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The esterification of cholesterol is catalyzed by the enzyme 
LCAT that enables the transfer of a fatty acid present in 
phosphatidylcholine to the hydroxyl group of cholesterol 
(4). The reaction consists of two steps (5, 6). The first step 
is mediated by a phospholipase A2 activity of LCAT and 
involves the cleavage of the sn-2 ester bond of phosphati-
dylcholine and the release of a fatty acid and lysophospha-
tidylcholine. The second step includes the transacylation 
of the fatty acid to the 3-hydroxyl group of cholesterol, 
thereby forming cholesteryl ester (CE). LCAT binds revers-
ibly to HDL particles, and apoA-I on HDL is the principal 
physiological activator of the enzyme (4, 7). CE molecules 
formed by the LCAT-catalyzed reaction partition into the 
hydrophobic core of the particles, thus preventing choles-
terol from returning to cells by diffusion. Cholesterol esteri-
fication on HDL leads to conversion of nascent discoidal 
HDL into mature spherical particles (2, 8). Uptake of CE 
from the core of mature HDL by the scavenger receptor 
class B type 1 receptor in the liver leads to net efflux of cho-
lesterol from the circulation (1–3, 8). Thus, LCAT-mediated 
esterification of cholesterol is a central step in HDL mat-
uration and reverse cholesterol transport. Yet, the mo-
lecular details of LCAT activation by apoA-I are not fully 
understood.

ApoA-I (243 amino acids, 28 kDa) has a flexible and 
adaptable structure that enables the protein to exchange 
among lipid-free, lipid-poor, and various lipid-bound states 
during reverse cholesterol transport (9, 10). The first 43 
residues of apoA-I form a G-helix, and the rest of the pro-
tein consists of 10 tandem 11/22-residue repeats that have 
high propensity to form amphipathic -helices. To identify 
the specific part of apoA-I involved in LCAT activation, a 
number of groups have investigated the effects of apoA-I 
mutation on LCAT-mediated cholesterol esterification in 
reactions carried out in vitro (11–18). Several studies con-
cluded that apoA-I helix 6 alone (residues 143164) plays 

Abstract  ApoA-I activates LCAT that converts lipoprotein 
cholesterol to cholesteryl ester (CE). Molecular dynamic 
simulations suggested earlier that helices 5 of two antiparal-
lel apoA-I molecules on discoidal HDL form an amphipathic 
tunnel for migration of acyl chains and unesterified choles-
terol to the active sites of LCAT. Our recent crystal structure 
of (185–243)apoA-I showed the tunnel formed by helices 
5/5, with two positively charged residues arginine 123  
positioned at the edge of the hydrophobic tunnel. We hy-
pothesized that these uniquely positioned residues Arg123 
are poised for interaction with fatty acids produced by LCAT 
hydrolysis of the sn-2 chains of phosphatidylcholine, thus po-
sitioning the fatty acids for esterification to cholesterol. To 
test the importance of Arg123 for LCAT phospholipid hy-
drolysis and CE formation, we generated apoA-I[R123A] 
and apoA-I[R123E] mutants and made discoidal HDL with 
the mutants and WT apoA-I. Neither mutation of Arg123 
changed the particle composition or size, or the protein con-
formation or stability. However, both mutations of Arg123 
significantly reduced LCAT catalytic efficiency and the ap-
parent Vmax for CE formation without affecting LCAT phos-
pholipid hydrolysis. A control mutation, apoA-I[R131A], did 
not affect LCAT phospholipid hydrolysis or CE formation.  
These data suggest that Arg123 of apoA-I on discoidal HDL 
participates in LCAT-mediated cholesterol esterification.—
Gorshkova, I. N., X. Mei, and D. Atkinson. Arginine 123 of 
apolipoprotein A-I is essential for lecithin:cholesterol acyl-
transferase activity. J. Lipid Res. 2018. 59: 348–356.

Supplementary key words  cholesterol/metabolism • fatty acid/trans-
ferase  • high density lipoprotein/metabolism  • high density lipopro-
tein/structure • lipid and lipoprotein metabolism • catalytic efficiency • 
mutant proteins • protein conformation.
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eral cells to lipid-poor apoA-I and nascent discoidal HDL. 
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a main role in LCAT activation (11–14, 17). Analysis of 
apoA-I natural mutations associated with the reduced 
LCAT activity suggested that a more extended region be-
tween residues 110 and 160 is involved in LCAT activation 
(18), while immunochemical studies indicated that the 
apoA-I region between residues 95 and 121 is likely impor-
tant for LCAT activation (19). Taken together, the majority 
of the studies, although not all (15), implicated the central 
helices 46 (residues 99164) of apoA-I in LCAT activa-
tion. It was established that the correct secondary confor-
mation of apoA-I, including the proper alignment and 
orientation of the hydrophobic face of the central -helices, 
is important for LCAT activation (12–14, 16, 17, 20).

