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ABSTRACT: To identify residues and segments in the central region of apolipoprotein A-I (apoA-I) that
are important for the protein structure and stability, we studied the effects of four double charge abla-
tions, D102A/D103A, E110A/E111A, R116V/K118A, and R160V/H162A, and two deletion mutations,
∆(61-78) and∆(121-142), on the conformation and stability of apoA-I in the lipid-free state and in
reconstituted discoidal phospholipid-cholesterol-apoA-I particles (rHDL). The findings suggest that
D102/D103 and E110/E111 located in helix 4 and segment(s) between residues 61 and 78 are involved
in maintenance of the conformation and stability of apoA-I in both the lipid-free state and in rHDL.
R116/K118 located in helix 4 are essential for the conformation and stabilization of apoA-I in rHDL but
not vital for the lipid-free state of the protein. The R160V/H162A substitutions in helix 6 lead to a less
compact tertiary structure of lipid-free apoA-I without notable effects on the lipid-free or lipid-bound
secondary conformation, suggesting involvement of R160/H162 in important interhelical interactions.
The results on the∆(121-142) mutant, together with our earlier findings, suggest disordered structure of
a major segment between residues 121 and 143, likely including residues 131-143, in lipid-free apoA-I.
Our findings provide the first experimental evidence for stabilization of rHDL by specific electrostatic
interhelical interactions, in agreement with the double belt model. The effects of alterations in the
conformation and stability of the apoA-I mutants on in vitro and in vivo functions of apoA-I and lipid
homeostasis are discussed.

Apolipoprotein A-I (apoA-I) is the major protein compo-
nent of high-density lipoprotein (HDL)1 that plays a key role
in the biogenesis and atheroprotective functions of HDL and
in reverse cholesterol transport (1-3). Lipid-free apoA-I
secreted by cells can interact functionally with ATP binding
cassette transporter 1 (ABCA1) to promote efflux of cho-
lesterol and phospholipids from cells. This process leads to
the lipidation of apoA-I and formation of discoidal HDL (4,
5). ApoA-I in discoidal HDL activates the enzyme lecithin:

cholesterol acyltransferase (LCAT), converting cholesterol
to cholesterol ester and thereby promoting the maturation
of HDL particles from discoidal to spherical. ApoA-I bound
to discoidal and spherical HDL also interacts functionally
with scavenger receptor class B type I (SR-BI) (4, 6, 7). On
binding HDL, SR-BI mediates selective uptake of cholesterol
esters and other lipids from HDL by cells and net efflux of
excess cholesterol (4, 6). In the course of apoA-I metabolism,
the protein function is modulated by alterations in its structure
and stability (5, 8-15). Therefore, detailed understanding
of the lipid-free and lipid-bound conformation and stability
of apoA-I is important for understanding changes in the
protein function.

ApoA-I has a unique structure and a conformational
flexibility that may underlie its functions. ApoA-I contains
22 and 11 amino acid repeats, which are organized in
amphipathicR-helices (16-18). X-ray crystallographic analy-
sis of an N-terminally truncated apoA-I,∆(1-43), crystal-
lized from high-salt solution showed a nearly continuous
helical structure punctuated by small or pronounced kinks,
with an overall “horseshoe” shape that was thought to mimic
the lipid-bound apoA-I conformation (18). However, the
limited resolution of this analysis (4 Å) precludes detailed
structural interpretation, such as specific inter- or intrahelical
interactions, and the applicability of this structure to mon-
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omeric full-size apoA-I has not been clear (19). A significant
number of studies employing fluorescence (20, 21), NMR
(22), and EPR (23) spectroscopy, analytical ultracentrifuga-
tion (24), and limited proteolysis (24, 25) have been aimed
at understanding the lipid-free and lipid-bound structure of
apoA-I. Three-dimensional models of the apoA-I lipid-free
conformation have been suggested, based on fluorescence
energy transfer (26) or cross-linking and mass spectrometry
data (19). Detailed double belt (27) and hairpin belt (21)
models have been proposed for the arrangement of apoA-I
on discoidal reconstituted high-density lipoprotein (rHDL)
and spherical HDL particles (reviewed in ref28). In the
double belt model (27), two ring-shaped apoA-I molecules
wrap around the edge of a discoidal lipid bilayer in an
antiparallel orientation. This model predicts specific salt
bridge interactions involving the antiparallel helices of the
apoA-I molecules. However, even with this considerable
amount of accumulated data, the structural details of the lipid-
free and lipid-bound conformation are not fully defined, and
experimental results leading to definition of residues involved
in stabilizing the protein lipid-free and lipid-bound confor-
mations are not sufficient. So far, there have been no reported
experimental data demonstrating that electrostatic interactions
between specific basic and acidic residues located in two
antiparallel apoA-I molecules on the edge of rHDL are
essential for the stabilization of the disks, as predicted by
the double belt model (27).

Studies of bioengineered mutant apoA-I forms remain
efficient to obtain information that leads to detailed under-
standing of the conformation and structure-function rela-
tionships of apoA-I (5, 7-15, 24, 29, 30). Our earlier study
(29) using mutation to probe the conformation and stability
of the C-terminus of apoA-I suggested the presence of stable

helical structure in the region between residues 165 and 243
and a close proximity of the N- and C-termini in the lipid-
free protein. A subsequent study focused on the central region
of apoA-I (residues 123-165) and suggested helical structure
of the segment of residues 144-165 (helix 6) and a
disordered structure of the segment between residues 121
and 142 (helix 5) in the lipid-free protein (Figure 1A), with
the latter segment proposed to fold into a helix upon lipid
binding (30). In the current work, we probe by mutation the
central part of apoA-I, targeting the region between residues
61 and 162 to further understand structural details of lipid-
free apoA-I and apoA-I in rHDL and to identify residues
that are important for the protein conformation and stability.
Four double charge ablations, D102A/D103A, E110A/
E111A, and R116V/K118A in helix 4 and R160V/H162A
in helix 6, and two deletion mutations,∆(61-78) in helixes
1 and 2 and∆(121-142), which deletes the putative helix 5
(Figure 1A), have been generated and investigated. The
∆(121-142) mutation was designed to test our earlier sug-
gestion that helix 5 is disordered in lipid-free apoA-I (30).
The double charge ablation mutations were selected because,
according to the double belt model of apoA-I in rHDL (27),
most of the mutated residues have been predicted to
participate in interhelical interactions of antiparallel apoA-I
molecules in the discoidal rHDL, and therefore, these specific
charged residues might be important for the conformation
and stability of apoA-I. In addition, the selected charge
ablation mutations as well as the∆(61-78) deletion have
been shown to affect important functions of apoA-I and HDL
in vitro and in vivo when expressed in apoA-I-deficient mice.
The D102A/D103A and R160V/H162A mutations have been
shown to affect functional interactions of rHDL and SR-B1
and thereby affect cholesterol efflux (7). The D102A/D103A,

FIGURE 1: (A) Sites of mutations of apoA-I studied in the current work: (arrows) double charge ablations; (shaded areas) deletion mutations.
The secondary structure model of lipid-free apoA-I is adapted from ref30 with modifications; the model does not address the tertiary
conformation. The region between residues 123 and 130 shown by the dotted cylinder and suggested to be disordered in ref30 has been
proposed to be a∼8-residue helical segment, according to the current analysis. Numbering of the helix system is adapted from ref17. (B)
Proposed secondary structure models of the apoA-I[E110A/E111A] and apoA-I[∆(61-78)] that induce hypertriglyceridemia when expressed
in apoA-I-deficient mice.
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E110A/E111A, R160V/H162A, and∆(61-78) mutations
affect the LCAT activation ability of apoA-I (12, 31, 32).
Moreover, the E110A/E111A and∆(61-78) mutations have
been recently shown to affect lipid homeostasis and induce
severe hypertriglyceridemia when expressed in A-I-deficient
mice (12, 32). We previously reported unique structural
characteristics of the apoA-I[E110A/E111A] along with its
functional analysis (12). In this paper, the physicochemical
properties of the apoA-I[E110A/E111A] are compared to
those of newly investigated mutants. The findings reveal new
features in apoA-I organization in the lipid-free state and in
rHDL, provide experimental evidence for rHDL stabilization
by electrostatic interactions, and contribute to our under-
standing of how the mutations may affect apoA-I functions
and triglyceride homeostasis in mice expressing the mutants.

