples were analyzed on 7.5% SDS-
PAGE gel and silver-stained as described in Methods. Molecular
mass determinations using silver stain standards (Bio-Rad) esti-
mated the CHO-hLCATH6 molecular mass (n = 5) at 65 = 1 kDa
with 8 = 2% («2-3, 6) neuraminic acid, 25 * 1% N-linked sugars,
and 1 * 1% O-linked sugars (n = 3). The core protein had a molec-
ular mass of 48 + 1 kDa.

PAGE (Fig. 3). Both LCAT species from CHO cells exhib-
ited similar broad bands less than 66 kDa (average 63.6
kDa), whereas, pure plasma LCAT had a somewhat tighter
band and an estimated molecular mass of 62.5 kDa. Treat-
ment of all three enzymes with NANase resulted in a si-
milar degree of desialation. Surprisingly, both CHO-LCAT
species maintained broad bands, which is indicative of car-
bohydrate heterogeneity. Removal of all the N-linked carbo-
hydrate with PNGase F resolved the protein into two dis-
tinct bands. We speculate that the higher molecular mass

Pure hLCAT |CHO-hLCATHB| CHO-hLCAT
Control + - - + - - |+
NANase [- + - -+ - -+ -
PNGaseF|- - + | - - +1- -+
66.2 kd — .
‘ i
45 kd — . :

Fig. 3. Deglycosylation of purified hLCAT. His-tagged CHO-
hLCATH6 and CHO-hLCAT were purified as described in Meth-
ods. Pure plasma hLCAT was prepared as previously described (9).
Deglycosylation enzymes (NEB) were NANase, neuraminidase
(x2-3,6,8); PNGase F, N-glycosidase F. Deglycosylation reactions
were performed under non-denaturation conditions using the
buffer supplied with PNGase. Samples were incubated overnight at
25°C, analyzed on 7.5% SDS-PAGE gels, and silver-stained. Molecu-
lar masses were estimated using silver stain standards (Bio-Rad).

band may contain 1-2% of O-linked sugars as this doublet
was not observed during sequential glycosylation studies
(Fig. 2) in which O-glycosidase was used. The difference
in apparent molecular mass between the deglycosylated
form of the CHO-hLCATHG6 and the other two LCAT pro-
teins (CHO-hLCAT and purified plasma LCAT) was con-
sistent with the addition of 6 histidine residues to CHO-
hLCATHS.

Previously, purified CHO-hLCAT has been reported to
self-associate into SDS-resistant (3% SDS in sample buffer)
aggregates upon storage at greater than 450 pwg/ml (10).
Concentrated samples of CHO-hLCATH6 (up to 1500
wg/ml) were analyzed by SDS-PAGE (0.5% SDS in sample
buffer) along with purified plasma LCAT (Fig. 4A). SDS-
resistant LCAT multimers could not be identified in any
of the samples after silver staining. Western blotting of a
duplicate gel (not shown) using chicken anti-LCAT IgY
(9) suggested a small amount of aggregation in the puri-
fied plasma LCAT preparation but none in any of the
CHO-hLCATH®6 samples. Non-denaturing size-exclusion
FPLC of 35S-radiolabeled LCAT (Fig. 4B) indicated that
only 10 = 3% (n = 10) of the total radiolabeled LCAT
eluted in the void volume consistent with the presence of
only a very small amount of multimers.

The stability of purified CHO-hLCATH®6 at 4°C (Fig.
5A) and 25°C (Fig. 5B) was assessed by periodic activity
sampling of CHO-hLCATH®6 stored at both tempera-
tures. CHO-hLCATHG6 was very stable at 4°C with the 60-
day activity measurement similar to the initial activity.
Between 10 and 40 days there was an apparent increase
in LCAT activity that could not be explained by assay
variation. We speculate that this may be due to sponta-
neous desialation of the protein, which has been re-
ported to increase the activity of the enzyme (32). The
slow decline in LCAT activity after 20 days may indicate
slow degradation of the enzyme. The enzyme preparation
was also remarkably stable at 25°C, only exhibiting a
steady decline in activity after 48 h. The half-life of the en-
zyme at 25°C appears to be approximately 10 days. There
was no apparent advantage to storing the enzyme in liquid
form in 10% glycerol at either 4°C or 25°C.

