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Abstract We identified two regions of human LCAT (hLCAT)
that when mutated separately to the corresponding rat se-
quence (E149A and Y292H/W294F) and transiently ex-
pressed in COS-1 cells increased phospholipase A

 

2

 

 (PLA

 

2

 

)
activity by 5.5- and 2.8-fold, respectively, and increased cho-
lesteryl ester (CE) formation by 2.9- and 1.4-fold, respec-
tively, relative to hLCAT using substrate particles containing
1-16:0,2-20:4-

 

sn

 

-glycero-3-phosphocholine (PAPC). In contrast,
both activities with 1-16:0,2-18:1-

 

sn

 

-glycero-3-phosphocholine
(POPC) substrate were similar among the three LCAT pro-
teins. The triple mutant (E149A/Y292H/W294F) had in-
creased PLA

 

2

 

 activity with PAPC similar to that observed
with the E149A mutation alone; however, unlike E149A, the
triple mutant demonstrated a 50% decrease in activity with
POPC for both PLA

 

2

 

 activity and CE formation, suggesting
an interaction between the two regions of LCAT. Additional
mutagenesis studies demonstrated that W294F, but not Y292H,
increased PLA

 

2

 

 activity by 3-fold with PAPC without affect-
ing activity with POPC. The E149A/W294F double muta-
tion mimicked the LCAT activity phenotype of the triple
mutant (more activity with PAPC, less with POPC).  In
conclusion, separate mutation of two amino acids in hLCAT
to the corresponding rat sequence increases activity with
PAPC, whereas the combined mutations increase PAPC and
decrease POPC activity, suggesting that these amino acids
participate in the LCAT PC binding site and affect fatty acyl
specificity.
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Lecithin:cholesterol acyltransferase (EC 2.3.1.43), a water-
soluble glycoprotein secreted by the liver, is responsible
for cholesteryl ester (CE) formation on the surface of plasma
lipoproteins (1). The preferred lipoprotein substrate of
LCAT is HDL, which contains the main activator of LCAT,
apolipoprotein A-I (2). During the reaction, LCAT displays
two enzymatic activities (3). The first is a phospholipase A

 

2

 

(PLA

 

2

 

) step, in which the fatty acyl chain from the 

 

sn

 

-2 po-
sition of phosphatidylcholine (PC) is cleaved to form an
acyl-enzyme intermediate with the active site serine and
the release of lyso-PC into solution. The subsequent step is
an acyltransferase activity, in which the fatty acyl chain is
transferred to the 3

 

�

 

-hydroxyl group of free cholesterol
(FC) to generate CE (3). The CE product is extremely hy-
drophobic and partitions into the core of the HDL particle
(4). LCAT plays a key role in the maturation of nascent
HDL and in the reverse cholesterol transport pathway, a
process in which excess FC in peripheral tissues is taken
up by HDL particles, esterified by LCAT, and transported
to the liver for uptake by the scavenger receptor class B
type I (5).

The fatty acyl composition of PC is the primary regula-
tor of LCAT activity in plasma (1). It has been known for
more than 30 years that human LCAT (hLCAT) prefers
PC substrates containing 18:1 and 18:2 in the 

 

sn

 

-2 position
for CE synthesis, whereas rat and mouse LCAT prefer PC
containing 20:4 in the 

 

sn

 

-2 position (6–9). This fatty acyl
preference was apparent even when 90% of the recombi-
nant HDL (rHDL) particle surface was replaced with en-
zymatically unreactive matrix lipid (PC ether), which forms
a uniform substrate interface (10). PC specificity of LCAT
activity has also been observed at the PLA

 

2

 

 step of the re-
action, measured as release of free fatty acid from the 

 

sn

 

-2
position of the PC substrate when cholesterol is not in-
cluded in the rHDL substrate particles (11).

The molecular basis for the difference in PC substrate
specificity between the human and rodent LCAT enzymes
was unknown until Subbaiah et al. (12) found that the
middle region of LCAT (amino acids 130–306) was respon-
sible for determining fatty acyl substrate specificity by ana-
lyzing the activity profile of human and mouse chimeric
LCAT cDNA constructs. Subsequent to that study, we used
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a cluster mutagenesis approach to mutate six regions over
the middle third of hLCAT to the corresponding rat se-
quence (11). The mutant LCAT enzymes were tested for
their ability to react with PC substrate molecules contain-
ing 1-16:0,2-18:1-

 

sn

 

-glycero-3-phosphocholine (POPC) or
1-16:0,2-20:4-

 

sn

 

-glycero-3-phosphocholine (PAPC). We dis-
covered two regions of hLCAT that were able to convert
the PC fatty acyl specificity of hLCAT to that of rat LCAT
(rLCAT) for both PLA

 