Deeper insights into the function of apoA-I as a LCAT 
activator were gained by more detailed understanding of 
the structural organization of apoA-I on HDL. Structure of 
discoidal (nascent) HDL particles, which are the preferred 
LCAT substrate, has been well-studied using reconstituted 
discoidal HDL (rHDL) produced in vitro. Despite some 
debates on details of certain regions of apoA-I in discoidal 
HDL, the majority of experimental and theoretical data 
support the “double belt” organization of apoA-I (16, 21–28).  
In this model, amphipathic -helices from two antiparallel 
apoA-I molecules wrap around the perimeter of the discs 
to form a closed double belt, with helices 5/5 of the two 
apoA-I molecules being in register. Molecular dynamics 
simulations of discoidal HDL suggested that when LCAT 
binds to discoidal HDL, the helix 5/5 domain of the anti-
parallel apoA-I molecules forms an amphipathic presenta-
tion tunnel for migration of hydrophobic acyl chains and 
amphipathic cholesterol from the lipid bilayer to the active 
sites of LCAT (27). Our 2.2 Å-resolution X-ray crystal struc-
ture of the lipid-free C-terminal truncated (185–243)
apoA-I (Protein Data Bank entry 3R2P) (29) supports the 
double belt model and substantiates the tunnel formed by 
helices 5/5 of two antiparallel apoA-Is. Although lipid-free, 
the (185–243)apoA-I forms a curved crystallographic di-
mer with a degree of curvature similar to that of the double 
belt on rHDL with 10.5 nm diameter (Fig. 1A). The key 
conformational elements of the central part (residues  
79–178) of the crystallographic dimer resemble those of the 
full-length apoA-I double belt on discoidal HDL, as shown 
by experimental studies and molecular dynamic simula-
tions (reviewed in Refs. 30–32). The crystal structure clearly 
shows that helices 5/5 of the two antiparallel apoA-I mole-
cules form a central hole (tunnel) of 5 Å diameter (Fig. 1).  
Lipid binding is expected to rotate helices resulting in en-
largement of the tunnel and rearrangements of some salt 
bridges (30). The tunnel seen in the crystal structure has a 
strongly charged outside surface and a hydrophobic inside 
surface (Fig. 1B), with only two positively charged resi-
dues Arg123 (one from each antiparallel apoA-I molecule) 
on the edge of the hydrophobic face that project to-
ward the hydrophobic region at each end of the tunnel. 
We propose that these uniquely positioned residues 
Arg123 are poised for interaction with fatty acids pro-
duced by LCAT hydrolysis of the sn-2 chain of phospho-
lipids, thus positioning the fatty acids for esterification to 
cholesterol.

To test this hypothesis, we generated apoA-I mutations, 
R123A and R123E, that ablate and reverse, respectively, the 
positive charge of Arg123. We investigated the effects of 
these mutations on the conformation and stability of apoA-I 
in solution and in rHDL and on the ability of apoA-I to 
promote LCAT phospholipid hydrolysis and cholesterol 
esterification. We compared mutation of Arg123 to muta-
tion of another arginine, Arg131, that is also located in he-
lix 5, but is not projecting toward the hydrophobic inside 
of the tunnel (Fig. 1). Our data demonstrate that Arg123, 

Fig.  1.  Location of Arg123 and Arg131 in the structure of apoA-I. 
A: X-ray crystal structure of (185243)apoA-I (Protein Data Bank 
entry 3R2P) showing a crystallographic dimer with the central 
opening (amphipathic tunnel), 5 Å in diameter, between the an-
tiparallel helices 5/5 (29). B: Inside view of the amphipathic central 
tunnel formed by the central antiparallel helices 5/5 with the sur-
face colored according to the residue hydrophobicity or charge. 
The central tunnel has a strongly charged outside surface and a 
hydrophobic inside surface. The two positively charged Arg123 resi-
dues, one from each apoA-I antiparallel molecule, are projecting 
toward the hydrophobic region at each end of the tunnel. Two 
Arg131 residues, one from each antiparallel molecule, are located 
on the outside surface of the tunnel.
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but not Arg131, is essential for LCAT-mediated cholesterol 
esterification, while neither of these two arginine residues 
seem to be important for LCAT-mediated phospholipid 
hydrolysis.

MATERIALS AND METHODS

Materials
POPC was purchased from Avanti Polar Lipids, Inc. (Alabaster, 

AL). The 8-anilino-2-naphthalene-sulfonate (ANS), cholesterol, 
sodium cholate, and fatty-acid free BSA were from Sigma-Aldrich. 
The 1,2-[3H]cholesterol was purchased from PerkinElmer Life 
Sciences Inc. Purified recombinant human LCAT was a generous 
gift of Dr. John S. Parks (Wake Forest University). All chemicals 
were of highest purity analytical grade.

Plasmid construction, expression, purification, and 
preparation of proteins

WT apoA-I, apoA-I[R123A], apoA-I[R123E], and apoA-I[R131A] 
were expressed in the His6-MBP-TEV expression system in Escherichia 
coli and purified using the techniques and materials described 
previously (29, 33). The purified proteins had a single glycine at 
the N terminus derived from the TEV cleavage site. Protein purity 
was analyzed by 12% SDS-PAGE followed by staining with Coo-
massie blue R259 and by Western blotting using monoclonal anti-
bodies against human apoA-I. The proteins with purity higher 
than 95% were frozen with liquid nitrogen and then stored  
at 80°C until use. Before the experiments, the proteins were freshly 
refolded by dialysis against 4 M guanidine hydrochloride (Gdn-
HCl) followed by extensive dialysis against TBS buffer, pH 7.6. 
The protein samples prepared for the circular dichroism (CD) 
experiments were dialyzed against 10 mM sodium phosphate, pH 
7.6. Protein concentration was determined by Lowry protein assay.