MATERIALS AND METHODS

Materials. Materials not mentioned in the Materials and
Methods section have been obtained from sources described
previously (12, 30).

Generation of Expression Plasmids, Expression of Re-
combinant ApoA-I in the BaculoVirus System, and Protein
Purification.Generation of baculovirus-expressing wild-type
apoA-I (WT) and the D102A/D103A, R160V/H162A, and
∆(61-78) mutant forms of apoA-I was performed as
described previously (7, 13, 30). The R116V/K118A mutant
form of apoA-I was produced in a similar manner. Briefly,
the human apoA-I cDNA was mutagenized by polymerase
chain reaction, using specific mutagenesis primers, containing
the mutation of interest, and a set of flanking universal
primers containing the restriction sitesBamHI andSalI, using
the pBluescript-AI cDNA plasmid as template. The set of
universal primers was AIWC-5 and AIWC-3 [5′-ACT CAA
GGA TCC GAT GAA CCC CCC CAG AGC CCC TGG
GAT-3′ (sense) and 5′-ACT CAA GTC GAC TTT TTC
CCA CTT TGG AAA CGT TTA TTC TGA GCA-3′
(antisense)]. Specific mutagenesis primers used for generation
of the R116V/K118A mutant were AIMIV2-5 (5′-GAG CTC
TAC GTC CAG GCG GTG GAG CCG-3′) and AIMIV2-3
(5′-CGG CTC CAC CGC CTG GAC GTA GAG CTC-3′).
The DNA fragment containing the mutation of interest was
digested withBamHI and SalI and cloned into the corre-
sponding sites of pFASTBAC donor plasmid. The DNA of
each mutant in the resulting pFastBac-apoA-I constructs was
completely sequenced using the Core for DNA Sequencing,
Department of Biochemistry of Boston University School
of Medicine. Cells containing recombinant bacmids were
selected by kanamycin, tetracycline, and gentamycin resis-
tance as white colonies due to the disruption ofLacZ
sequence in the recombinant bacmid. Recombinant bacmid
DNA was isolated by minipreps and used to transfect a
monolayer of Sf-9 insect cells (33). Recombinant viruses
were isolated, amplified, titrated, and used to infect larger
amounts of Sf-9 cells grown in suspension in Sf-900 II SF
medium at 27°C . Isolation of recombinant apoA-I from
the cell pellet using a Ni2+-nitrilotriacetic acid resin affinity
column followed by His tag cleavage by recombinant
tobacco-etched viral (rTEV) protease and subsequent puri-
fication of His tag-free protein using a second Ni2+-
nitrilotriacetic acid resin affinity column was performed as
described previously (7, 30). The purified His tag-free WT
and mutant proteins were analyzed by 12% SDS-PAGE

followed by staining with Coomassie Brilliant Blue R-250
and by Western blotting using monoclonal antibodies against
human apoA-I. All of the purified proteins used for the
experiments were refolded at concentrations<0.1 mg/mL
by subsequent dialysis against guanidine hydrochloride
(GdnHCl) solutions of 4, 2.5, and 1.25 M in PBS (0.15 M
NaCl, 10 mM sodium phosphate, 0.01% EDTA, and 0.02%
NaN3, pH 7.4), followed by extensive dialysis against the
appropriate buffer [10 mM sodium phosphate and 0.02%
NaN3, pH 7.4, for circular dichroism (CD) experiments or
PBS for fluorescence measurements and making rHDL
particles]. Protein concentrations in samples were determined
by modified Lowry protein assay (Pierce, Rockford, IL).

Expression of WT and Mutant ProapoA-I Isoforms in the
AdenoVirus System.The generation of recombinant aden-
oviruses carrying the genomic sequence for the WT proapoA-I
and proapoA-I[E110A/E111A] has been described before
(12). The adenovirus expressing proapoA-I[∆(121-142)]
was generated in a similar way. Briefly, the proapoA-I forms
were generated by two pairs of polymerase chain reaction
primers using the pCA13AIgN plasmid as template. The
pCA13AIgN plasmid contained aNotI site at the 5′ end in
intron 3 and anXhoI site in the 3′ end of the human apoA-I
gene. For the generation of proapoA-I[∆(121-142)], the
genomic apoA-I gene was amplified by a set of specific
primers, A121F (5′-CTCTACCGCCAGAAGGTGGAGC-
CACTGGGCGAGGAGATGCGCGAC-3′) and A121R
(5′-GCGCATCTCCTCGCCCAGTGGCTCCACCTTCT-
GGCGGTAGAGCTC-3′), containing a deletion of interest,
and a set of flanking primers, AINOTF (5′-CCTCCGCG-
GACAGGCGGCCGCCAGGG-3′) and AISALR (5′-ACAT-
GTCGACCCCCTTTCAGGGCACCTGGCCTTG-3′), con-
taining the restriction sitesNotI andSalI. The DNA fragment
containing the deletion corresponding to residues 121-142
of apoA-I was digested byNotI andSalI and subcloned into
the pCA13AIgN plasmid in which exon 4 of apoA-I was
removed byNotI andXhoI double digestion, thus replacing
the WT with the exon sequence containing the deletion. The
sequence of proapoA-I[∆(121-142)] was confirmed by
DNA sequencing. For apoA-I production, human HTB13
cells (SW 1783, human astrocytoma) grown to 80% con-
fluence in Leibovitz’s L-15 medium containing 10% (v/v)
fetal bovine serum in roller bottles were infected with
adenovirus expressing WT proapoA-I, proapoA-I[E110A/
E111A], or proapoA-I[∆(121-142)] at a multiplicity of
infection of 20. After 24 h of incubation, cells were washed
twice with serum-free medium and preincubated in serum-
free medium for 30 min; then fresh serum-free medium was
added. After 24 h the medium was harvested, and fresh
serum-free medium was added to the cells. The harvesting
was repeated 8-10 times. The proteins were purified from
the medium by ion-exchange chromatography followed by
gel filtration, as described previously (29). The purified
proteins were analyzed by 12% SDS-PAGE and by Western
blotting and refolded as described above for the proteins
expressed in the baculovirus expression system.

Preparation and Analysis of rHDL Containing POPC,
Cholesterol, and ApoA-I.rHDL particles were prepared by
the sodium cholate dialysis method (34), using POPC:
cholesterol:apoA-I:sodium cholate in a molar ratio of 100:
10:1:100, as previously described (30, 35). The lipid-free
apoA-I that was not incorporated in the lipid-protein
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complexes was removed by extensive dialysis at 4°C against
PBS buffer, which was changed at least three times, using
dialysis tubing of 50000 Da molecular mass cutoff. Gel
filtration of the complexes isolated from this preparation on
an Amersham Pharmacia Biotech Superose 6HR column,
10/30, driven by Pharmacia FPLC system, showed that all
unbound proteins were removed during the dialysis, and
the complexes were not contaminated with lipid-free
apoA-I. Apolipoprotein-lipid complex formation was veri-
fied by analysis with nondenaturing polyacrylamide gradient
(8-25%) gel electrophoresis using small-format gels im-
mobilized to plastic backing (Pharmacia Phast gel system;
Pharmacia Biotech, Piscataway, NJ) and/or regular-format
gels. rHDL were observed in the electron microscope, and
photomicrographs were taken as described previously (30)
to analyze the morphology of the complexes.