2

 

 and cholesterol esterification ac-
tivity, resulting in increased activity with PAPC compared
with POPC. In one region, located in a flexible loop re-
gion close to the active site serine 181 of hLCAT, we found
that substitution of the rat for human sequence at a single
amino acid at position 149 of hLCAT (glutamic acid re-
placed by alanine; E149A) increased activity with PAPC
substrate to a level observed for rLCAT. In the second re-
gion, similar substitutions of rat for human sequence at
positions 292 and 294 (Y292H/W294F) resulted in a more
modest activation of enzyme activity with PAPC compared
with that observed with hE149A. In the present study, we
wished to determine whether one or both amino acids in
the Y292/W294 cluster were involved in determining PC
fatty acyl specificity and whether substitutions in this clus-
ter were additive with that of hE149A with regard to in-
creased activity with PAPC.

EXPERIMENTAL PROCEDURES

 

PCR site-directed mutagenesis

 

The mutant hE149A and the mutant hY292H/W294F of hLCAT
were individually generated by a megaprimer PCR site-directed
mutagenesis procedure using the hLCAT cDNA in a pCMV5 ex-
pression vector as the template (11). The rest of the mutants
were generated by the overlapping extension site-directed mu-
tagenesis method using PCR (13). PCR procedures were carried
out using 

 

pfu

 

 polymerase. The hE149A/Y292H/W294F was gen-
erated using the hY292H/W294F cDNA construct as a template.
Two fragments were amplified in two separated PCR procedures.
The first fragment with a mutation site at the 3

 

�

 

 end was gener-
ated by a 5

 

�

 

 sense primer to the vector (5

 

�

 

-GGAGGTCTATATAG-
CAGAG-3

 

�

 

) flanking the 5

 

�

 

 end of inserted LCAT cDNA and a 3

 

�

 

mutagenic antisense primer (5

 

�

 

-TACTCCTCCTGCTGGCCGG-
GCGCCAGCCGCCAGTCATA-3

 

�

 

). The second fragment with a
5

 

�

 

 end mutation site was generated by the complementary 5

 

�

 

 mu-
tagenic sense primer (5

 

�

 

-TATGACTGGCGGCTGGCGCCCGGC-
CAGCAGGAGGAGTA-3

 

�

 

) and a 3

 

�

 

 antisense primer to the vector
flanking the 3

 

�

 

 end of the LCAT cDNA (5

 

�

 

-GGGTCACAGGGAT-
GCCAC-3

 

�

 

). The short overlapping regions at the ends of the frag-
ments allowed the two fragments to anneal and be extended to
form a template for PCR amplification using the two flanking vec-
tor primers. The full-length mutant LCAT cDNA was restriction
digested with 

 

Bss

 

HII and 

 

Pst

 

I to generate the fragment including
all three mutations, then ligated into 

 

Bss

 

HII- and 

 

Pst

 

I-digested
pCMV His-tagged hLCAT cDNA (14). By a similar mutagenic ap-
proach, the hY292H and hW294F mutants were generated using
wild-type hLCAT cDNA as a template, whereas hE149A/Y292H
and hE149A/W294F mutants were generated using hE149A mu-
tant cDNA as a template. The sequences of the mutagenic sense
primers were as follows: Y292H, 5

 

�

 

-TTTGAGGAAGGCTGGCA-
CATGTGGCTGCAGTCA-3

 

�

 

; W294F, 5

 

�

 

-GAAGGCTGGTACATG-
TTCCTGCAGTCACGTGAC-3

 

�

 

. The correct sequences of the mu-

tant constructs between the two restriction sites were confirmed
by dideoxy sequencing.

 

In vitro expression of hLCAT and mutants

 

The wild-type and mutant pCMV hLCAT cDNAs were tran-
siently transfected, using FuGENE™ 6 (Roche), into COS-1 cells
grown in 35 mm tissue culture dishes. After the transfection, the
cells were washed three times with Hanks’ balanced salt solution
(Mediatech) and switched to serum-free DMEM/F12 for an addi-
tional 72 h at 37

 

�

 

C. The medium was then collected, centrifuged
at 500 

 

g

 

 for 10 min, and immediately frozen at 

 

�

 

70

 

�

 

C until assays
were performed.