A number of CHO-LCATH®6 preparations, CHO-hLCAT
and purified plasma LCAT underwent kinetic analysis to
compare the appK,, and appVn. of each LCAT species.
The results are tabulated in Table 2 and representative sub-
strate saturation profiles are shown in Fig. 6. The results
(Table 2) suggest that the appK,, of both CHO-hLCATH6
and CHO-hLCAT are very similar at approximately 2 um
rHDL cholesterol. The appVy. for the three CHO-
hLCATHG6 preparations was variable and, with the excep-
tion of preparation B, was higher than both CHO-hLCAT
and purified plasma LCAT. The appVya for CHO-
hLCATHG6 preparation B and CHO-hLCAT were compara-
ble and similar to the specific activities reported in Table 1.

DISCUSSION

The CHO-hLCATHS6 cell line, described in this paper,
using a protein-free complete medium (PFX-CHO) and

Chisholm, Gebre, and Parks Characterization of His6-tagged LCAT 1515

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

WTVTUVUVTUDO
[~ e T T T ]
o S5 ® oo 0
w ©® T T T T
T = NN N
S Lo §12000
> |
= <
o
-
200 — — =
O 8000 4
T
116 — == o
97 —— ®
2
aa——--_.-. s 4000 ~
£
45 — - E
D 0 L) L] T L -8
6 8 10 12 14 16
A B. Elution Volume (ml)

Fig. 4. Effect of CHO-hLCATH®6 concentration on the aggregation status of LCAT. A: Purified CHO-
hLCATH6-Prep 1 (145 ng ml—1) and CHO-hLCATH6-Prep 2 at 3 different concentrations (330 g ml—1
[2-1], 660 g ml~1 [2-2], and 1500 p.g ml~1 [2-3]) were analyzed by electrophoresis of 0.5-.g aliquots on a
7.5% SDS-PAGE gel. Proteins were visualized by silver staining as described in Methods. Protein samples were
concentrated in a Centricon-30 (5000 g, Amicon). 35S-labeled CHO-hLCATHG6 (5 g in 100 wl of 10 mm Tris,
140 mm NaCl, 0.01% Na,EDTA, 0.01% NaNj3, and 0.01% BSA, pH 7.4) was chromatographed using a Super-
ose 12 10/30 column (Pharmacia) at a flow rate of 1 ml min (10 mm Tris, 140 mm NaCl, 0.01% Na,EDTA,
0.01% NaNj3, and 0.01% BSA, pH 7.4), and eluted into 0.75-ml fractions. 3S-labeled CHO-hLCATHSG6 elution
was monitored by liquid scintillation counting.
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induction by sodium butyrate yielded medium LCAT con-
centrations of =15 mg L~1. This level of expression was
significantly higher than any other previously described
LCAT secreting mammalian cell line (9-12, 18). Basal se-
cretion of LCAT from the CHO-hLCATG6 cells was compa-
rable to other CHO-hLCAT cell lines in the absence of
sodium butyrate. The induction of LCAT secretion by so-
dium butyrate was enhanced in cells incubated with PFX-
CHO medium compared to serum-free DMEM/F12 me-

7= 3000 1
E
B 2000 1
£
L
O —e— 10% Glycerol 50 mM Imidazole
© 1000 { —o— 50 MM Imidazole
g ~—— Plasma Control
c W
0 10 20 30 40 50 60 70
Time (days at 4°C)
A.

dium. Under optimized conditions, PFX-CHO medium
appeared superior in providing the necessary nutrients re-
quired for ongoing protein synthesis and secretion. For
most of the previously described recombinant LCAT cell
lines (10, 11), Opti-Mem (Gibco) has been used as a com-
plete serum-free medium. While we have no experience
with this medium, PFX-CHO may be advantageous as it is
specifically formulated for use with CHO cells.
CHO-hLCATS, isolated by cobalt metal affinity chroma-

—e— 10% Glycerol 50 mM Imidazole
3000 { —o— 50 mM Imidazole
—v— Plasma Control

2000 -

1000

0 10 20 30 40 50 60
Time (days at 25°C)
B.