Circular Dichroism Spectroscopy.CD measurements were
performed on an AVIV 62DS spectropolarimeter (AVIV
Associates, Inc.) equipped with a thermoelectric temperature
control and calibrated withd-10-camphorsulfonic acid, in
5, 2, or 1 mm path length quartz cuvettes, at a protein
concentration of 25-80 µg/mL. Far-UV CD spectra were
recorded as described previously (29, 30). For each protein,
spectra were recorded at several protein concentrations within
the indicated range and then normalized to molar residue
ellipticity. The complete superposition of the normalized
spectra obtained at various protein concentrations for each
recombinant apoA-I is consistent with the absence of protein
self-association within the range of protein concentrations
used in our experiments. TheR-helix content was estimated
from the molar residue ellipticity at 222 nm, [Θ222] (36).
Protein concentration was determined by modified Lowry
protein assay; the protein assay for rHDL was performed in
the presence of SDS. Protein concentration in samples
determined before and after CD experiments agreed within
5%.

Thermal and GdnHCl-Induced Unfolding of ApoA-I Moni-
tored by CD. Thermal and GdnHCl-induced unfolding of
lipid-free apoA-I was monitored by ellipticity at 222 nm,
and the thermodynamic parameters of the transitions were
determined as described previously (29, 30). For the heating-
induced transitions, midpoint (melting) temperature,Tm, and
van’t Hoff enthalpy,∆Hv, were determined from the van’t
Hoff analysis of the melting curves (37); melting temperature,
Tm

d, was also determined as the maximum of the first
derivative function d(Θ222)/dT (38). For the GdnHCl-induced
transitions, the free energy of denaturation (conformational
stability), ∆GD°, the midpoint of denaturation,D1/2, andm
value, which reflects the steepness of the denaturation curve
in the transition region, were determined using a linear
extrapolation method (39).

Thermal unfolding of proteins in rHDL particles was
monitored by ellipticity at 222 nm, while samples of rHDL
at protein concentrations of 10-25µg/mL were heated from
1 to 97 °C at a constant heating rate 0.4°C/min. The
midpoint of thermal unfolding at which denaturation of
apoA-I was half-complete,T1/2, and the maximum of the first
derivative function d(Θ222)/dT, Tm

d, were determined from
the thermal unfolding curves of lipid-bound apoA-I. Dena-
turant-induced unfolding of apoA-I in rHDL particles was
monitored by ellipticity at 222 nm, following the incubation
of aliquots of rHDL at protein concentrations of 15-135

µg/mL with various concentrations of GdnHCl ranging from
0 to 5 M, at 4°C for 72 h, as previously described (12, 40).
The appropriate blank for each GdnHCl concentration was
incubated along with the rHDL samples, and the CD signal
of the blank was subtracted from the corresponding signal
of rHDL to determine mean residue ellipticity at 222 nm at
each denaturant concentration. The midpoint of denaturation,
D1/2, that is the GdnHCl concentration at which denaturation
was half-completed, was determined graphically from each
denaturant-induced unfolding curve. The free energy of
denaturation,∆GD°*, was determined according to the
method described by Sparks, Lund-Katz, and Phillips (40)
based on the denaturant binding model (41). The free energy
of denaturation,∆GD°, and the midpoint of denaturation,D1/2,
were determined also using a linear extrapolation method
as described previously (12).

Fluorescence Spectroscopy. Fluorescence measurements
were performed on a FluoroMax-2 fluorescence spectrometer
(Instruments S.A., Inc.) at 25°C using 5 nm excitation and
2.5 nm emission slit widths. 8-Anilino-2-naphthalene-
sulfonate(ANS) fluorescence emission spectra were recorded
in PBS buffer in the presence of WT apoA-I or one of the
mutant apoA-I at a concentration of each protein of 0.05
mg/mL and an ANS concentration of 0.25 mM. ANS
fluorescence was excited at a wavelength of 395 nm, and
the emission spectra were scanned from 400 to 560 nm. For
comparison, ANS fluorescence was recorded in the buffer
in the absence of any protein and in the presence of 0.05
mg/mL “reference protein”, carbonic anhydrase as a typical
globular water-soluble protein, or bovine serum albumin as
a protein known to have hydrophobic binding pockets. Trp
emission spectra of WT and mutant apoA-I were recorded
at a protein concentration of 0.05 mg/mL, using 295 nm
excitation wavelength to avoid Tyr fluorescence; the emission
was scanned from 300 to 380 nm. The wavelength of
maximum fluorescence (WMF) was determined from uncor-
rected fluorescence spectra after subtraction of the buffer
baseline.

RESULTS

Expression and Purification of Recombinant ApoA-I.For
proteins expressed in the baculovirus expression system,
15-20 mg of pure recombinant protein was obtained from
the cell lysate of 1 L of culture medium after cleavage of
the His tag. In the adenovirus expression system, 1 L of cul-
ture media yielded∼30-80 mg of pure recombinant protein.
Western blotting analysis confirmed the immunological
identity of all the purified proteins to apoA-I. SDS-PAGE
(12%) analysis showed that the molecular masses of mutant
proteins estimated from the gels were in agreement with those
predicted from the nature of the mutations (Figure 2). The
purity of the proteins studied in this work was more than
95%. WT apoA-I was expressed in both baculovirus and
adenovirus expression systems. Figures 3-7 show the data
recorded for WT expressed only in the baculovirus expres-
sion system, because the data for WT expressed in the two
expression systems were similar to each other. However, all
of the tables contain the data for WT expressed in both
expression systems, and all of the observations in this study
are based on the comparison of the variant forms of apoA-I
to the WT expressed in the corresponding expression system.
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Analysis of Lipid-Free ApoA-I. (A) Effect of the Mutations
on theR-Helical Content.TheR-helical content of the lipid-
free WT and mutant apoA-I forms (Table 1) was estimated
from the normalized far-UV CD spectra (not shown). In the
lipid-free state, the E110A/E111A and D102A/D103A double
charge ablations cause a∼7% and∼4% reduction, respec-
tively, in theR-helical content that corresponds to a loss of
∼18 and∼10 residues, respectively, in the helical conforma-
tion. In contrast, two other double charge ablations, R116V/
K118A and R160V/H162A, do not affect significantly the
R-helical content. The∆(61-78) deletion leads to a reduction
in theR-helical content by∼8% that corresponds to the loss
of ∼29 residues in the helical conformation. Given that the
∆(61-78) deletion removes 18 residues from apoA-I, this
mutation leads to unfolding of helical segments of at least
11 residues long. The other deletion,∆(121-142), does not
affect significantly the protein percentR-helical content.
However, because the number of residues in the helical
conformation is calculated by multiplying the number of
residues in the protein by theR-helical content, this deletion
actually results in a loss of residues in the helical conforma-
tion of apoA-I. In contrast to the∆(61-78) deletion, the
loss of residues in the helical conformation resulting from
the ∆(121-142) deletion (∼8 residues) is significantly
smaller than the number of deleted residues (22 residues).

(B) Stability of the Mutant Forms of ApoA-I.The thermal
unfolding and denaturant-induced unfolding curves for lipid-
free WT and variant forms of apoA-I monitored by ellipticity
at 222 nm are shown in Figures 3 and 4, respectively. The
values of the maximum of the first derivative d(Θ222)/dT of
the melting curves,Tm

d, as well as parameters determined
from the van’t Hoff analysis, the melting temperature,Tm,
and the effective enthalpy,∆Hv, are given in Table 1. The
conformational stability,∆GD°, the midpoint of chemical
denaturation,D1/2, andmvalues determined from the GdnHCl
denaturation curves by the linear extrapolation method are
also listed in Table 1. The equilibrium character and
reversibility of thermal unfolding and the reversibility of
chemical unfolding were verified as we described previously
(29). Values ofTm

d and Tm determined from the thermal
unfolding curves are close to each other, in accordance with
reversibility of the thermal unfolding of the lipid-free
proteins.