 

ELISA for quantification of LCAT mass

 

Media samples were assayed in four replicates for LCAT mass
using a sandwich ELISA procedure. Purified carboxy-terminal
histidine-tagged human recombinant LCAT protein (14) was
used as a standard for the assay. The wells of microtiter plates
were coated with affinity-purified anti-hLCATh6 rabbit antibody
(2 

 

�

 

g/ml; Novus Biologicals, Inc.) in coating buffer (0.1 M
Na

 

2

 

CO

 

3

 

 and 0.1 M NaHCO

 

3

 

) at 4

 

�

 

C overnight (0.4 

 

�

 

g/well) and
then incubated with blocking buffer (10 mM Tris-base, 200 mM
NaCl, 0.1% Tween 20, and 0.1% BSA) at 37

 

�

 

C for 2 h. The media
samples were diluted into 200 

 

�

 

l of blocking buffer containing
5 mM 

 

�

 

-mercaptoethanol, incubated at 37

 

�

 

C for 1 h, and then
applied to the wells for incubation at 37

 

�

 

C for 3 h. After incuba-
tion, the wells were washed three times with TBS-Tween buffer
(10 mM Tris-base, 200 mM NaCl, and 0.1% Tween 20), a 1:1,000
dilution of biotin-labeled anti-hLCAT rabbit antibody in block-
ing buffer was applied to each well, and the plate was incubated
at 37

 

�

 

C for 2 h. The plate was then washed and incubated with
streptavidin-HRP (1:100,000 dilution; Pierce) at 37

 

�

 

C for 1 h. Af-
ter the plate wells were washed, the plate was developed with
one-step Turbo TMB ELISA (Pierce) and read at 450 nm. The
log-transformed standard curve (log LCAT mass) was linear from
0.03 to 2 ng/well.

 

Recombinant HDL synthesis

 

rHDLs, used as substrate particles for CE formation and PLA

 

2

 

activity assays of LCAT, were synthesized by a cholate dialysis pro-
cedure as detailed in a previous publication (15). Two PC species
were used for rHDL synthesis: POPC and PAPC (Sigma). For
measurement of CE formation, rHDLs were made with purified
human plasma apolipoprotein A-I, cholesterol, and PC in a start-
ing molar ratio of 1:5:80, with a trace amount of [

 

3

 

H]cholesterol
(NEN; 50,000 dpm/

 

�

 

g cholesterol). For measurement of PLA

 

2

 

activity, rHDLs were made with purified human apolipoprotein
A-I and PC in a starting molar ratio of 1:80, with [

 

14

 

C]PC in the

 

sn

 

-2 position. 1-Palmitoyl-2-[

 

14

 

C]oleoyl PC was purchased from
Amersham Biosciences, and 1-palmitoyl-2-[

 

14

 

C]arachidonyl PC
was purchased from NEN Life Science Products.

 

LCAT CE formation and PLA

 

2

 

 activity assays

 

LCAT assays were performed in duplicate in 0.5 ml of buffer
containing saturating amounts of rHDL substrate (1.2 

 

�

 

g of cho-
lesterol for CE formation and 38 

 

�

 

g of PC for PLA

 

2

 

 activity) us-
ing 50–100 

 

�

 

l of medium as an enzyme source as described pre-
viously (15, 16). The incubation time was adjusted to keep the
CE formation or free FA release under 20% to prevent product
inhibition. After incubation, the lipids were extracted by the
Bligh-Dyer method (17). The radiolabeled FC and CE or free FA
and PC were separated by TLC using a neutral solvent system
(hexane-ether-acetic acid, 70:30:2) and quantified by scintilla-
tion counting. LCAT activity was expressed as nanomoles of CE
formed per microgram of LCAT per hour for CE formation or as
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nanomoles of FA released per microgram of LCAT per hour for
PLA

 

2

 

 activity.

 

Statistical analyses

 

Statistical analyses of LCAT activity data for different LCAT
proteins were performed using one-way ANOVA with post hoc
pairwise comparisons performed with Tukey’s method.

 

RESULTS

We combined the E149A and Y292H/W294F mutations
to generate a triple mutation construct (E149A/Y292H/
W294F) and then transiently expressed the E149A, Y292H/
W294F, and E149A/Y292H/W294F constructs in COS cells
along with hLCAT and rLCAT cDNA as controls. The me-
dia were assayed for PLA

 

2

 

 activity using rHDL containing
[

 

14

 

C]POPC or [

 

14

 

C]PAPC with no cholesterol and for LCAT
acyltransferase activity measured as cholesterol esterifica-
tion activity using POPC or PAPC rHDL with [

 

3

 

H]choles-
terol. The PAPC/POPC activity ratios, representing the
fatty acyl preference for PAPC relative to POPC, for both
PLA

 

2

 

 and cholesterol esterification activity are summa-
rized in 

 

Fig. 1

 

. For PLA

 

2

 

 activity, hLCAT had an activity ra-
tio of 0.4 

 

�

 

 0.02, whereas rLCAT had a ratio of 2.14 

 

�

 

0.01. The activity ratios of E149A (1.59 

 

�

 

 0.05) and Y292H/
W294F (1.26 

 

�

 

 0.1) were higher than that of hLCAT but
still less than that of rLCAT. The E149A/Y292H/W294F

triple mutation, combining mutations from these two re-
gions, resulted in a dramatic increase of the activity ratio
to 3.33 

 

