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ABSTRACT: An amino-terminal deletion mutant (residues 1-43) of human apolipoprotein A-I (apo hA-I)
has been produced from a bacterial expression system to explore the structural and functional role of
these amino acids, encoded by exon 3, in apo hA-I. Lipid binding of apo∆(1-43)A-I and lipid binding
of apo hA-I are very similar as assessed by surface activity, lipid association with palmitoyloleoylphos-
phatidylcholine (POPC) vesicles, and lipid association with plasma lipoproteins. Preliminary kinetic
measurements appear to show that the reactivity of lecithin:cholesterol acyltransferase (LCAT) with the
mutant is slightly decreased compared to wild-type apo hA-I. Collectively, these results indicate that the
N-terminal region is not necessary for lipid binding or activation of LCAT. In contrast, there are significant
structural differences between lipid-free apo∆(1-43)A-I and apo hA-I, as judged by denaturant-induced
unfolding, binding of the fluorescent probe 1-anilinonaphthalene-8-sulfonate, surface balance measurements,
and far- and near-ultraviolet circular dichroic spectroscopy. All spectral and physical measurements indicate
apo∆(1-43)A-I has a folded, tertiary structure, although it is significantly less stable than that of apo
hA-I. It is concluded that the N-terminal 43 residues are an important structural element of the lipid-free
conformational state of apo hA-I, the absence of which induces a fundamentally different fold for the
remaining carboxy-terminal residues, compared to those in native apo hA-I.

Human apolipoprotein A-I (apo hA-I)1 is the major protein
of high-density lipoprotein (HDL), comprising about 70%
of the total HDL protein. HDL levels, quantified by either
cholesterol or apolipoprotein A-I content, are a better
predictor of coronary artery disease (CAD), as a single
parameter in assessing risk, than any other single risk factor
(Breslow, 1989; Gordon et al., 1977). Studies of human apo
A-I in transgenic animals susceptible to atherosclerosis have

established that apo A-I is responsible for the protective effect
of HDL against the onset of CAD (Schultz et al., 1993;
Warden et al., 1993; Plumb et al., 1994). During the course
of HDL catabolism, particles are continually remodeled by
the transfer and exchange of lipid components between
lipoproteins and by the action of enzymes, most notably the
plasma enzyme lecithin:cholesterol acyltransferase (LCAT).
Apo A-I is the most potent activator of LCAT, which
catalyzes the conversion of free cholesterol to cholesterol
ester (Fielding et al., 1972), thereby facilitating the clearance
of cholesterol from peripheral tissues through the liver in a
process termed reverse cholesterol transport (Glomset, 1968;
Forte & McCall, 1994). In addition, apo A-I is thought to
be an important ligand in the binding of HDL to cellular
membranes (Oram, 1986; Sviridov et al., 1996), and,
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recently, an apo A-I-specific receptor has been identified in
liver and nonplacental steroidogenic tissues (Acton et al.,
1996).
Structural studies of apo A-I employing conformationally

sensitive monoclonal antibodies (Calabresi et al., 1993; Collet
et al., 1991), fluorescence spectroscopy (Jonas et al., 1990),
and13C NMR of labeled lysines (Sparks et al., 1992a,b) are
consistent with an adaptable or flexible amino terminus. The
antibody and NMR studies also demonstrated that confor-
mational changes in the amino terminus occur during the
conversion of apo A-I from the lipid-free to the lipid-bound
form (Marcel et al., 1991; Meng et al., 1993; Sparks et al.,
1992a,b). In these studies, the definition of the “amino
terminal region” is necessarily different. Conformational
studies using intrinsic fluorescence typically define the amino
terminus through residue 108, because it has not been
possible to assign a unique signal to each of the 4 tryptophans
located between residues 7 and 109. Similarly, proteolysis
studies have demonstrated that residues 1 through 115 are
protected from proteolysis in the lipid-free form, thus
reporting on essentially the same block of residues (reviewed
in Brouillette & Anantharamaiah, 1995). In contrast, the
amino terminus can be subdivided into an extreme amino-
terminal region defined by residues 1 through 15 (Curtiss &
Smith, 1988; Marcel et al., 1991) and a larger domain
approximately encompassing residues 14-90 (Bergeron et
al., 1995), based on published studies using monoclonal
antibodies which recognize epitopes in these two regions.
Mutagenesis or “protein dissection” by proteolysis, the

replacement or deletion of specific residues, has been shown
to be a powerful tool in studying the structure and function
of a variety of proteins, including apo A-I (Bruhn & Stoffel,
1991; Ji & Jonas, 1995; Sorci-Thomas et al., 1994; Minnich
et al., 1992; Schmidt et al., 1995). This approach can define
more precisely the local structure of particular regions in
proteins but, until now, has not been used to directly examine
the N-terminal region of apo A-I. In the studies described
here, the N-terminal residues 1 through 43 have been selected
as a single block for deletion; the removal of these residues
provides the most direct way to elucidate the structural and
functional importance of this region.
The rationale for deleting the first 43 residues comes from

the genomic as well as the amino acid structure of apo A-I.
Exon 3 encodes residues 1-43 in apo A-I. This region is
more highly conserved across different species than is the
remainder of the protein, which is encoded by exon 4,
suggesting it may have a function other than, or in addition
to, lipid binding. The residues in exon 3 have been described
as having a different internal sequence homology (McLachlan,
1977; Li et al., 1988) as well as containing a completely
different amphipathic helical class than those derived from
exon 4 (Segrest et al., 1992). In addition, sequence analyses
distinguish the amino terminus from the remainder of the
protein in that some nonhelical secondary structure is
predicted (Marcel et al., 1991; Nolte & Atkinson, 1992;
Segrest et al., 1992, 1994). Taken together these studies
identify the amino terminus as a unique region of apo hA-I
which has not been well characterized or understood.
The emphasis of the present study is to describe the

differences in the lipid-free conformations of apo∆(1-
43)A-I relative to native apo hA-I through the use of multiple
techniques, including denaturant-induced unfolding measured
by spectroscopic methods, ANS binding, near- and far-UV