Fig. 5. LCAT stability at4°C and 25°C. CHO-hLCATHG6 was purified by affinity chromatography and eluted
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in 50 mm imidazole (Fisher) with and without 10% glycerol (Fisher). An aliquot of each purified enzyme
preparation was maintained at either 4°C (A) or 25°C (B) and LCAT activity was measured periodically using
a POPC rHDL substrate. Assay and substrate variability were monitored by analyzing a freshly thawed aliquot
of frozen human plasma at the time of each LCAT activity determination.
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TABLE 2. Summary of POPC rHDL substrate saturation studies

appKp, appVimax R?

um rHDL nmol CE

cholesterol formed h=1 ug—1t
CHO-hLCATHS6 Prep A 3.7*+06 37.3t24 0.990
CHO-hLCATH®6 Prep B 20x0.3 23.0+11 0.988
CHO-hLCATHS6 Prep C 23 =07 41141 0.957
CHO-hLCAT 19+04 257+ 15 0.982
Plasma LCAT 1703 205 0.9 0.989

The substrate saturation kinetics for three CHO-hLCATH®6 prepa-
rations were measured and compared to a CHO-hLCAT preparation
and purified plasma LCAT. Kinetic pararmeters were determined by
non-linear regression analysis using the single rectangular hyperbole
function in Sigma Plot (Jandel Scientific). Results are appVy. and
appK,, = the standard error of the curve fit (P < 0.02).

tography, was nearly homogeneous (=96% purity) and
was obtained in high yield (82 + 26%). Nickel metal affin-
ity resins are also commonly used for the purification of
histidine-tagged proteins. Vinogradov et al. (18) previ-
ously used a nickel column to isolate histidine-tagged
LCAT. While we have not directly compared the two resins,
nickel columns have the possible disadvantage of requir-
ing a 4-fold higher concentration of imidazole for elution.
Typically, we do not remove the imidazole from our LCAT
preparations, however, imidazole does interfere with both
the Lowry (described in Methods) and BCA protein assays
and is not compatible with the measurement of esterase
activity using water-soluble substrates. However, imidazole
and glycerol can be removed without adversely affecting
the enzyme by using a Centricon™ (Amicon) 10 or 30
concentrator and exchanging the buffer 3—4 times.
Isolation of CHO-hLCATHG6 by cobalt metal affinity
chromatography was highly efficient. The yield and purity,
by SDS-PAGE, were comparable to those reported for the
single-step purification of recombinant LCAT using phenyl-
Sepharose (10, 11). In our hands, phenyl-Sepharose chro-
matography vyields purified LCAT, that by SDS-PAGE
appears to be free of major contaminants. However, the
specific activity of preparations tends to be lower than
achievable by performing an additional hydroxylapatite

chromatography step (data not shown), suggesting that
phenyl-Sepharose-isolated LCAT preparations may con-
tain an inhibitor or contaminating proteins not visible by
silver staining of SDS polyacrylamide gels. Indeed, Nair et
al. (17) have reported a low molecular weight contami-
nant in their phenyl-Sepharose-purified LCAT prepara-
tions. The contaminant was removed by a gel filtration
step and resulted in a yield only 2-fold higher than typi-
cally attainable using phenyl-Sepharose followed by hy-
droxylapatite chromatography.

CHO-hLCATHG6 was stable in excess of 60 days when
stored at 4°C and several days at 25°C. Albers, Lin, and
Roberts (22) and Chen and Albers (34) have reported
LCAT to have a half-life at 4°C of 22-30 days, whereas others
have reported the half-life to be measured in hours (35).
Our enzyme preparation appears to be at least as stable as
that described by Albers for purified plasma LCAT. The
reason for the stability of our CHO-hLCATH®6 prepara-
tion remains unclear and may be due to the methods used
for purification, handling, and storage; however, we cannot
rule out a stabilizing effect imparted by either the histi-
dine tag or storage in 50 mm imidazole.