Preparation and characterization of rHDL
rHDL particles comprised of POPC, cholesterol, and either 

WT apoA-I or one of the apoA-I mutants were prepared by the 
sodium cholate dialysis method (34) at starting molar ratio 
POPC:cholesterol:apoA-I of 80:8:1, as previously described (35). 
rHDL particles used in the CE formation assays were made with 
traces of radiolabeled [1,2-3H]cholesterol, to get 30,000 dpm per 
1 g of cholesterol. Formation of rHDL particles was verified by 
nondenaturing gradient (8–25%) gel electrophoresis and elec-
tron microscopy; electron micrographs of negatively stained sam-
ples of rHDL were taken and the major diameter of the particles 
was determined as described (36). The final composition of rHDL 
was determined by Phospholipids C and Free Cholesterol E assays 
(Wako Diagnostics, Richmond, VA) and modified Lowry protein 
assay in the presence of 1% SDS.

CD spectroscopy: thermally induced and  
denaturant-induced unfolding

CD measurements were performed on AVIV 62DS or AVIV 215 
spectropolarimeters (AVIV Associates, Inc.) at protein concentra-
tions of 25–80 g/ml, as described (36, 37). Lipid-free apoA-I is mo-
nomeric in this range of protein concentrations under the conditions 
used in our experiments (37). Far-UV spectra were recorded at 25°C 
at several protein concentrations and then normalized to mean resi-
due ellipticity, []. The -helical content was determined from the 
mean residue ellipticity at 222 nm, [222] (38).

Stability of lipid-free apoA-I was assessed by monitoring protein 
thermal unfolding by ellipticity at 222 nm. Proteins were heated 

in the cuvette of the spectropolarimeter from 3°C to 98°C with 1 
degree increments at several different heating rates between 0.4 
and 0.7°C/min. The melting (midpoint) temperature, Tm, and 
van’t Hoff enthalpy, Hv, were determined from van’t Hoff analy-
sis of the melting curves (37). Stability of rHDL was assessed from 
thermally and GdnHCl-induced unfolding of apoA-I in the parti-
cles. Thermal unfolding was monitored by ellipticity at 222 nm, 
while the particles were heated from 5°C to 98°C with 1 degree 
increments at the constant rate (0.3°C/min). Midpoint of ther-
mal unfolding, T1/2, at which denaturation of apoA-I was half-
completed, was determined from the thermal unfolding curves. 
For GdnHCl-induced unfolding of apoA-I on rHDL, aliquots of 
rHDL at protein concentrations of 15–135 g/ml were preincu-
bated with various concentrations of GndHCl, ranging from 0 to 
5 M, at 4°C for 72 h, to allow apoA-I to achieve complete denatur-
ation; then ellipticity at 222 nm was recorded at 25°C. The confor-
mational stability, GD

o, the midpoint of denaturation, D1/2, and 
m parameter, which reflects the steepness of the denaturation 
curve in the transition region, were determined by a linear ex-
trapolation method, as previously described (36).

ANS fluorescence measurements
Fluorescence of ANS (0.25 mM) in the presence of 0.05 mg/ml 

of lipid-free apoA-I was recorded as previously described (36, 39). 
Fluorescent measurements were performed at 25°C on a Fluoro-
Max-2 fluorescence spectrometer (Instruments S.A., Inc.), with 
395 nm excitation wavelength and the emission spectra scanned 
from 400 to 560 nm. The wavelength of maximum fluorescence 
(WMF) and fluorescence intensity at the WMF, I, were measured 
from the spectra after subtraction of the buffer baseline.

Assays for CE formation
LCAT assays were performed in duplicate in 0.5 ml TBS. Vari-

ous amounts of rHDL containing traces of 3H-cholesterol were 
preincubated with 0.4% BSA (fatty acid-free) and 2 mM  
-mercaptoethanol for 20 min at 37°C, then purified recombi-
nant LCAT was added to initiate the reaction. Concentrations of 
rHDL cholesterol (reaction substrate) in the incubation mixtures 
ranged between 0 and 16 M and the amount of LCAT ranged 
between 11 and 130 ng, depending on the type and amount of 
rHDL. Tubes were purged with N2 and the reactions were carried 
out at 37°C for 15–25 min. Control incubations contained all 
components except LCAT. The reaction was stopped by the addi-
tion of chloroform:methanol (2:1, volume ratio). The lipids were 
extracted from each incubation mixture and cholesterol and cho-
lesterol ester were separated by thin-layer chromatography, as  
described (40). The bands corresponding to cholesterol and CE 
were quantified by scintillation counting. To maintain first-order 
kinetics, the extent of cholesterol esterification in the reactions 
was kept below 15% by adjusting the incubation time and the 
amount of LCAT, which resulted in various values for the rHDL/
LCAT molar ratio in the incubation mixtures. The cholesterol  
esterification rate was expressed in nanomoles of CE formed per 
hour per milliliter of LCAT and plotted against the substrate 
(rHDL cholesterol) concentrations. The apparent rate constants, 
Km and Vmax, were determined from Lineweaver-Burk double re-
ciprocal plots.