The melting curves for the E110A/E111A and D102A/
D103A mutants are shifted to lower temperatures compared
to the curves for WT apoA-I (Figure 3A), in accordance with
a reduction of 5°C (for the E110A/E111A) and 4°C (for
the D102A/D103A) in bothTm and Tm

d (Table 1). This
indicates a large destabilizing effect of these double charge
ablations. The R116V/K118A mutation leads to a smaller
(∼2 °C) reduction in Tm and Tm

d, indicating a slight
destabilization caused by this double charge ablation. The
R160V/H162A mutation does not affect theTm and Tm

d

values significantly. All four double charge ablations lead
to a reduction in the effective enthalpy,∆Hv, suggesting
lower cooperativity of thermal unfolding. The effect of the
double charge ablations on∆Hv is decreased in the order
E110A/E111A > D102A/D103A > R160V/H162A >
R116V/K118A and corresponds to an 18, 13, 9, and 6 kcal/
mol reduction in ∆Hv, respectively. Similar to thermal
unfolding, GdnHCl-induced unfolding of the double charge
ablation mutants is also affected most notably by the E110A/
E111A mutation (Figure 4). This mutation leads to a 1 kcal/
mol decrease in the conformational stability,∆GD°, con-
firming a significant destabilizing effect, and to a 1 kcal (mol
of apoA-I)-1 (mol of GdnHCl)-1 decrease in themparameter,
indicating reduced cooperativity of unfolding of this mutant.
The D102A/D103A double charge ablation leads to a smaller
(0.4 kcal/mol) decrease in∆GD°. The R116V/K118A and
R160V/H162A double charge ablations do not alter signifi-
cantly the parameters of chemical unfolding of apoA-I.

The ∆(61-78) deletion leads to a notable shift of the
apoA-I melting curve to lower temperatures and makes the
melting curve less steep (Figure 3B). In accordance with this,
van’t Hoff analysis shows a 13°C decrease inTm, indicating
a very large destabilization, and a 25 kcal/mol decrease in
∆Hv, suggesting a dramatic reduction in unfolding cooper-
ativity for the∆(61-78) mutant (Table 1). Because of such
a low cooperativity of unfolding reflected in the shape of
the melting curves for the∆(61-78) mutant, the first
derivative function d(Θ222)/dT for the curves does not show
a well-defined peak, which precluded the estimation of the
Tm

d values for this mutant. In contrast, the shape of the
melting curve for the∆(121-142) deletion mutant suggests
highly cooperative unfolding (Figure 3B) that is confirmed
by a 5 kcal/mol increase in∆Hv for the mutant compared to
WT (Table 1). The effect of the deletion mutations on the
GdnHCl-induced unfolding of apoA-I is also opposite for
the ∆(121-142) compared to the∆(61-78) (Figure 4B).
The∆(61-78) mutation leads to a 1.5 kcal/mol decrease in
the conformational stability,∆GD°, and a 0.3 M decrease in
the midpoint of chemical denaturation,D1/2, indicating a huge
destabilization of apoA-I, in accordance with the observed
dramatic reduction in thermal stability. The lowR-helical
content and the absence of a plateau at low denaturant
concentrations indicate that, even in the absence of denatur-
ant, the∆(61-78) mutant is destabilized. The∆(121-142)
mutation leads to a 0.7 kcal/mol increase in∆GD°, indicating
a stabilizing effect of the deletion. The∆(61-78) deletion
leads to a 1.2 kcal (mol of apoA-I)-1(mol of GdnHCl)-1

decrease in them parameter, suggesting lower cooperativity
of chemical unfolding compared to WT, in agreement with
the observed low cooperativity of thermal unfolding. The
∆(121-142) deletion does not lead to any decrease in the
m parameter.

FIGURE 2: SDS-PAGE (12%) analysis of purified recombinant
apoA-I forms. (A) Proteins in lanes 1-5 are apoA-I forms produced
by the baculovirus expression system and purified after cleavage
of the His tag: lane 1, WT; lane 2, apoA-I[R160V/H162A]; lane
3, apoA-I[R116V/K118A]; lane 4, apoA-I[D102A/D103A]; lane
5, apoA-I[∆(61-78)]. (B) Proteins in lanes 2-4 are apoA-I forms
produced by the adenovirus expression system and purified: lane
2, WT; lane 3, apoA-I[E110A/E111A]; lane 4, apoA-I[∆(121-
142)]. In lane 6, (A), and lane 1, (B), are molecular mass markers
(masses in kilodaltons).
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(C) Effect of the Mutations on the ANS and Intrinsic
Protein Trp Fluorescence.Fluorescence of ANS in the
presence of the lipid-free WT or variant forms of apoA-I
was measured to determine if the mutations affect the
exposure of hydrophobic cavities or surfaces of apoA-I. The
intrinsic fluorescence of the amphipathic dye ANS has been
shown to be enhanced and blue shifted upon binding to
hydrophobic surfaces or cavities, while the water-phase dye
does not contribute to the emission (42). ANS fluorescence
spectra recorded in the presence of WT, mutant apoA-I

forms, carbonic anhydrase, or bovine serum albumin and in
buffer alone are shown in Figure 5; WMF and relative
intensity values determined from the spectra are listed in
Table 2. In the phosphate buffer, ANS fluorescence has a
very low intensity and a maximum of emission at 516 nm.
In the presence of the “negative control” protein, carbonic
anhydrase, ANS fluorescence is not significantly changed,
consistent with the compact folding of this globular protein.
In contrast, the “positive control”, bovine serum albumin,
induces a significant (41 nm) blue shift and almost 10-fold
enhancement in ANS fluorescence compared to the dye in

Table 1: R-Helical Content and Thermodynamic Parameters of WT and Mutant Forms of Lipid-Free ApoA-I Determined by Far-UV CDa

no. of residues

apoA-I
R-helixd

(%) in protein in helixe Tm
d f (°C) Tm

f (°C)
∆Hv

f

(kcal/mol)
∆GD° g

(kcal/mol)
mg [kcal (mol of A-I)-1

(mol of GdnHCl)-1] D1/2
g (M)

WTb 58 ( 2 248 144 62( 0.5 60( 0.5 41( 1 2.5( 0.1 2.5( 0.1 1.0( 0.05
apoA-I[D102A/D103A]b 54 ( 2h 248 134 (-10) 58( 1i 56 ( 1i 28 ( 2j 2.1( 0.1h 2.2( 0.2 0.9( 0.03
apoA-I[R116V/ K118A]b 57 ( 4 248 141 (∼0) 60( 0.5h 58 ( 0.5h 35 ( 2h 2.4( 0.2 2.4( 0.1 1.0( 0.04
apoA-I[R160V/H162A]b 59 ( 4 248 146 (∼0) 63( 1 61( 1 32( 2j 2.1( 0.2 2.2( 0.2 0.9( 0.05
apoA-I[∆(61-78)]b 50 ( 3i 230 (-18) 115 (-29) 47( 1j 16 ( 1j 1.0( 0.2j 1.3( 0.2j 0.7( 0.05i

WTc 59 ( 2 249 147 59( 0.5 59( 1 48( 1 3.0( 0.2 3.0( 0.2 1.0( 0.05
apoA-I[E110A/E111A]c 52 ( 2i 249 129 (-18) 54( 1i 54 ( 0.5i 30 ( 1i 2.0( 0.2h 2.0( 0.2h 1.0( 0.00
apoA-I[∆(121-142)]c 61 ( 1 227 (-22) 139 (-8) 60( 0.5 60( 1 53( 1h 3.7( 0.2h 3.4( 0.2 1.1( 0.03

a Values are the average( SD from three to six experiments for two or three independent preparations of each protein.b Proteins expressed in
the baculovirus expression system.c Proteins expressed in the adenovirus expression system.d Estimated from the value [Θ222] at 25 °C. The
values are the average( SD from 10 to 16 measurements for each protein.e The number of residues in the helical conformation as estimated by
multiplying the number of residues in the protein by itsR-helical content. Values in parentheses show changes in the number of residues as
compared to WT.f Parameters determined from the thermal unfolding curves.Tm

d is a maximum of the first derivative function d(Θ222)/dT; the
melting temperature,Tm, and effective enthalpy,∆Hv, were determined from van’t Hoff analysis of the thermal unfolding curves.g The conformational
stability, ∆GD°, midpoint of chemical denaturation,D1/2, andm values were determined by the linear extrapolation method from the GdnHCl-
induced unfolding curves.h Significance of difference from the value for WT:p < 0.05. i Significance of difference from the value for WT:p <
0.01. j Significance of difference from the value for WT:p < 0.005.