Sequential deglycosylation analysis of CHO-hLCATHG6
and comparison of CHO-hLCATH®6 to purified plasma
LCAT and CHO-hLCAT confirmed that all three LCAT
species were sialated and nearly all of the carbohydrate
was N-linked. Furthermore, CHO-hLCATH6 and CHO-
hLCAT appeared to yield identical products after deglyco-
sylation with NANase or PNGase, the only difference be-
ing that CHO-hLCAT®6 ran slower on the gel due to the
presence of the additional six histidine residues. The mo-
lecular weights and carbohydrate composition of all three
LCAT species were consistent with that previously re-
ported (9, 11, 16, 36). Both CHO-LCAT species had char-
acteristically broader bands by SDS-PAGE when compared
to plasma LCAT and this was likely due to greater hetero-
geneity in the carbohydrate chains. This has previously
been described for recombinant CHO-LCAT (9) and
BHK-LCAT (11).

The appK,, of the three LCAT species appeared to be
very similar at approximately 2 pum rHDL cholesterol
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Fig. 6. POPC rHDL LCAT substrate saturation curves. The activities of purified CHO-hLCATH6 (prep B),
CHO-hLCAT, and plasma LCAT were determined as a function of cholesterol concentrations and the appViax
and appK,, for each LCAT species was determined by non-linear regression analysis using the single rectan-
gular hyperbole function in Sigma Plot (Jandel Scientific).
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under our assay conditions. The Vy,,, for CHO-hLCATHG6
ranged from 23 to 41 nmol cholesteryl ester formed h—1
wg~1 and the appVya for CHO-hLCAT (26 nmol choles-
teryl ester formed h=1 pg~1) was within this range. Given
that freshly isolated CHO-hLCATH6 and CHO-hLCAT
had identical specific activities (Table 1), the V. for the
two CHO-LCAT appears to be very similar. The appViax
for the purified plasma LCAT preparation (21 nmol cho-
lesteryl ester formed h—1 pg—1) was somewhat lower than
LCAT produced in CHO cells, as well as measurements we
have previously reported for purified plasma LCAT (53
(9) and 61 (37) nmol cholesteryl ester formed h—1 pg=1).
We attribute this difference to degradation of the prepara-
tion after 3 years stored at —70°C and speculate that the
appVmax Of freshly purified plasma LCAT is approximately
2-fold higher than that produced by CHO cells in agree-
ment with Jin, Lee, and Jonas (10).

In conclusion, our optimized CHO-hLCATHE6 cell line
and production conditions allow for the isolation of mass
quantities of recombinant LCAT. Large amounts of highly
purified LCAT are required for structure and function
studies such as chemical modification, structural analysis,
and catalytic studies. Use of the histidine-tag is widely ap-
plicable to studies utilizing both LCAT and LCAT mutants
and the availability of anti-histidine tag monoclonal anti-
bodies will further facilitate both structure and function
studies and intracellular trafficking studies. il

This work was supported by NIH grant HL-54176 (JSP) and
AHA-NC fellowship F98236N (JWC).

Manuscript received 21 December 1998 and in revised form 20 April 1999.

REFERENCES

1. Glomset, J. A. 1968. The plasma lecithin:cholesterol acyltrans-
ferase reaction. J. Lipid Res. 9: 155-167.

2. Fielding, C.J., and P. E. Fielding. 1995. Molecular physiology of re-
verse cholesterol transport. J. Lipid Res. 36: 211-228.

3. Barter, P. J., and K. A. Rye. 1996. Molecular mechanisms of reverse
cholesterol transport. Curr. Opin. Lipidol. 7: 82-87.

4. Hill, S. A, and J. Mcqueen. 1997. Reverse cholesterol transport—a
review of the process and its clinical implications. Clin. Biochem. 30:
517-525.

5. Hoeg, J. M., S. Santamarina-Fojo, A. M. Berard, J. F. Cornhill,
E. E. Herderick, S. H. Feldman, C. C. Haudenschild, B. L. Vais-
man, R. F. Hoyt, S. J. Demosky, R. D. Kauffman, C. M. Hazel,
S. M. Marcovina, and H. B. Brewer. 1996. Overexpression of leci-
thin: cholesterol acyltransferase in transgenic rabbits prevents
diet-induced atherosclerosis. Proc. Natl. Acad. Sci. USA. 93: 11448—
11453.