Assay for phospholipid hydrolysis
The effect of the apoA-I mutations on LCAT phospholipid hy-

drolysis was studied using a fluorometric assay kit for measuring 
phospholipase A2 activity of LCAT (STA-615; Cell Biolabs, Inc., 
San Diego, CA). The approach utilizes a fluorogenic dual-labeled 
POPC with fluorophores attached to the terminal ends of both 
acyl chains, similar to the fluorescence assays developed for 
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measuring the phospholipase A2 activity of LCAT (41) and other 
enzymes (42, 43). The fluorophores are in a quenched state when 
the phospholipid is uncleaved. Upon hydrolysis of POPC at the 
sn-2 position by phospholipase A2 activity of LCAT, fluorescent 
monomer chains are produced, which are measured in a fluo-
rescence reader. The assays were performed in duplicate in 
0.13 ml buffer containing rHDL substrate (15 g of POPC)  
with 1 M fluorogenic dual-labeled POPC, 0.4% BSA, 2 mM  
-mercaptoethanol, and 15–20 ng of purified recombinant LCAT. 
All constituents, except LCAT, were preincubated for 20 min at 
37°C, and then the reaction was initiated by adding LCAT. Each 
assay included two types of control incubations, with all constitu-
ents except LCAT and with all constituents except rHDL. The  
reactions were carried out in tubes purged with N2 at 37°C for  
15 min to 1 h. Control experiments performed with rHDL contain-
ing 3H-cholesterol showed that CE formation at these experimen-
tal conditions was linear up to 1 h and the extent of CE formation 
was <20%. The reaction was quenched with methanol at a final 
concentration of 25%, and the fluorescence of the samples was 
measured in 96-well microplates at 342 nm excitation and 400 nm 
emission wavelengths using an Infinite M1000 PRO microplate 
reader (Tecan Group Ltd.). The difference between the fluores-
cent signal in the absence of rHDL and in the presence of rHDL, 
normalized by the incubation time and the amount of LCAT 
added, was used as a relative measure for LCAT phospholipid hy-
drolysis. The method was validated in a separate set of incubations 
with increasing concentrations of rHDL, which resulted in pro-
portionally increasing values of the relative measure for LCAT 
phospholipid hydrolysis, expressed in the relative fluorescence 
intensity, I400, per hour of incubation per milliliter of LCAT.

RESULTS

Effect of the mutations on the conformation and stability 
of lipid-free apoA-I

Parameters determined from CD analysis of the lipid-
free apoA-I forms are listed in Table 1. The -helical con-
tent did not differ between the WT and the mutant forms 
of apoA-I, suggesting that none of the mutations alter the 
secondary conformation of lipid-free apoA-I. The thermal 
unfolding curves for WT apoA-I and the three mutant 
apoA-I forms normalized to molar residue ellipticity, 
[222], overlapped or were close to each other (not shown). 
The melting temperature, Tm, and van’t Hoff enthalpy, 
Hv, determined from the melting curves indicate that 
none of the mutations affected the stability or unfolding 
cooperativity of lipid-free apoA-I.

Fluorescence of the amphipathic dye, ANS, in the pres-
ence of WT apoA-I or one of the apoA-I mutants was mea-
sured to investigate the effect of the mutations on the 
tertiary folding of the lipid-free protein. The R123A and 
R123E mutations resulted in a slightly lower fluorescent  
intensity, I, and a 2–3 nm “red” shift of the ANS spectra 
(Table 1), suggesting that the substitutions of Arg123 for 
Ala or Glu lead to slightly lesser exposure of the hydropho-
bic surfaces of lipid-free apoA-I. ANS fluorescence in the 
presence of the apoA-I[R131A] was similar to that of WT 
apoA-I, suggesting that the mutation of Arg131 did not af-
fect the tertiary folding of the lipid-free protein.

Effect of the mutations on the rHDL characteristics
Electron micrographs of rHDL made with WT apoA-I or 

one of the apoA-I mutants showed discoidal complexes 
that are stacked on edge. For all types of rHDL, the major 
diameter determined from electron micrographs as the  
average of more than 200 particles was between 7.8 and  
9.2 nm, with the standard deviation ±2 nm, indicating no 
significant difference between sizes of rHDL formed by WT 
apoA-I or any of the apoA-I mutants. Assays for phospho-
lipid, cholesterol, and protein content indicated that all 
the four types of rHDL particles were similar in composi-
tion (Table 2).

Far-UV CD analysis showed that the -helical content of 
apoA-I in rHDL was not altered by any of the mutations 
(Table 2). The thermal unfolding curves for each type of 
rHDL were close to each other (Fig. 2A), and the midpoint 
of thermal denaturation determined from the curves was 
almost identical for all types of rHDL (Table 2). The dena-
turant-unfolding curves for all types of rHDL were also 
close to each other (Fig. 2B) and the conformational stabil-
ity, the midpoint of denaturation, and the m value did not 
differ significantly between all types of rHDL (Table 2). 
These data indicate that the stability of apoA-I in rHDL was 
not affected by the mutations of Arg123 or Arg131.