FIGURE 3: Effect of the double charge ablation mutations D102A/
D103A, E110A/E111A, R116V/K118A, and R160V/H162A (A)
and deletion mutations∆(61-78) and∆(121-142) (B) on thermal
unfolding of lipid-free apoA-I. The WT produced by the baculovirus
expression system is shown for comparison in each panel.

FIGURE 4: Effect of the double charge ablation mutations D102A/
D103A, E110A/E111A, R116V/K118A, and R160V/H162A (A)
and deletion mutations∆(61-78) and∆(121-142) (B) on denatur-
ant unfolding of lipid-free apoA-I. The WT produced by the bacu-
lovirus expression system is shown for comparison in each panel.
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the buffer, which is consistent with the known ability of this
protein to bind hydrophobic molecules. These data verify
the sensitivity of ANS fluorescence to the exposure of
hydrophobic surfaces of proteins. In the presence of WT
apoA-I expressed in the baculovirus expression system, ANS
emission shows a 37 nm blue shift and∼4.5-fold increase
in the intensity compared to the emission of the dye in the
buffer alone. WT apoA-I expressed in the adenovirus
expression system (not shown in Figure 5) induces a very
similar effect (Table 2). The double charge ablations D102A/
D103A, E110A/E111A, and R160V/H162A induce much
higher increase in the fluorescence intensity (6.3- 6.8-fold)
and a larger blue shift (39-41 nm) compared to WT,
indicating increased exposure of hydrophobic surfaces on
these mutant apoA-I. The E110A/E111A mutation induced
the largest increase in the fluorescence intensity. In contrast,

the R116V/K118A double charge ablation induces a blue
shift that is similar to that of WT and an increase in ANS
fluorescence intensity (∼4-fold) that is slightly lower than
that of WT. This indicates that, in contrast to other double
charge ablations, the R116V/K118A mutation does not
increase the exposure of hydrophobic surfaces or cavities
on lipid-free apoA-I. In the presence of the∆(61-78)
deletion mutant, ANS fluorescence is greatly enhanced
(∼7-fold) and blue shifted (∼40 nm), indicating that, of all
the mutations studied here, this deletion leads to the greatest
exposure of hydrophobic surfaces in lipid-free apoA-I. In
contrast, the∆(121-142) deletion mutant induces a signifi-
cantly lower increase in ANS fluorescence intensity and a
smaller blue shift compared to WT, indicating that the apoA-
I[∆(121-142)] molecule has a more “globular” fold with
less hydrophobic surfaces exposed than WT and other apoA-I
mutants investigated in this study. Thus, according to the
increase in ANS fluorescence intensity, the exposure of
hydrophobic surfaces on apoA-I is decreased in the order
apoA-I[∆(61-78)] g apoA-I[E110A/E111A] > apoA-
I[R160V/H162A] g apoA-I[D102A/D103A] . WT >
apoA-I[R1116V/K118A]. apoA-I[∆(121-142)], suggest-
ing a corresponding increase in compact structure of these
proteins.

Spectra of the intrinsic Trp fluorescence of WT and mutant
forms of apoA-I were recorded, and WMF values were
determined from the spectra (Table 2) to determine if the
mutations affect the hydrophobicity of the environment of
Trp residues. The∆(121-142) mutation appears not to affect
WMF of Trp of apoA-I, and the R116V/K118A mutation
does not change WMF significantly, indicating that the
environment of Trp residues remains relatively hydrophobic
in the∆(121-142) and R116V/K118A mutants. The D102A/
D103A, E110A/E111A, and R160V/H162A mutations lead
to a 2-3 nm red shift in WMF, indicating a more polar
environment of Trp in these mutant proteins. A value of
WMF of tryptophans was not determined for the apoA-I-
[∆(61-78)], because the lack of Trp72 in this mutant may
affect its tryptophan emission, and thus, WMF may not be
informative for the assessment of hydrophobicity of the
environment of Trp in the∆(61-78) mutant, compared to
that in WT and other mutant forms of apoA-I.

Analysis of ApoA-I in rHDL.Nondenaturing gradient gel
electrophoresis of rHDL made from POPC, cholesterol, and
either WT or one of the mutant apoA-I verified the formation
of the particles; electron micrographs of the rHDL showed
discoidal complexes that are stacked on edge (not shown).

(A) Effect of the Mutations on theR-Helical Content.Far-
UV CD analysis of rHDL containing WT or one of the
mutant forms of apoA-I shows that the R160V/H162A
double charge ablation does not affect the secondary
conformation of the protein in the lipid-bound state, while
other mutations lead to a reduction in theR-helical content
(Table 3). A reduction in theR-helical content of apoA-I in
rHDL resulting from the double charge ablations is∼9%
(the loss of∼22 residues in the helical conformation) for
the D102A/D103A mutation,∼4% (the loss of∼10 residues
in the helical conformation) for the E110A/E111A mutation,
and∼5% (the loss of∼12 residues in the helical conforma-
tion) for the R116V/K118A mutation. The∆(61-78) dele-
tion leads to an∼8% reduction in theR-helical content of
apoA-I in rHDL that indicates a loss of∼31 residues in the

FIGURE 5: ANS fluorescence spectra obtained in the presence of
50 µg/mL WT or one of the mutant forms of apoA-I, bovine serum
albumin (BSA), or carbonic anhydrase (CA) or in buffer alone.

Table 2: ANS Fluorescence in the Presence of WT and Mutant
Forms of Lipid-Free ApoA-I and Reference Proteins and Trp
Fluorescence of WT and Mutant Forms of Lipid-Free ApoA-I

protein
WMFc

(nm)

Ic

(relative
units)d

Ic

(relative
units)e

WMFf

(nm)

WTb 479 (-37)c 4.5 1.0 335
apoA-I[D102A/D103A]b 475 (-41) 6.3 1.3 338
apoA-I[R116V/ K118A]b 479 (-37) 4.0 0.9 336
apoA-I[R160V/H162A]b 475 (-41) 6.5 1.4 337
apoA-I[∆(61-78)]b 476 (-40) 7.0 1.6 g

WTa 480 (-36) 4.3 1.0 335
apoA-I[E110A/E111A]a 477 (-39) 6.8 1.5 337
apoA-I[∆(121-142)]a 492 (-24) 3.3 0.7 335

bovine serum albumin 475 (-41) 9.5 2.1 N/A
carbonic anhydrase 516 1.0 0.2 N/A
ANS in buffer alone 516 1.0 0.2 N/A

a Proteins were expressed in the adenovirus expression system.
b Proteins were expressed in the baculovirus expression system.c ANS
fluorescence in the presence of 0.05 mg/mL WT or the mutant forms
of apoA-I, carbonic anhydrase, or bovine serum albumin or in PBS
buffer alone. Values in parentheses show changes in WMF compared
to that for ANS in PBS buffer.d ANS fluorescence intensity in relative
units compared to the fluorescence in the buffer alone.e ANS fluores-
cence intensity in relative units compared to the fluorescence in the
presence of WT expressed in the baculovirus expression system.f

Intrinsic Trp fluorescence of WT and mutant apoA-I in PBS.g WMF
for the apoA-I[∆(61-78)] was not determined because of the lack of
Trp72 in this mutant.
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helical conformation. Given that the∆(61-78) mutation
deletes 18 residues, the data indicate that this deletion results
in unfolding of helical segment(s) of at least 13 residues in
length in apoA-I bound to rHD.