�

 

 0.05, which is much higher than that of rLCAT.
Thus, there was an additive influence of Y292H/W294F
with the E149A mutation on determining fatty acyl speci-
ficity of LCAT PLA

 

2

 

 activity. A similar trend was observed
for cholesterol esterification activity, except that the PAPC/
POPC activity ratio of the E149A/Y292H/W294F mutation
(2.18 

 

�

 

 0.04) was only slightly, but significantly, higher
than that of the E149A mutation (1.92 

 

�

 

 0.09). The addi-
tive effect of Y292H/W294F and E149A was less for choles-
terol esterification activity compared with that for PLA

 

2

 

activity.
After the LCAT mass in media was measured by ELISA,

the specific activity was calculated for both the PLA

 

2

 

 and
cholesterol esterification assays; the data are shown in 

 

Fig.
2A, B

 

, respectively. When POPC rHDL was used as a sub-
strate, the PLA

 

2

 

 activity of the E149A mutant (36.9 

 

�

 

 1.2
nmol FA/h/

 

�

 

g LCAT) was 

 

�

 

40% higher than that of
hLCAT (26.3 

 

�

 

 1.4 nmol FA/h/

 

�

 

g LCAT), whereas the
PLA

 

2

 

 activity of the Y292H/W294F mutant (23.1 

 

�

 

 1.3
nmol FA/h/

 

�

 

g LCAT) showed no change from hLCAT.
When PAPC rHDL was used as a substrate, the PLA

 

2

 

 activi-
ties of the E149A (58.9 

 

�

 

 2.0 nmol FA/h/

 

�g LCAT) and
Y292H/W294F (29.2 � 3.5 nmol FA/h/�g LCAT) mu-
tants were 6- and 3-fold higher than that of hLCAT (10.6 �
1.0 nmol FA/h/�g LCAT), respectively. Adding the Y292H/
W294F mutation to the E149A mutant construct (E149A/
Y292H/W294F) did not lead to a further increase of PLA2
activity on PAPC rHDL (52.0 � 2.6 nmol FA/h/�g LCAT)
but rather to a 40% reduction in activity with POPC rHDL
(15.7 � 1.0 nmol FA/h/�g LCAT) compared with hLCAT.

Compared with the results for PLA2 activity, differences
between mutants and the human wild-type LCAT control
were not as great for cholesterol esterification activity with
rHDL containing PAPC (Fig. 2B). The activity of E149A
(142.1 � 4.1 nmol CE/h/�g LCAT) for PAPC became ap-
proximately three times that of hLCAT (49.8 � 3.6 nmol
CE/h/�g LCAT), and the PAPC activities of Y292H/
W294F and E149A/Y292H/W294F (71.1 � 6.6 and 73.2 �
5.4 nmol CE/h/�g LCAT, respectively) were only 40%
higher than that of the hLCAT control. When assayed
with POPC rHDL, the E149A and Y292H/W294F mutant
constructs showed similar activity as hLCAT; only E149A/
Y292H/W294F had a 50% reduced cholesterol esterifica-
tion activity (33.2 � 2.8 nmol CE/h/�g LCAT) compared
with hLCAT (67.9 � 2.3 nmol CE/h/�g LCAT). Overall,
compared with hLCAT, the E149A/Y292H/W294F muta-
tion led to an increase in both PLA2 and cholesterol ester-
ification activity when PAPC rHDL was used as a substrate
and to a decrease in both activities when POPC rHDL was
used as a substrate.

Y292H/W294F alone conferred an increase in the activ-
ity with PAPC, but the combination of Y292H/W294F with
E149A resulted in decreased activity with POPC. To define
the minimal mutation necessary to change fatty acyl speci-
ficity, we generated Y292H and W294F mutant LCAT con-
structs. As shown in Fig. 3A, the PAPC/POPC activity ra-
tios of PLA2 and cholesterol esterification activity for the

Fig. 1. 1-16:0,2-20:4-sn-glycero-3-phosphocholine/1-16:0, 2-18:1-sn-
glycero-3-phosphocholine (PAPC/POPC) activity ratios for phospho-
lipase A2 (PLA2) activity (solid bars) and cholesterol esterification
(striped bars). COS cells were transiently transfected with human
LCAT (hLCAT), rat LCAT (rLCAT), or mutant cDNA constructs
(hE149A, hY292H/W294F, hE149A/Y292H/W294F). The media were
assayed for cholesterol esterification and PLA2 activity using saturat-
ing concentrations of rHDLs containing POPC or PAPC in dupli-
cate as described in Experimental Procedures (1.2 �g of choles-
terol for cholesterol esterification or 38 �g of phosphatidylcholine
for PLA2 activity). Activity ratios are expressed as means � SEM of
three separate transfections. Unlike letters denote statistically sig-
nificant differences (P � 0.05) in activity ratios among the five
LCAT constructs for either PLA2 activity or cholesteryl ester (CE)
formation.
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W294F mutant agreed closely with the values for Y292H/
W294F, whereas the activity ratios of the Y292H mutant
agreed closely with that of hLCAT. PLA2 specific activity
for the W294F and Y292H/W294F mutants was 3-fold
higher with PAPC rHDL compared with hLCAT, whereas
the Y292H mutant and hLCAT had similar activities (Fig.
3B). PLA2 activity was similar among all four constructs
with POPC rHDL (Fig. 3B). A similar, but less striking,
trend was observed for cholesterol esterification (Fig. 3C).
These results suggested that mutation of amino acid 294
was responsible for the increase in reactivity with PAPC
rHDL, whereas mutation of amino acid 292 had no effect
on activity.