CE formation by LCAT
After establishing that the conformation and stability  

of apoA-I in rHDL was not affected by any of the three mu-
tations, functional assays were performed. To assess the 
effect of the apoA-I mutations on the LCAT-mediated cho-
lesterol esterification, rHDL particles made with WT apoA-I 
or mutant apoA-I were used as a substrate in the CE formation 

TABLE  1.  -Helical content, thermodynamic parameters, and ANS fluorescence for lipid-free WT apoA-I and 
the apoA-I mutant forms

-Helixa (%) Tm
b (°C) Hv

b (kcal/mol) Ic (relative units) WMFc (nm)

WT apoA-I 56 ± 2 62 ± 1 41 ± 2 1.0 474
apoA-I[ R123A] 58 ± 3 63 ± 1 45 ± 2 0.8 477 (+3)
apoA-I[R123E] 59 ± 2 64 ± 1 43 ± 2 0.8 476 (+2)
apoA-I[R131A] 57 ± 2 64 ± 1 44 ± 2 1.0 474

The values are mean ± SD from at least three experiments.
a Estimated from the [222] at 25°C.
b The melting temperature, Tm, and van’t Hoff enthalpy, Hv, were determined from van’t Hoff analysis of 

thermal unfolding curves monitored by CD.
c Parameters of ANS fluorescence were determined in the presence of WT apoA-I or one of the apoA-I mutants. 

I, ANS fluorescence intensity in relative units compared with the fluorescence in the presence of WT apoA-I.
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assay. Figure 3 shows the cholesterol esterification rate for 
each type of rHDL as a function of the substrate (rHDL 
cholesterol) concentrations. The apparent kinetic con-
stants for the LCAT reaction are listed in Table 3. The ap-
parent Michaelis constant, Km, was slightly (1.7 times) 
increased for the apoA-I[R123E], but not significantly 
changed for the apoA-I[R123A]. However, the apparent 
maximum reaction rate, Vmax, was 3.6 and 4.1 times lower 
and the apparent catalytic efficiency, Vmax/Km, was 5.4 and 
7.4 times lower for rHDL made with apoA-I[R123A] and 
with apoA-I[R123E], respectively, compared with rHDL 
made with WT apoA-I. The data show that both mutations 
of Arg123 significantly reduced the ability of apoA-I to pro-
mote LCAT-mediated cholesterol esterification. In con-
trast, the R131A mutation was associated with a slight, but 
not statistically significant, increase in the catalytic effi-
ciency of LCAT, indicating that the mutation of Arg131 did 
not significantly change the ability of apoA-I to activate 
LCAT. The effect of the apoA-I mutations on the apparent 
catalytic efficiency of LCAT is shown graphically in Fig. 4.

Phospholipid hydrolysis by LCAT
The effect of the apoA-I mutations on LCAT-mediated 

phospholipid hydrolysis was assessed by measuring fluores-
cence of monomeric labeled fatty acids produced by hydro-
lysis of dual-labeled POPC following incubations of rHDL 

with LCAT. The values for the relative fluorescence inten-
sity normalized by the incubation time and the amount of 
LCAT were similar for rHDL made with WT apoA-I and 
each of the mutant apoA-Is (Fig. 4). The data indicate that 
neither of the mutations of Arg123 nor the mutation of 
Arg131 affected the ability of LCAT to hydrolyze POPC 
and produce free fatty acids.

DISCUSSION

In this work, we tested the hypothesis that in the LCAT 
reaction on nascent (discoidal) HDL, Arg123 of apoA-I in-
teracts with free fatty acids produced by LCAT hydrolysis of 
the sn-2 chains of phospholipids to position the fatty acids 
for esterification to cholesterol. The study was designed  
to investigate whether mutation of Arg123 and “control” 
mutation of Arg131 of apoA-I on rHDL affect LCAT-medi-
ated CE formation and phospholipid hydrolysis on the 
rHDL. Figure 4 summarizes the observed effects of the 
apoA-I mutations on LCAT phospholipid hydrolysis and 
CE formation.

The findings that neither mutation of Arg123 affected 
LCAT phospholipid hydrolysis support the view that Arg123 
plays no role in the first step of LCAT reaction that is  
hydrolysis of the sn-2 ester bond of phospholipid. The mark-
edly reduced LCAT catalytic efficiency on rHDL containing 

TABLE  2.  Composition of rHDL made with WT apoA-I or one of the mutant apoA-I and the conformational and 
stability characteristics of apoA-I in the rHDL

POPC:Cholesterol: 
apoA-Ia (M:M:M) -Helixb (%) T1/2

c (°C) GD
od (kcal/mol)

md [kcal/(moles of  
apoA-I × moles of 

GdnHCl)] D1/2
d (M)