(B) Thermal and GdnHCl-Induced Unfolding of Mutant
Forms of ApoA-I.The thermal and GdnHCl-induced dena-
turation curves for WT and mutant apoA-I in rHDL are
shown in Figures 6 and 7, respectively; parameters derived
from the curves are listed in Table 3. Given that thermal
and chemical unfolding of apolipoproteins in rHDL is a
kinetically controlled irreversible process (43, 44), the
thermal unfolding for all rHDL samples was performed at
the same heating rate, 0.4°C /min. For each protein in rHDL,
the midpoint of thermal denaturation,T1/2, differs signifi-
cantly from a maximum of the first derivative of the melting
curves,Tm

d, in accordance with the asymmetric shape of the
thermal unfolding curves of the lipid-bound proteins (Figure
6), which confirms the irreversibility of the transitions (43,
44). Denaturant-induced unfolding curves were recorded after
72 h incubation with GdnHCl to allow apoA-I to achieve
complete denaturation (40). The denaturation curves for all
rHDL studied are monotonic (Figure 7), indicating that no
stable intermediate species are present at any state of the
transitions. The denaturation of rHDL made with apoA-I
comprises two processes: a reversible unfolding of lipid-

bound apoA-I and irreversible desorption of apolipoproteins
from the particle surface (40, 43). It has been shown,
however, that the free energy of unfolding determined from
the full denaturation curves of rHDL using a denaturant
binding model,∆GD°*, is identical to the free energy of
reversible unfolding of lipid-bound apoA-I (40). The values
for the free energy of denaturation of lipid-bound apoA-I
determined using the denaturant binding model,∆GD°*, and
using the linear extrapolation method,∆GD°, appear to be
in a good agreement (Table 3). The∆GD° values are slightly
lower than∆GD°*, in accordance with the observation that
the linear extrapolation approach gives the lowest estimate
for the conformational stability (41). The midpoint of
GdnCHl-induced denaturation,D1/2, determined from the
denaturation curves (Figure 7) graphically and calculated
using the linear extrapolation method resulted in identical
values that are shown in Table 3. Thus, the linear extrapola-
tion approach used for characterization of the chemical
stability of lipid-free mutant forms of apoA-I (29, 30)
appeared to give reasonable parameters to characterize
denaturant-induced unfolding of apoA-I in rHDL.

The D102A/D103A mutation leads to a 3°C decrease in
the midpoint of thermal unfolding,T1/2, a 0.4 M decrease in

Table 3: R-Helical Content and Parameters of Thermal and GdnHCl-Induced Denaturation of WT and Mutant Forms of ApoA-I Bound to
rHDL Determined by Far-UV CDa

no. of residues

apoA-I R-helixd (%) in protein in helixe T1/2
f (°C) Tm

d f (°C)
∆GD°* g

(kcal/mol)
∆GD° g

(kcal/mol) D1/2
g (M)

WTb 71 ( 2 248 176 79( 0.5 91( 0.5 4.4( 0.2 4.1( 0.2 2.3( 0.05
apoA-I[D102A/D103A]b 62 ( 4h 248 154 (-22) 76( 1h 89 ( 1 3.0( 0.2j 2.4( 0.1j 1.9( 0.07i

apoA-I[R116V/ K118A]b 66 ( 2h 248 164 (-12) 80( 1 92( 1 4.2( 0.3 3.7( 0.3 2.0( 0.1h

apoA-I[R160V/H162A]b 70 ( 4 248 174 78( 0.5 90( 1 4.1( 0.3 3.5( 0.3 2.3( 0.1
apoA-I[∆(61-78)]b 63 ( 3i 230 (-18) 145 (-31) 76( 1h 89 ( 1 3.1( 0.2j 2.6( 0.2j 1.9( 0.1i

WTc 67 ( 2 249 167 4.6( 0.2 4.1( 0.3 2.3( 0.0
apoA-I[E110A/E111A]c 63 ( 2h 249 157 (-10) 3.9( 0.2h 3.6( 0.1h 2.3( 0.1

a Values are the average( SD from three to six experiments for two or three independent preparations of each protein.b Proteins expressed in
the baculovirus expression system.c Proteins expressed in the adenovirus expression system.d Estimated from the value [Θ222] at 25 °C. The
values are the average( SD from 8 to 13 measurements for each protein.e The number of residues in the helical conformation as estimated by
multiplying the number of residues in the protein by itsR-helial content. Values in parentheses show changes in the number of residues as compared
to WT. f Parameters determined from the thermal unfolding curves.T1/2 is a midpoint of thermal unfolding, at which half of the total change in the
CD signal is observed;Tm

d is a maximum of the derivative function d(Θ222)/dT. g Parameters determined from GdnHCl-induced unfolding curves
recorded after 68-72 h of incubation of rHDL aliquots with various concentrations of GdnHCl. Free energy of denaturation,∆GD°*, was deter-
mined using the denaturant binding model as described in ref40; ∆GD° was determined by the linear extrapolation method (ref12); the mid-
point of denaturation,D1/2, was determined graphically from the curves and by the linear extrapolation method.h Significance of difference from
the value for WT: p < 0.05. i Significance of difference from the value for WT:p < 0.01. j Significance of difference from the value for WT:
p < 0.005.

FIGURE 6: Effect of the mutations on thermally induced unfolding
of apoA-I in rHDL monitored by the ellipticity at 222 nm.

FIGURE 7: Effect of the mutations on denaturant-induced unfolding
of apoA-I in rHDL monitored by the ellipticity at 222 nm.
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the midpoint of GdnHCl denaturation,D1/2, and 1.4-1.7 kcal/
mol decrease in the conformation stability, suggesting that
the apoA-I[D102A/D103A] is the most unstable double
charge ablation mutant apoA-I in rHDL studied here. The
E110A/E111A mutation results in a 0.5-0.7 kcal/mol
decrease in the conformation stability, and the R116V/K118A
mutation leads to an∼0.3 M decrease in the midpointD1/2

of GdnHCl denaturation. Thus, all three double charge
ablations in helix 4 lead to destabilization of apoA-I in rHDL.
The R160V/H162A double charge ablation in helix 6 does
not result in significant destabilization of apoA-I in rHDL.
The ∆(61-78) deletion leads to a great destabilization of
apoA-I in rHDL, as indicated by a 3°C decrease in the
midpoint of thermal unfolding,T1/2, a 0.4 M decrease in the
midpointD1/2 of GdnHCl denaturation, and a 1.3-1.5 kcal/
mol decrease in the conformational stability.

DISCUSSION

Studies of lipid-free apoA-I show the complexity and
variety of interresidue and interfragment interactions in the
protein that are critical for maintaining its integrity. Probing
apoA-I conformation by mutation shows that deletion or
mutation of some residues disturbs the conformation and
stability, while deletion or mutation of others does not affect
the overall conformation and stability of the molecule or may
even stabilize the protein. For example, deletion of the
segment 165-175 has been shown to disrupt dramatically
and destabilize the protein structure, while deletion of the
segment 187-197 of a similar length does not affect the
protein conformation and stability (29), and deletion of the
segment 136-143 stabilizes the protein and increases the
R-helical content (30). Residues of central helix 6 (residues
144-165) appeared to be involved in tertiary interactions
with some parts of the N-terminal half of apoA-I, as indicated
by the observed perturbation of the tertiary organization of
the N-terminal half of the molecule by a∆(144-165)
deletion (30). A mutation G185P/G186P located in the
C-terminal part of apoA-I affects fluorescence of tryptophans
located in the N-terminal half of apoA-I, which suggests a
close proximity of the N- and C-termini of apoA-I and their
interaction with each other in solution (29). Substitutions
L222K/F225K/F229K (29) and E125K/E128K/K133E/
E139K (30) stabilize lipid-free apoA-I and increase its
R-helical content, while substitutions V156K/A158E (45) and
E110A/E111A (12) destabilize the protein and result in a
loss of helical structure. In rHDL, electrostatic interactions
between acidic and basic residues of two antiparallel apoA-I
molecules via salt bridges have been proposed to be
important for disk stability (27). However, no experimental
data demonstrating that the proposed salt bridges are essential
for the conformation and stability of apoA-I in rHDL have
been reported. In the current study, we probe by mutation
the central region of apoA-I between residues 61 and 162 in
order to further identify important interactions, including
possible electrostatic interactions, that determine apoA-I
conformation and stability in the lipid-free state and in rHDL.