6. Berard, A. M., B. Foger, A. Remaley, R. Shamburek, B. L. Vaisman,
G. X. Talley, B. Paigen, R. F. Hoyt, S. Marcovina, H. B. Brewer, and
S. Santamarina-Fojo. 1997. High plasma HDL concentrations asso-
ciated with enhanced atherosclerosis in transgenic mice overex-
pressing lecithin-cholesterol acyltransferase. Nature Med. 3: 744—
749.

7. Frohlich, J., and R. McLeod. 1986. Lecithin:cholesterol acyltrans-
ferase (LCAT) deficiency syndromes. Adv. Exp. Med. Biol. 201:
181-194.

8. Sakai, N., B. L. Vaisman, C. A. Koch, R. F. Hoyt, S. M. Meyn, G. D.
Talley, J. A. Paiz, H. B. Brewer, and S. Santamarina-Fojo. 1997. Tar-
geted disruption of the mouse lecithin-cholesterol acyltransferase
(LCAT) gene-generation of a new animal model for human LCAT
deficiency. J. Biol. Chem. 272: 7506—-7510.

9. Miller, K. R., J. C. Wang, M. Sorci-Thomas, R. A. Anderson, and

1518 Journal of Lipid Research Volume 40, 1999

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

J. S. Parks. 1996. Glycosylation structure and enzyme activity of lec-
ithin:cholesterol acyltransferase from human plasma, hepG2 cells,
and baculoviral and Chinese hamster ovary cell expression sys-
tems. J. Lipid Res. 37: 551-561.

Jin, L. H., Y. P. Lee, and A. Jonas. 1997. Biochemical and biophysi-
cal characterization of human recombinant lecithin:cholesterol
acyltransferase. J. Lipid Res. 38: 1085-1093.

Hill, J. S., K. O, X. Wang, S. Paranjape, D. Dimitrijevich, A. G.
Lacko, and P. H. Pritchard. 1993. Expression and characterization
of recombinant human lecithin:cholesterol acyltransferase. J. Lipid
Res. 34: 1245-1251.

Chawla, D., and J. S. Owen. 1995. Secretion of active human lecithin-
cholesterol acyltransferase by insect cells infected with a recombi-
nant baculovirus. Biochem. J. 309: 249-253.

Albers, J. J., C. H. Chen, and A. G. Lacko. 1986. Isolation, charac-
terization, and assay of lecithin-cholesterol acyltransferase. Methods
Enzymol. 129: 763-783.

Chen, C. H., and J. J. Albers. 1985. A rapid large-scale procedure
for purification of lecithin-cholesterol acyltransferase from human
and animal plasma. Biochim. Biophys. Acta. 834: 188—195.

Chong, K. S., L. Davidson, R. G. Huttash, and A. G. Lacko. 1981.
Characterization of lecithin:cholesterol acyltransferase from hu-
man plasma: purification of the enzyme. Arch. Biochem. Biophys.
211:119-124.

Chung, J., D. A. Abano, G. M. Fless, and A. M. Scanu. 1979. Isola-
tion, properties, and mechanism of in vitro action of lecithin:
cholesterol acyltransferase from human plasma. J. Biol. Chem. 254:
7456-7464.

Nair, M. P., B. J. Kudchodkar, P. H. Pritchard, and A. G. Lacko.
1997. Purification of recombinant lecithin:cholesterol acyltrans-
ferase. Protein Expr. Purif. 10: 38—41.

Vinogradoy, D. V., L. Hongqun, and J. S. Owen. 1998. C-terminal
His6-tagged lecithin-cholesterol acyltransferase (LCAT) is catalyti-
cally active. Biochem. Soc. Trans. 26: S146.

Francone, O. L., L. Evangelista, and C. J. Fielding. 1996. Effects of
carboxy-terminal truncation on human lecithin:cholesterol acyl-
transferase activity. J. Lipid Res. 37: 1609-1615.

Lee, Y. P, S. Adimoolam, M. Liu, P. V. Subbaiah, K. Glenn, and A.
Jonas. 1997. Analysis of human lecithin-cholesterol acyltransferase
activity by carboxyl-terminal truncation. Biochim. Biophys. Acta.
1344: 250-261.