Because mutation of amino acid 294 was responsible for
the increased activity with PAPC, we generated the E149A/

W294F mutant and tested it for PLA2 and cholesterol es-
terification activities (Fig. 4). The E149A/W294F mutant
showed a similar PAPC/POPC activity ratio (Fig. 4A) and
similar patterns of PLA2 (Fig. 4B) and cholesterol esterifi-
cation (Fig. 4C) activities with PAPC or POPC rHDL as the
E149A/Y292H/W294F triple mutant. The combination of

Fig. 2. Specific activity of PLA2 (A) and cholesterol esterification
(B) assays for hLCAT, hE149A, hY292H/W294F, and hE149A/
Y292H/W294F LCAT constructs. The experimental procedures
were the same as described for Fig. 1. PLA2 and cholesterol esterifi-
cation activities were normalized for the amount of LCAT protein
in the media, as determined by ELISA. Values are expressed as
means � SEM for three separate transfections. Unlike letters de-
note statistically significant differences (P � 0.05) in specific activity
among the four LCAT constructs for rHDL containing either PAPC
or POPC. FA, Fatty acid.

Fig. 3. Effect of Y292H and W294F mutations on LCAT activity.
The experimental procedures were the same as those described for
Fig. 1. Values are expressed as means � SEM for three separate
transfections. A: PAPC/POPC activity ratios for PLA2 activity (solid
bars) and cholesterol esterification (striped bars). Unlike letters de-
note statistically significant differences (P � 0.05) in activity ratios
among the four LCAT constructs for either PLA2 or cholesterol es-
terification. B: Specific activity for the PLA2 assay. C: Specific activity
for the cholesterol esterification assay. In B and C, unlike letters de-
note statistically significant differences (P � 0.05) in specific activi-
ties among the four LCAT constructs for rHDL containing PAPC;
no significant differences were observed for rHDL containing POPC.
FA, Fatty acid.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2314 Journal of Lipid Research Volume 45, 2004

these two point mutations led to reduced PLA2 (Fig. 4B)
and cholesterol esterification (Fig. 4C) activities with POPC
rHDL, similar to the results observed for the triple muta-
tion. Also note that the cholesterol esterification activities
with PAPC for the E149A/Y292H/W294F triple mutant
and the E149A/W294F mutant were significantly lower
compared with hE149A (Fig. 4C), whereas the three pro-
teins in the PLA2 assay (Fig. 4B) had similar activities.

DISCUSSION

In our previous study, we discovered that changing the
glutamic acid (E) at position 149 of hLCAT to alanine
(A), the amino acid at the same position of rLCAT, re-
sulted in increased activity with PAPC rHDL compared
with hLCAT for both PLA2 and cholesterol esterification
activities (11). In the present study, another amino acid
mutation at position 294 was shown to increase activity
with PAPC rHDL, although not to the extent observed
with the E149A mutation. When the E149A and W294F
mutations were combined, the PLA2 activity with PAPC
rHDL was similar to that for the E149A mutation; how-
ever, PLA2 activity with POPC was reduced for the double
mutant. In addition, the impact of these mutations was
much more striking for PLA2 activity than it was for cho-
lesterol esterification. These results show that 2 of the 416
amino acids in hLCAT are involved in determining PC
fatty acyl substrate specificity and likely lie in regions of
the LCAT protein that form the binding pocket for PC. In
support of this idea, the mutation of both amino acids re-
sults in a decrease in PLA2 activity with POPC and a gen-
eral decrease in cholesterol esterification rate compared
with the single E149A mutation, suggesting that the W294F
mutation interferes with binding of POPC and cholesterol
to the active site of the enzyme.