WT apoA-I (76 ± 7):(7 ± 0.8):1 79 ± 2 78 ± 0.5 3.8 ± 0.3 1.4 ± 0.1 2.5 ± 0.1
apoA-I[R123A] (68 ± 5):(6 ± 0.7):1 77 ± 3 79 ± 1.0 3.4 ± 0.2 1.3 ± 0.1 2.6 ± 0.1
apoA-I [R123E] (71 ± 6):(7 ± 0.8):1 76 ± 1 79 ± 1.0 3.4 ± 0.2 1.4 ± 0.1 2.5 ± 0.0
apoA-I [R131A] (77 ± 4):(8 ± 0.5):1 79 ± 2 79 ± 0.5 3.9 ± 0.2 1.6 ± 0.1 2.4 ± 0.1

The values are mean ± SD from at least three experiments.
a Molar composition of rHDL (determined in three independent reconstitution experiments).
b Estimated from the [222] at 25°C.
c The midpoint of thermal unfolding, T1/2, at which half of the total change in the CD signal is observed, was 

determined from the thermal unfolding curves for rHDL.
d The conformational stability, GD

o, m value, and midpoint of denaturation, D1/2, were determined by the 
linear extrapolation method from the chemical unfolding curves for rHDL.

Fig.  2.  Unfolding of apoA-I in rHDL monitored  
by the ellipticity at 222 nm. rHDLs were made with  
WT apoA-I (*), apoA-I[R123A] (open circle), apoA-
I[R123E] (open triangle), or apoA-I[R131A] (closed 
circle). A: Thermal unfolding was induced by heating 
the proteins from 2°C to 98°C in the cuvette within the 
CD spectrometer holder. B: Chemical unfolding was 
induced by incubation of aliquots of rHDL with vari-
ous concentrations of GndHCl, ranging from 0 to 5 M, 
at 4°C for 72 h, and then ellipticity at 222 nm was  
recorded at 25°C.
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apoA-I with mutated Arg123 supports the notion that 
Arg123 of apoA-I is involved in LCAT-mediated cholesterol 
esterification. The fact that both charge ablation and 
charge reversal of Arg123 reduced CE formation suggests 
that the interaction of Arg123 with free fatty acids may have 
an electrostatic component. The observed large reduction 
in the apparent catalytic efficiency, Vmax/Km, was due to the 
large reduction in the apparent Vmax, while the apparent Km 
was not significantly changed (for the R123A) or only 
slightly increased (for R123E). It was shown earlier that the 

substitution of the region Arg123Tyr166 of apoA-I with 
the region Ser12Ala75 of apoA-II also led to greatly re-
duced LCAT activity due to a reduction in Vmax with unal-
tered Km (44). Furthermore, it was shown that the presence 
of apoA-I in rHDL specifically increases the apparent Vmax 
for LCAT-mediated cholesterol esterification, when com-
pared with rHDL made with other apolipoproteins, apoA-II  
(45) or apo E4 (46). The dissociation constants, Km, were of 
the same order of magnitude for rHDL made with either of 
these apolipoproteins, or even for pure lipid vesicles (45). 
The presence of Arg123 of apoA-I on rHDL may contribute 
to the relatively high values for the catalytic efficiency and 
the maximum reaction rate observed for apoA-I-containing 
rHDL.

Previous studies have shown that changes in the second-
ary conformation and stability of apoA-I on substrate rHDL, 
as well as the composition and size of the particles, may af-
fect LCAT activity (13, 17, 20, 47). Therefore, to investigate 
the involvement of Arg123 in LCAT reaction, it was impor-
tant to determine whether the generated mutations of 
apoA-I alter the conformation and stability of apoA-I and 
the characteristics of rHDL. We found that the substitu-
tions of Arg123 for Ala or Glu did not change the second-
ary conformation or stability of the lipid-free apoA-I and 
only slightly reduced exposure of the protein hydrophobic 
surfaces to solution, suggesting that the mutations of 
Arg123 led to a slightly more compact folding of mono-
meric apoA-I in solution. However, none of the mutations 
of Arg123 affected the conformation or stability of apoA-I 
on rHDL. Also, the apoA-I[R123A]- and apoA-I[R123E]-
containing rHDL particles were similar to WT apoA-I- 
containing rHDL particles in regard to the composition, 
morphology, and the average diameter. This indicates that 
the large reduction in the LCAT-activating ability of apoA-I 
resulting from mutation of Arg123 is not due to variations 
in the composition or size of the substrate rHDL or to 
changes in the apoA-I conformation or stability.

In the crystal structure of the (185–243)apoA-I dimer 
(29), there is a very weak and unusual intramolecular salt 
bridge between Arg123 and Glu120, with Pro121 breaking 
the helical conformation between the two residues. Replac-
ing Arg123 by Glu or Ala in the crystallographic dimer 
eliminates this weak salt bridge, but is not expected to af-
fect other salt bridge interactions, lead to formation of new 
salt bridges, or alter the conformation or stability of the 
dimer. Indeed, the intramolecular salt bridge between 

Fig.  3.  Cholesterol esterification by LCAT. rHDL made with WT 
apoA-I (*), apoA-I[R123A] (open circle), apoA-I[R123E] (open tri-
angle), or apoA-I[R131A] (closed circle) and containing traces of 
[3H]cholesterol were used as a substrate in the CE formation assays. 
Increasing concentrations of rHDL were incubated with purified 
LCAT to get initial rate constants for CE formation, as described in 
the Materials and Methods. The cholesterol esterification rate is ex-
pressed in nanomoles of CE formed per hour of incubation per 
milliliter of LCAT and plotted against the substrate (rHDL choles-
terol) concentrations. All points represent an average of two to 
three individual experiments of duplicate determinations for each 
cholesterol concentration.