McLean, J., C. Fielding, D. Drayna, H. Dieplinger, B. Baer, W.
Kohr, W. Henzel, and R. Lawn. 1986. Cloning and expression of
human lecithin-cholesterol acyltransferase cDNA. Proc. Natl. Acad.
Sci. USA. 83: 2335-2339.

Pari, G. S., and W. A. Keown. 1997. Experimental strategies in effi-
cient transfection of mammalian cells. Calcium phosphate and
DEAE-dextran. Methods Mol. Biol. 62: 301-306.

Parks, J. S., A. K. Gebre, and J. W. Furbee. 1998. Lecithin-choles-
terol acyltransferase: assay of cholesterol esterification and phos-
pholipase A, activities. In Lipase and Phospholipase Protocols. M.
Doolittle and K. Reue, editors. Humana Press, Totawa, NJ. 123-
131.

Parks, J. S., and L. L. Rudel. 1979. Isolation and characterization
of high density lipoprotein apoproteins in the non-human pri-
mate (vervet). J. Biol. Chem. 254: 6716-6723.

Bonelli, F. S., and A. Jonas. 1993. Reaction of lecithin: cholesterol
acyltransferase with a water-soluble substrate: effects of surfactants.
Biochim. Biophys. Acta. 1166: 92—98.

Chisholm, J. W., and P. J. Dolphin. 1996. Abnormal lipoproteins in
the ANIT-treated rat: a transient and reversible animal model of
intrahepatic cholestasis. J. Lipid Res. 37: 1086—-1098.

Markwell, M. A., S. M. Haas, L. L. Bieber, N. E. Tolbert, J. R. Au,
and M. L. Au. 1978. A modification of the Lowry procedure to sim-
plify protein determination in membrane and lipoprotein sam-
ples. Anal. Biochem. 87: 206-210.

Yang, C. Y., D. Manoogian, Q. Pao, F. S. Lee, R. D. Knapp, A. M.
Gotto, Jr., and H. J. Pownall. 1987. Lecithin:cholesterol acyltrans-
ferase. Functional regions and a structural model of the enzyme. J.
Biol. Chem. 262: 3086—3091.

Taunton, J., C. A. Hassig, and S. L. Schreiber. 1996. A mammalian
histone deacetylase related to the yeast transcriptional regulator
Rpd3p. Science. 272: 408-411.

Kruh, J. 1982. Effects of sodium butyrate, a new pharmacological
agent, on cells in culture. Mol. Cell Biochem. 42: 65-82.

Cuisset, L., L. Tichonicky, P. Jaffray, and M. Delpech. 1997. The

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

32.

33.

34.

effects of sodium butyrate on transcription are mediated
through activation of a protein phosphatase. J. Biol. Chem. 272:
24148-24153.

Doi, Y., and T. Nishida. 1983. Microheterogeneity and physical
properties of human lecithin-cholesterol acyltransferase. J. Biol.
Chem. 258: 5840-5846.

Albers, J. J., J. Lin, and G. P. Roberts. 1979. Effect of human
plasma apolipoproteins on the activity of purified lecithin:choles-
terol acyltransferase. Artery. 5: 61-75.

Chen, C. H., and J. J. Albers. 1981. Further characterization of pu-

rified lecithin:cholesterol acyltransferase from human plasma. Bio-

chem. Med. 25: 215-226.

Chisholm, Gebre, and Parks

35.

36.

37.

Fielding, C. J., and P. E. Fielding. 1971. Purification of substrate
specificity of lecithin-cholesterol acyl transferase from human
plasma. FEBS Lett. 15: 355-358.

Chong, K. S., M. Jahani, S. Hara, and A. G. Lacko. 1983. Character-
ization of lecithin-cholesterol acyltransferase from human plasma.
3. Chemical properties of the enzyme. Can. J. Biochem. Cell. 61:
875-881.

Parks, J. S., and A. K. Gebre. 1997. Long-chain polyunsaturated
fatty acids in the sn-2 position of phosphatidylcholine decrease the
stability of recombinant high density lipoprotein apolipoprotein
A-l and the activation energy of the lecithin:cholesterol acyltrans-
ferase reaction. J. Lipid Res. 38: 266-275.

Characterization of His6-tagged LCAT 1519

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