Two expression systems were used to generate WT and
the variant apoA-I forms used in this study: the baculovirus
expression system for the WT and D102A/D103A, R116V/
K118A, R160V/H162A, and∆(61-78) mutants and the
adenovirus expression system for the WT and E110A/E111A
and ∆(121-142) mutants. In agreement with previous

observations (5, 12, 29, 30), the physicochemical character-
istics of WT expressed in different expression systems
appeared to be slightly different (Tables 1-3). This differ-
ence may result from a difference in the propeptide at the
N-terminus of the expressed proteins. ApoA-I produced by
the baculovirus expression system contains the segment of
five residues (Gly-Ala-Met-Gly-Ser-) that corresponds to the
recognition sequence of the rTEV protease; apoA-I produced
by the adenovirus expression system contains the six-residue
propeptide (Arg-His-Phe-Trp-Gln-Gln-). Some studies (29,
46) have reported a difference in the conformation between
WT apoA-I expressed in the baculovirus expression system
or in mammalian C127 cells and apoA-I isolated from human
plasma that might also result from the presence of the
N-terminus-attached segment in the expressed apoA-I. To
exclude any effect of the expression system on the parameters
determined in this study, all of the conclusions in the study
are based on the comparison of characteristics of WT and
mutant apoA-I forms generated by the same expression
system.

Our earlier analysis of the∆(136-143) and E125K/
E128K/K133E/E139K mutants of apoA-I suggested disor-
dered structure of the segment between residues 121 and 142
in the lipid-free protein (30). To test this suggestion, we
studied effects of the∆(121-142) mutation on the confor-
mation and stability of apoA-I. Although no significant
difference in the percentR-helical content between WT and
the∆(121-142) mutant was observed (Table 1), a significant
difference between these two proteins in the number of
residues in the helical conformation [147 for WT vs 139 for
the∆(121-142) mutant] results because of the different total
number of residues in WT vs the∆(121-142) mutant (249
vs 227). Multiple measurements of theR-helical content for
each protein obtained from different purifications consistently
resulted in anR-helical content of the∆(121-142) mutant
that was (2( 1)% higher than that of WT. This corresponds
to an 8( 3 residue lower number of residues in the helical
conformation in the∆(121-142) mutant compared to that
in WT. Thus, the∆(121-142) deletion leads to a signifi-
cantly smaller loss of residues in the helical conformation
compared to the number of deleted residues (22 residues),
suggesting that the major part of the deleted segment is not
helical in lipid-free apoA-I. However, 8( 3 residues of the
deleted segment may be in the helical conformation. The
∆(121-142) mutant appears to have higher stability and
unfolding cooperativity and more compact tertiary structure
compared to WT, which agrees with the disordered structure
of a major part of the deleted segment 121-142. Our earlier
analysis of the∆(136-143) mutant, which is consistent with
a disordered structure of region 136-143 in lipid-free apoA-I
(30), together with an expected location of P121 in a loop
connecting helixes 4 and 5, suggests that the 8( 3 residue
helical segment may be located between residues 122 and
135, while the remaining 15( 3 residues of region 121-
143 are in the disordered conformation. It is likely that
residues 123-130 form a small helix separated from helix
4 by the kink comprised of residues P121 and L122, and
the segment of residues 131-143 is disordered (Figure 1A).
This disordered segment may serve as “a hinge domain”
providing an additional flexibility to the apoA-I molecule,
and it appears to overlap with a putative flexible hinge
domain of apoA-I in rHDL proposed to exist between

1250 Biochemistry, Vol. 45, No. 4, 2006 Gorshkova et al.



residues 130 and 174 that may be either associated or
dissociated from rHDL depending on the particle size (50).
We have previously reported an∼17-residue gain in the
helical conformation of lipid-free apoA-I as a result of the
E125K/E128K/K133E/E139K mutation (30). This observa-
tion is consistent with folding into helix of the 15( 3 residue
disordered region located between residues 121 and 143 upon
this quadruple-point mutation. Recent findings of Saito et
al. (51) also agree with the disordered structure of a major
region between residues 121 and 143 in lipid-free apoA-I.
On the basis of the observation that the enthalpy of binding
of apoA-I to lipid is linearly correlated with the number of
amino acids forming theR-helix, the authors concluded that
the enthalpy of binding of a∆(123-166) apoA-I mutant to
lipid is consistent with the disordered structure of a region
between residues 123 and 142 in lipid-free apoA-I, which
becomes helical upon lipid binding.

We have studied the effects of three double charge
ablations in helix 4, D102A/D103A, E110A/E111A, and
R116V/K118A, and the R160V/H162A double charge abla-
tion in helix 6 on the conformation and stability of apoA-I.
Of three double charge ablations made in helix 4, the E110A/
E111A mutation has the most significant effect on the protein
conformation, stability, and unfolding cooperativity of the
lipid-free protein. Given that the mutated residues in the
apoA-I[E110A/E111A] are located in the middle of helix 4,
the loss of∼18 residues in the helical conformation caused
by this mutation suggests unfolding of a whole helix segment,
most likely helix 4 (Figure 1B). This leads to a great
reduction in the protein stability and unfolding cooperativity
and to a significantly less compact tertiary packing, as
indicated by ANS fluorescence measurements. The D102A/
D103A mutation located at the N-terminal end of helix 4
leads to a loss of∼10 residues in the helical conformation
suggesting unfolding of half of a helix segment, most likely,
the N-terminal half of helix 4. This also results in a
significant reduction in the protein stability and unfolding
cooperativity and a looser tertiary packing. However, the
changes induced by the D102A/D103A mutation are smaller
than those induced by the E110A/E111A mutation. Both the
E110A/E111A and D102A/D103A mutations lead to a less
hydrophobic environment of Trp residues, consistent with a
less compact tertiary packing of the mutant proteins and
complete or partial unfolding of helix 4, where one of four
Trp residues of apoA-I (Trp 108) is located. The findings
suggest that, in lipid-free apoA-I, D102/D103 and E110/E111
located in helix 4 are a part of the protein core-folded
structure and are crucial for maintenance of the solution
conformation and stability of the protein. In contrast, the
R116V/K118A mutation located at the C-terminal end of
helix 4 does not affect significantly theR-helical content
and reduces only slightly the thermal stability and unfolding
cooperativity of lipid-free apoA-I. This suggests that R116
and K118 do not play a major role in stabilizing the lipid-
free conformation of apoA-I. In contrast to the other double
charge ablations, the R116V/K118A mutation leads to a
slightly more compact tertiary conformation compared to
WT, as indicated by ANS measurements. This may be the
result of substitutions of the large charged R116/K118 by
the relatively small and neutral Ala. The R160V/H162A
double charge ablation was made in helix 6 that has been
shown to be vital for the structure, stability, and important

functions of apoA-I (8, 9, 30, 47, 48). From the position in
the helix and the nature of the mutation, the R160V/H162A
double charge ablation is similar to the R116V/K118A
double charge ablation made in helix 4. In the lipid-free
protein, the R160V/H162A mutation, similar to the R116V/
K118A, does not affect the secondary conformation. How-
ever, in contrast to the apoA-I[R116V/K118A], the apoA-
I[R160V/H162A] has significantly less compact tertiary
structure, consistent with enhanced ANS fluorescence, a red
shift of the maximum of Trp fluorescence, and the reduced
enthalpy of thermal unfolding. It has been reported that an
R160Q mutation also led to a significant red shift of Trp
fluorescence of apoA-I (48). The data suggest involvement
of R160/H162 in important tertiary (inter-helical) electrostatic
interactions in the lipid-free protein.