Several studies (18–21) have suggested that the rate-lim-
iting step in the LCAT reaction is the PLA2 cleavage of PC
substrate. The LCAT reaction appears to share a similar
catalytic mechanism with lipases and phospholipases (3,
22). Using human pancreatic lipase and Candida antarctica
lipase as templates, Peelman et al. (23) identified D345
and H337, together with S181, as the catalytic triad and
built a three-dimensional model for the central domain of
LCAT, which consisted of seven conserved � strands con-
nected to four 	 helices by loop regions. Crystallographic
study of pancreatic lipase suggests that the PC substrate
molecule binds to a hydrophobic pocket before hydrolysis
of the sn-1 fatty acid (24). Therefore, it is likely that a sim-
ilar hydrophobic active site in LCAT should also exist for
binding the PC molecule, which controls the catalytic rate
of the PLA2 reaction. Helix 	4-5 in the three-dimensional
model of LCAT has lipid binding activity (25) and is pro-
posed to be involved in binding of the PC molecule to the
active site (26). E149A, residing on the hydrophilic loop N
terminal of helix 	4-5, might change the orientation of
helix 	4-5, resulting in a different size or shape of the ac-
tive site pocket that more easily interacts with arachidonic
acid (27). The long excursion at residues 210–332 was not

Fig. 4. Effect of E149A/Y292H/W294F and E149A/W294F muta-
tions on hLCAT activity. The experimental procedures were the
same as those described for Fig. 1. Values are expressed as means �
SEM for three separate transfections. A: PAPC/POPC activity ratios
for PLA2 activity (solid bars) and cholesterol esterification (striped
bars). Unlike letters denote statistically significant differences (P �
0.05) in activity ratios among the four LCAT constructs for either
PLA2 activity or CE formation. B: Specific activity for the PLA2 assay.
C: Specific activity for the cholesterol esterification assay. In B and
C, unlike letters denote statistically significant differences (P �
0.05) in specific activities among the four LCAT constructs for rHDL
containing either PAPC or POPC. FA, Fatty acid.
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included in the three-dimensional model, because of the
lack of an appropriate template. When the hydrophobic
apolar W at position 294 was substituted with a less bulky
apolar F, the PLA2 activity of the enzyme increased with
PAPC rHDL (Fig. 3B). This outcome suggested that the
size of amino acid 294 may play a role in determining fatty
acid specificity. We speculate that W294 might be directly
involved in forming the PC substrate binding pocket at
the active site. Therefore, a small change in amino acid
side chain size results in a conformational change that fa-
vors the binding of the bulkier and more flexible fatty acyl
chain at the active site, perhaps by increasing the size of
the PC substrate binding pocket. However, the combina-
tion of E149A and W294F did not further increase the cat-
alytic efficiency with PAPC but dramatically reduced the
PLA2 activity with POPC (Fig. 4B) and decreased the cho-
lesterol esterification rate with both POPC and PAPC. The
combined conformation change induced by the E149A
and W294F mutations might reduce the binding of POPC
and cholesterol to the substrate binding pocket or to an
unfavorable orientation for reaction within the catalytic
triad.

We do not believe that the mutations result in de-
creased binding of LCAT to the HDL particle surface, be-
cause the E149A mutant and hLCAT have been shown to
have similar binding to the surface of rHDL particles
(27). In addition, the apparent Km values for hLCAT and
the E149A mutant were similar with both PAPC and POPC
substrate. In another study, we showed that hLCAT had in-
creased the binding affinity to rHDLs containing PAPC
compared with those containing POPC, but LCAT activity
remained low with PAPC substrate (28). Bolin and Jonas
(29) have shown that the apparent Km of the LCAT reac-
tion reflects the binding of the enzyme to the substrate
particle surface, whereas the apparent Vmax reflects mono-
meric substrate preference at the active site of the en-
zyme. Taken together, these studies suggest that LCAT
binding to the substrate lipoprotein particle surface is not
the rate-limiting step for enzyme catalysis. Further studies
with purified enzyme will be necessary to determine
whether the combined E149A/W294F mutation affects
rHDL particle surface binding and apparent Km or whether
the differences in activity observed in this study were at-
tributable to the binding of monomer PC molecules at the
active site of LCAT and were primarily mediated by effects
on apparent Vmax.

In the PLA2 assay, cholesterol-free rHDLs are used as
substrate particles and the enzyme uses water as the acyl
acceptor for the sn-2 fatty acyl group in the transacylation
step of the reaction. For all of the mutant and control
LCAT constructs, PLA2 activity was relatively low, compared
with the cholesterol esterification activity assayed with
rHDLs containing cholesterol. This could be attributable
to the absence of cholesterol, which is the best acyl accep-
tor, or may be the result of limited penetration of water
into the hydrophobic active site (30). Other explanations
are also possible. Different substrate particles and reac-
tions were used to monitor PLA2 activity and CE forma-
tion, and as such, the assay conditions were not identical.