TABLE  3.  Apparent kinetic constants for the reaction of LCAT with rHDL made with WT apoA-I or one of the 
apoA-I mutant forms

Apparent Km (M)
Apparent Vmax  

(nmol CE/h/ml LCAT)
Apparent Vmax/Km  

(nmol CE/h/ml LCAT/M)

WT apoA-I 2.3 ± 0.4 977 ± 46 437 ± 30
apoA-I[R123A] 3.3 ± 0.6 270 ± 18a 81 ± 9a

apoA-I[R123E] 4.1 ± 0.5b 235 ± 33a 59 ± 8a

apoA-I[R131A] 1.3 ± 0.3 923 ± 61 704 ± 147

The values represent the mean ± SD of at least three independent measurements. The apparent LCAT kinetic 
parameters were determined from the CE formation assays using Lineweaver-Burk plots (double reciprocal plots) of 
reaction velocity versus rHDL cholesterol concentration as described in the Material and Methods.

aP < 0.0005 compared with the values for WT apoA-I.
bP < 0.05 compared with the values for WT apoA-I.
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Arg123 and Glu120 may not exist in the presence of lipids. 
Nevertheless, the substitution of Arg123 for Glu or Ala 
would eliminate this interaction, but is unlikely to change 
existing stabilizing salt bridge interactions or lead to forma-
tion of new stabilizing or destabilizing interactions in 
apoA-I, given the unaltered conformation and stability 
characteristics of the mutant apoA-I forms on rHDL. These 
data are consistent with the notion that a free fatty acid 
produced by LCAT phospholipid hydrolysis interacts with 
Arg123 of apoA-I on rHDL (replacing the weak interaction 
with Glu120, if it exists), but cannot interact with negatively 
charged Glu or neutral Ala at position 123 in the apoA-
I[R123E] or apoA-I[R123A], resulting in the reduced LCAT-
activating ability of these mutant proteins.

Noticeably, a number of naturally occurring human 
apoA-I mutations in the central part of apoA-I (helices 
47) are associated with low plasma HDL levels and abnor-
mal LCAT activation (18, 48, 49). While none of these mu-
tations involves Arg123 directly, these mutations alter the 
conformation and/or stability of apoA-I on rHDL (18, 33, 
35, 39, 48, 50, 51) and thereby may affect the structure of 
the helix 5/5 domain and the position of Arg123 in this 
structure. The natural mutation, L141R (apoA-IPisa), lo-
cated in helix 5 and associated with reduced LCAT activity 
(52), was shown to destabilize apoA-I (35) and is also ex-
pected to disturb the hydrophobic face of the helix 5/5 

domain. Several naturally occurring apoA-I mutations as-
sociated with low LCAT activity are clustered in helix 6 and 
two mutations, K107del and E110K, are located in helix 4 
(48, 49). These mutations may disturb salt bridge interac-
tions of helix 6 with its pairwise mate, helix 4 of the anti-
parallel apoA-I molecule on discoidal HDL (22, 27, 29). 
Because the pairwise interaction between helices 4 and  
6 occurs on both sides of the helix 5/5 domain (Fig. 1A), 
the natural mutations in helices 4 and 6 may have a major 
effect on the structure of the helix 5/5 domain and thus 
affect LCAT activity.

Our data show that, similar to the mutations of Arg123, 
the “control” mutation of Arg131 in helix 5 did not change 
the conformation or stability of apoA-I either in solution or 
in rHDL, nor did it affect LCAT phospholipid hydrolysis. 
However, in contrast to mutation of Arg123, mutation of  
Arg131 did not affect any of the catalytic parameters  
of LCAT-mediated CE formation, indicating that Arg131 of 
apoA-I is not essential for LCAT activity on rHDL. These 
observations are consistent with the position of Arg131 on 
the outside surface of the tunnel (Fig. 1), and support the 
concept that the position of Arg123 on the inside surface of 
the tunnel allows this residue to be involved in the transac-
ylation activity of LCAT.

Previous studies have shown that three other arginine 
residues of apoA-I, R149, R153, and R160, located in helix 
6, are critical for LCAT activity (16). These three arginine 
residues form a positively charged cluster on the outer sur-
face of discoidal HDL particles that is believed to partici-
pate in LCAT binding. This is consistent with the location 
of R149, R153, and R160 on the outside surface of the di-
mer backbone in the crystal structure of (185–243)apoA-I 
that potentially enables polar interactions of these residues 
with LCAT. Arginine residues in other parts of apoA-I are 
likely involved in salt bridge interactions stabilizing the 
double belt structure, as suggested by the double belt 
model of apoA-I (22, 27) and demonstrated in the crystal 
structure of the (185–243)apoA-I dimer (29). Therefore, 
we did not consider mutations of other arginine residues of 
apoA-I as “control” mutations in our study, because they 
are expected to alter the conformation and/or stability of 
apoA-I (36) and affect LCAT activation. In fact, the natu-
rally occurring mutations involving arginine residues in 
apoA-I, including R10L, R27T, R151C, R153P, R160L, and 
R173C, are associated with low plasma HDL and abnormal 
LCAT activity (48, 49).