Most effects of the∆(61-78) deletion on the character-
istics of lipid-free apoA-I appear to be opposite to those of
the ∆(121-142) deletion. The∆(61-78) deletion leads to
dramatically reduced stability and unfolding cooperativity,
less compact tertiary structure, and a large loss (∼29
residues) in helical conformation indicating unfolding of at
least an 11-residue helical segment(s) in other part(s) of the
molecule that are helical in WT. Most likely, the segment
of residues 79-88 adjacent to the deletion site is disordered
in the apoA-I[∆(61-78)] (Figure 1B). These significant
changes suggest that some or all of the residues of region
61-78 are located in a core-folded structure of lipid-free
apoA-I and are important for the protein confor-
mation and stability. This agrees with data showing that the
segment of residues 63-73, which overlaps with the
61-78 region, is essential for apoA-I function, such as
phospholipid binding (10). Remarkably, of all the mutations
studied in this work, the∆(61-78) and E110A/E111A lead
to the least compact tertiary packing and to the most
significant increase in disordered conformation in lipid-free
apoA-I (Figure 1B). Combined with greatly reduced stability
and unfolding cooperativity, this suggests more flexible and
less organized structure of the apoA-I[∆(61-78)] and apoA-
I[E110A/E111A] that may facilitate association of these
mutants with larger lipoprotein particles, very low density
and intermediate density lipoprotein. In apoA-I-deficient mice
expressing various mutant forms of apoA-I, two mutants,
apoA-I[∆(61-78)] and apoA-I[E110A/E111A], were shown
to have increased affinity to very low density and intermedi-
ate density lipoprotein (12, 32). Similarly, in human plasma,
one of the apoE isoforms, apoE4 that has the less organized
and more flexible structure, is preferably associated with
larger very low density lipoprotein, in contrast to apoE2 and
apoE3 isoforms that are more structurally organized and
preferably bound to smaller HDL particles (49). In apoA-
I-deficient mice expressing apoA-I[∆(61-78)] and apoA-
I[E110A/E111A], the increased affinity of these mutant
apoA-I to very low density and intermediate density lipo-
protein may result in displacement of apoC-II from these
lipoproteins, making them poorer substrates for lipoprotein
lipase, and eventually may lead to hypertriglyceridemia (12,
32). Thus, the changes in the secondary and tertiary confor-
mation and stability of apoA-I induced by the∆(61-78) and
E110A/E111A mutations may initiate mechanisms respon-
sible for hypertriglyceridemia in apoA-I-deficient mice
expressing these mutants. More in vitro experiments are
under way to demonstrate that the∆(61-78) and E110A/
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E111A mutations increase the affinity of apoA-I to larger
lipoprotein particles.

In rHDL, the ∆(61-78) deletion leads to unfolding of
helical segment(s) and a great reduction in apoA-I stability,
similar to that in the lipid-free state. This indicates that some
or all residues of segment 61-78 are involved in important
interactions that are vital for maintenance of the apoA-I
conformation and stability in both lipid-free apoA-I and
apoA-I bound to rHDL. This agrees with previous findings
showing that the segment of residues 63-73, which overlaps
with region 61-78, is important for the lipid-bound confor-
mation and stability of apoA-I (10). All three double charge
ablations made in helix 4, D102A/D103A, E110A/E111A,
and R116V/K118A, result in reducedR-helical content and
stability of apoA-I in rHDL, suggesting that at least one
residue in each mutated pair of residues, D102/D103, E110/
E111, and R116/K118, is involved in important interactions
that maintain the conformation and stability of lipid-bound
apoA-I. Thus, our analysis suggests that D102/D103 and
E110/E111 are important for both the lipid-free and lipid-
bound conformation of apoA-I, while R116/K118, which do
not play a major role in maintenance of the lipid-free
conformation, are essential for the conformation and stability
of apoA-I in rHDL. The results appear to be in good
agreement with the double belt model for rHDL (27). In this
model, two apoA-I molecules in antiparallel orientation form
a dimeric structure in which D103, E111, and K118 of one
apoA-I molecule form salt bridges with H162, H155,
andE147, respectively, of the other apoA-I molecule. We
expected that, similar to the double charge ablations made
in helix 4, the double charge ablation R160V/H162A in helix
6 also would affect the conformation of apoA-I in rHDL,
because H162 in one apoA-I molecule and D103 in its
antiparallel mate form a salt bridge in the double belt model
(27), and the R160V/H162A mutation has been shown to
affect in vitro formation of a productive complex between
rHDL and SR-B1 (7) and to obliterate the LCAT activation
ability of apoA-I (31). However, our analysis shows that the
R160V/H162A mutation does not alter significantly the
R-helical content and stability of apoA-I in rHDL. Similarly,
it has been shown that mutations R160L (52) and R160Q
(48) do not affect the conformation of apoA-I in rHDL, in
agreement with the belt model (27), which predicts that R160
does not form a salt bridge with any residues of the
antiparallel apoA-I molecule of the dimer but instead points
toward the surface of the disk. It was proposed that R160,
along with residues R149 and R153, is a part of a positively
charged cluster of helix 6 residues that interacts directly with
LCAT (48). Our analysis of the apoA-I[R160V/H162A]
further supports this hypothesis and explains the observed
effect of the mutation of R160 on the formation of the
productive complex between rHDL and SR-B1. Previous
studies suggested that the mutation of R160/V either alter
the conformation of apoA-I in rHDL or disrupt direct contacts
between the rHDL and SR-B1 (7). Our findings support the
latter mechanism. In addition, our analysis suggests that the
salt bridge between H162 in one apoA-I molecule and D103
in the antiparallel apoA-I molecule predicted by the double
belt model (27) is not critical for the stabilization of the disks,
because the R160V/H162A mutation did not affect signifi-
cantly the conformation and stability of apoA-I in the disks.
It is possible that, upon the mutation of H162, D103 may

form an intrahelical salt bridge with K106, because in the
double belt model, the side chain of K106 does not form a
salt bridge with any residue and does not extend out into
the aqueous medium. This possible switching of the salt
bridge between D103 of one apoA-I molecule and H162 of
the antiparallel apoA-I molecule to an intrahelical salt bridge
between D103 and K106 without altering the disk stability
and conformation may be physiologically important, if H162
also directly participates in interactions with SR-B1 or
LCAT. Such a participation may be predicted from the
observed effects of the R160V/H162A mutation on the
interaction of rHDL with SR-B1 (7) and from the impaired
LCAT activation ability of a natural apoA-I mutant H162Q
(53). Interestingly, a resent study by Alexander et al. (15)
suggests that negatively charged residues of apoA-I helix 6,
E146, E147, D150, and D157, also may interact directly with
LCAT.

In conclusion, the current study (i) provides additional
evidence that a major segment between residues 121 and
143, likely including residues 131-143, has disordered
conformation in lipid-free apoA-I, (ii) identifies residues in
the central part of apoA-I that are important for the
conformation of apoA-I in the lipid-free state, (iii) shows
that the specific salt bridge interactions predicted by the
double belt model for apoA-I in rHDL are essential for the
conformation and stability of the protein in rHDL, and (iv)
contributes to our understanding of the effects of the
mutations on apoA-I functions and induction of hypertrig-
lyceridemia in apoA-I-deficient mice following adenovirus-
mediated gene transfer of apoA-I[E110A/E111A] and apoA-
I[∆(61-78)].
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