PLA2 activity was measured as the release of radiolabeled
fatty acid from the sn-2 position of PC molecules. If rees-
terification of lyso-PC with the released sn-2 fatty acid re-
sulted in regeneration of PC, as described previously (31,
32), then PLA2 activity would be underestimated. Finally,
if hLCAT uses some sn-1 fatty acid when it encounters
polyunsaturated PC species such as PAPC, PLA2 activity
would also be underestimated (33). Any combination of
these possibilities could explain the relatively lower PLA2
activities.

E149A, W294F, and the combined mutation, E149A/
W294F, showed large increases in PLA2 activity with PAPC
rHDL compared with the hLCAT control (Fig. 4B); how-
ever, the extent of the increase for the mutants compared
with the wild-type control was considerably reduced for
acyltransferase activity (cholesterol esterification activity)
with PAPC rHDL (Fig. 4C). These results demonstrate
that the two point mutations of LCAT in our study affect
both the PLA2 and acyltransferase reactions. There ap-
pear to be distinct sites for PC and cholesterol binding,
because a PC and CE molecule can simultaneously be
present in the active site to form cholesteryl diester (34).
Our data support the hypothesis that PC and cholesterol
binding sites are close to each other and might even have
some overlap in the active site of LCAT.

This work was supported by National Institutes of Health
Grants HL-54176 and HL-49373 (J.S.P.) and American Heart
Association Grant 0215153U (Y.Z).

REFERENCES

1. Jonas, A. 1998. Regulation of lecithin cholesterol acyltransferase
activity. Prog. Lipid Res. 37: 209–234.

2. Fielding, C. J., V. G. Shore, and P. E. Fielding. 1972. A protein co-
factor of lecithin:cholesterol acyltransferase. Biochem. Biophys. Res.
Commun. 46: 1493–1498.

3. Jauhiainen, M., and P. J. Dolphin. 1986. Human plasma lecithin-
cholesterol acyltransferase. An elucidation of the catalytic mecha-
nism. J. Biol. Chem. 261: 7032–7043.

4. Hamilton, R. L., M. C. Williams, C. J. Fielding, and R. J. Havel.
1976. Discoidal bilayer structure of nascent high density lipopro-
teins from perfused rat liver. J. Clin. Invest. 58: 667–680.

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

6. Portman, O. W., and M. Sugano. 1964. Factors influencing the
level and fatty acid specificity of the cholesterol esterification activ-
ity in human plasma. Arch. Biochem. Biophys. 105: 532–540.

7. Sgoutas, D. S. 1972. Fatty acid specificity of plasma phosphatidyl-
choline:cholesterol acyltransferase. Biochemistry. 11: 293–296.

8. Grove, D., and H. J. Pownall. 1991. Comparative specificity of plasma
lecithin:cholesterol acyltransferase from ten animal species. Lipids.
26: 416–420.

9. Liu, M., J. D. Bagdade, and P. V. Subbaiah. 1995. Specificity of leci-
thin:cholesterol acyltransferase and atherogenic risk: comparative
studies on the plasma composition and in vitro synthesis of choles-
teryl esters in 14 vertebrate species. J. Lipid Res. 36: 1813–1824.

10. Pownall, H. J., Q. Pao, and J. B. Massey. 1985. Acyl chain and head-
group specificity of human plasma lecithin:cholesterol acyltrans-
ferase. Separation of matrix and molecular specificities. J. Biol.
Chem. 260: 2146–2152.

11. Wang, J., A. K. Gebre, R. A. Anderson, and J. S. Parks. 1997. Amino
acid residue 149 of lecithin:cholesterol acyltransferase determines
phospholipase A2 and transacylase fatty acyl specificity. J. Biol.
Chem. 272: 280–286.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2316 Journal of Lipid Research Volume 45, 2004

12. Subbaiah, P. V., M. Liu, J. Senz, X. Wang, and P. H. Pritchard.
1994. Substrate and positional specificities of human and mouse
lecithin-cholesterol acyltransferases. Studies with wild type recom-
binant and chimeric enzymes expressed in vitro. Biochim. Biophys.
Acta. 1215: 150–156.

13. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease.
1989. Site-directed mutagenesis by overlap extension using the
polymerase chain reaction. Gene. 77: 51–59.

14. Chisholm, J. W., A. K. Gebre, and J. S. Parks. 1999. Characteriza-
tion of C-terminal histidine tagged human recombinant lecithin:
cholesterol acyltransferase. J. Lipid Res. 40: 1512–1519.

15. Parks, J. S., A. K. Gebre, and J. W. Furbee, Jr. 1998. Lecithin-choles-
terol acyltransferase. Assay of cholesterol esterification and phos-
pholipase A2 activities. In Methods in Molecular Biology. M. Doolit-
tle and K. Reue, editors. Humana Press, Totowa, NJ. 123–131.

16. 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 apoA-I and the
activation energy of lecithin:cholesterol acyltransferase reaction. J.
Lipid Res. 38: 266–275.

17. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total lipid ex-
traction and purification. Can J Biochem Physiol. 37: 911–917.

18. Aron, L., S. Jones, and C. J. Fielding. 1978. Human plasma leci-
thin-cholesterol acyltransferase. Characterization of cofactor-depen-
dent phospholipase activity. J. Biol. Chem. 253: 7220–7226.

19. Yokoyama, S., D. Fukushima, J. P. Kupferberg, F. J. Kezdy, and E. T.
Kaiser. 1980. The mechanism of activation of lecithin:cholesterol
acyltransferase by apolipoprotein A-I and an amphiphilic peptide.
J. Biol. Chem. 255: 7333–7339.

20. Jonas, A., and H. T. McHugh. 1983. Reaction of lecithin:choles-
terol acyltransferase with micellar complexes of apolipoprotein A-I
and phosphatidylcholine, containing variable amounts of choles-
terol. J. Biol. Chem. 258: 10335–10340.

21. Nouri-Sorkhabi, M. H., D. R. Sullivan, D. C. Roberts, and P. W.
Kuchel. 1994. A 31P nuclear magnetic resonance investigation of
acyl group transfer from phosphatidylcholine to yield lysophos-
phatidylcholine in human plasma. Lipids. 29: 183–188.

22. Jauhiainen, M., N. D. Ridgway, and P. J. Dolphin. 1987. Aromatic bo-
ronic acids as probes of the catalytic site of human plasma lecithin-
cholesterol acyltransferase. Biochim. Biophys. Acta. 918: 175–188.

23. Peelman, F., N. Vinaimont, A. Verhee, B. Vanloo, J. L. Verschelde,
C. Labeur, S. Seguret-Mace, N. Duverger, G. Hutchinson, J. Vande-

kerckhove, J. Tavernier, and M. Rosseneu. 1998. A proposed archi-
tecture for lecithin cholesterol acyl transferase (LCAT): identifica-
tion of the catalytic triad and molecular modeling. Protein Sci. 7:
587–599.

24. Winkler, F. K., A. D’Arcy, and W. Hunziker. 1990. Structure of hu-
man pancreatic lipase. Nature. 343: 771–774.

25. Peelman, F., M. Goethals, B. Vanloo, C. Labeur, R. Brasseur, J.
Vandekerckhove, and M. Rosseneu. 1997. Structural and func-
tional properties of the 154–171 wild-type and variant peptides of
human lecithin-cholesterol acyltransferase. Eur. J. Biochem. 249:
708–715.

26. Jonas, A. 2000. Lecithin cholesterol acyltransferase. Biochim. Bio-
phys. Acta. 1529: 245–256.

27. Zhao, Y., J. Wang, A. K. Gebre, J. W. Chisholm, and J. S. Parks.
2003. Negative charge at amino acid 149 is the molecular determi-
nant for substrate specificity of lecithin:cholesterol acyltransferase
for phosphatidylcholine containing 20-carbon sn-2 fatty acyl chains.
Biochemistry. 42: 13941–13949.

28. Miller, K. R., and J. S. Parks. 1997. Influence of vesicle surface
composition on the interfacial binding of lecithin:cholesterol acyl-
transferase and apolipoprotein A-I. J. Lipid Res. 38: 1094–1102.

29. Bolin, D. J., and A. Jonas. 1994. Binding of lecithin:cholesterol
acyltransferase to reconstituted high density lipoproteins is af-
fected by their lipid but not apolipoprotein composition. J. Biol.
Chem. 269: 7429–7434.

30. Piran, U., and T. Nishida. 1976. Release of fatty acids from phos-
phatidylcholine by lecithin-cholesterol acyltransferase. J. Biochem.
80: 887–889.

31. Czarnecka, H., and S. Yokoyama. 1993. Regulation of lecithin-cho-
lesterol acyltransferase reaction by acyl acceptors and demonstra-
tion of its “idling” reaction. J. Biol. Chem. 268: 19334–19340.

32. Subbaiah, P. V., C. H. Chen, J. D. Bagdade, and J. J. Albers. 1985.
Substrate specificity of plasma lysolecithin acyltransferase and the
molecular species of lecithin formed by the reaction. J. Biol. Chem.
260: 5308–5314.

33. Subbaiah, P. V., M. Liu, and F. Paltauf. 1994. Role of sn-2 acyl group
of phosphatidylcholine in determining the positional specificity of
lecithin-cholesterol acyltransferase. Biochemistry. 33: 13259–13266.

34. Szedlacsek, S. E., E. Wasowicz, S. A. Hulea, H. I. Nishida, F. A. Kum-
merow, and T. Nishida. 1995. Esterification of oxysterols by human
plasma lecithin-cholesterol acyltransferase. J. Biol. Chem. 270: 11812–
11819.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