Jauhiainen and Dolphin (5) proposed a mechanism of 
LCAT reaction that involves transacylation of free fatty ac-
ids produced by the phospholipase A2 activity of LCAT to 
serine residues of LCAT followed by transesterification of 
the fatty acids to LCAT cysteine residues. The resulting 
thioester is believed to subsequently donate the fatty acids 
to the 3-hydroxyl group of cholesterol. In the same study, 
the authors hypothesized that serine residues of apoA-I 
may act as transient acceptors of free fatty acids following 
phospholipid hydrolysis. The findings did not confirm  
the latter hypothesis (5), thus offering no mechanism for the  
LCAT-activation function of apoA-I. It is possible that the 
interaction of free fatty acids with serine residues of LCAT, 

Fig.  4.  Effect of the apoA-I mutations on LCAT phospholipid hy-
drolysis and CE formation. rHDLs made with WT apoA-I or one of 
the apoA-I mutants were used as a substrate for the assays to assess 
phospholipid hydrolysis and CE formation by LCAT. Values were 
calculated as the mean ± SD of at least three independent measure-
ments. Phospholipid hydrolysis was assessed by measuring fluores-
cence of monomeric labeled fatty acids produced by hydrolysis of 
dual-labeled POPC (1 M) following the incubation of rHDL (15 g 
of POPC) with purified LCAT, as described in the Materials and 
Methods. The relative values for LCAT phospholipid hydrolysis 
(white bars) are expressed in the relative fluorescence intensity at 
400 nm, I400, normalized by the incubation time and the amount of 
LCAT (left y axis). CE formation was measured in the assays as de-
scribed for Fig. 3. The values for the apparent catalytic efficiency for 
CE formation, Vmax/Km, (listed in Table 3) were determined from 
Lineweaver-Burk double reciprocal plots generated from the assay 
data. The values for the apparent Vmax/Km (black bars) are expressed 
in nanomoles of CE formed per hour of incubation per milliliter of 
LCAT per M of substrate cholesterol (right y axis).
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proposed by Jauhiainen and Dolphin (5), is preceded by 
the interaction of the free fatty acids with Arg123 of apoA-I 
inside the presentation tunnel. Jones et al. (27) suggested 
that when substrate for LCAT reaction is in the tunnel, 
apoA-I becomes integrated with the LCAT molecule and 
the tunnel connects to the active site of LCAT.

Among the studies supporting the double belt organiza-
tion of apoA-I on discoidal HDL, there are several studies 
suggesting that particular parts of apoA-I molecules on  
the discs may form flexible loops protruding into solution 
that causes a localized opening between the parallel belts  
(25, 26, 28). Wu et al. (26) suggested, based on hydrogen/
deuterium exchange experiments, that residues 159–180 of 
apoA-I on discoidal HDL form a flexible loop that interacts 
with and activates LCAT. However, a more recent study by 
Chetty et al. (28) using a similar experimental approach 
demonstrated that residues 159–180 do not form a loop, 
while the region spanning residues 125–158 (or residues 
115–158) of one or both apoA-I molecules in the double 
belt can form either helix or a partially disordered loop on 
discoidal HDL (reviewed in Ref. 32). The latter findings are 
consistent with our earlier studies (35) and the partially un-
folded helices 5/5 in the crystal structure of (185–243)
apoA-I (Fig. 1A) and are in line with our results suggesting 
the involvement of Arg123 of apoA-I in LCAT reaction on 
discoidal HDL. Because the double belt model is believed 
to be a common organizational motif for apoA-I in both 
discoidal and spherical HDL of various sizes (31, 53, 54), it 
is possible that Arg123 of apoA-I may be involved in LCAT 
reaction on spherical HDL also. Cross-linking and mass 
spectrometry studies of spherical reconstituted and human 
plasma HDL (53, 54) led to a cage-like trefoil model, in 
which three apoA-I molecules are positioned on spherical 
HDL with helices of each apoA-I molecule involved in the 
same salt bridge interactions as in the double belt model.  
In this trefoil model, each apoA-I molecule is bent in the 
middle of helix 5, thus creating an opening between helices 
5. According to a model proposed by Gursky (31), adapta-
tion of apoA-I conformation to variable sizes and shapes of 
HDL involves rearrangements of the N- and C-terminal 
parts of the molecule, while the central half of the double 
belt, including helices 4–6, remains structurally conserved 
and resembles the corresponding part of the crystal struc-
ture of the (185–243)apoA-I dimer. According to this 
model, the structure of the helix 5/5 domain, including the 
position of Arg123, remains “constant” in discoidal and 
spherical HDL of various sizes.

In conclusion, the data reported here support the role 
of Arg123 of apoA-I in transacylation of fatty acids pro-
duced by LCAT phospholipid hydrolysis to cholesterol. 
This novel mechanistic view on the function of apoA-I as 
LCAT activator on nascent (discoidal) HDL may be help-
ful for better understanding the mechanisms of disorders 
involving “dysfunctional” HDL and abnormal LCAT activ-
ity (1, 8, 55, 56).
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