CD, and surface balance measurements. The similarities in
the lipid-bound conformations are also examined through a
series of experiments that test function including monolayer
and lipid vesicle binding, and LCAT activation, while future
studies will focus on the subtle differences in the lipid-bound
conformations. The present studies indicate that residues
1-43 are necessary to maintain and stabilize the structure
of lipid-free apo hA-I and also suggest they play a key role
in the conformational switch between the lipid-free and lipid-
bound forms.

EXPERIMENTAL PROCEDURES

Preparation of Human Apo A-I. Human apo A-I (apo
hA-I) in the methionine-reduced state (Anantharamaiah et
al., 1988) was purified by the method of Hughes et al. (1988),
which consists of density gradient ultracentrifugation to
obtain the HDL density fraction, delipidation of the HDL,
and preparative reversed phase high-performance liquid
chromatography; the purified protein was then lyophilized
for storage at-20 °C. Lyophilized protein was solubilized,
as needed, in 6 M guanidine hydrochloride in PBS (0.02 M
phosphate, 0.15 M NaCl, 0.02% NaN3, and 1 mM EDTA,
pH 7.4) and then dialyzed against PBS containing 10µM
D,L-R-tocopherol, 50µM ascorbic acid, and 1 mM EDTA.
An extinction coefficient of 1.13 mL/(mg‚cm) at 280 nm
was used for determining apo hA-I concentration in 6 M
guanidine hydrochloride (Pownall & Massey, 1986).
Construction and Expression of Apo∆(1-43)A-I Contain-

ing Vector. The apo hA-I cDNA that encodes the prepro-
peptide form of apo A-I (Cheung & Chan, 1983) was cloned
into the plasmid pGEMEX (Promega, Madison, WI). The
prepro coding region of the apo A-I cDNA was removed by
PCR amplification;XbaI and HindIII cleavage sites were
included at the upstream and downstream ends (respectively)
of the mature apo hA-I open reading frame. Single-stranded
DNA from this plasmid was prepared by standard methods
(Vieira & Messing, 1987) using helper phage VCSM13
(Stratagene, San Diego, CA) and used for site-directed
mutagenesis (Zoller & Smith, 1983), using the oligonucle-
otide 5′-TAAGAAGGAGATATACATATGCTAAAGCT-
CCTTGACAAC-3′ (sense strand) to delete nucleotide se-
quences encoding amino acids 1 through 43. Mutants were
identified by colony hybridization using the mutagenic
oligonucleotide, and their identity was confirmed by double-
strand dideoxynucleotide DNA sequencing [United States
Biochemical (USB), Cleveland, OH] of the resulting plasmid
DNA. The mutant gene product was expressed inE. coli
BL21/DE3 cells (Studier & Moffat, 1986) by growth of the
transformed bacteria in sterile DYT medium (10 g of casein
peptone, 10 g of yeast extract, 5 g ofNaCl, and 2 pellets of
NaOH per liter) with 100µg/mL ampicillin to an OD600 )
0.9-1.0. The chromosomal copy of the bacteriophage T7
RNA polymerase gene was then induced with 1 mM IPTG.
After 4 h, the inducedE. coli cells were collected by
centrifugation and resuspended in sterile phosphate-buffered
saline (PBS) containing a mixture of antioxidants (1µM
R-tocopherol, 50µM ascorbic acid) and protease inhibitors
(5 mM PMSF, 1 mM EDTA, 0.2% NaN3).
Purification and Characterization of Apo∆(1-43)A-I.

The resuspendedE. colicell pellet was lysed by French press.
Dimyristoylphosphatidylcholine (DMPC; Avanti Polar Lip-
ids, Inc., Alabaster, AL) was added to the supernatant
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containing recombinant protein to a final concentration of
40 mg/mL and mixed on an orbital shaker overnight at room
temperature. A two-step gradient was used to float the
DMPC/protein complexes by overlaying the supernatant/
DMPC mixture (adjusted to a density of 1.3 g/mL with KBr)
with a KBr buffer (density 1.2 g/mL). Centrifugation in 39.5
mL tubes was accomplished with a 70 Ti rotor (Beckman
Instruments) at 70 000 rpm for 22 h at 24°C. Greater than
90% of the recombinant apo A-I was found to be in the top
layer, comigrating with the lipid. The resulting top layer
was delipidated by extraction with organic solvent (Radin,
1981), followed by dialysis at 4°C against ammonium
bicarbonate (4.5 g/L). Analytical HPLC (Hughes et al.,
1988) and SDS-PAGE were performed on the dialyzed
recombinant apo A-I. If the recombinant protein was less
than 95% pure by either of these criteria, it was subjected to
preparative HPLC as described above for the preparation of
apo hA-I. The recombinant apo A-I was stored lyophilized
and solubilized when needed as indicated for apo hA-I.
SDS-PAGE on 12% or 15% gels was run in a Bio-Rad

mini-gel apparatus and protein stained by Coomassie Brilliant
Blue R-250 (Sigma, St. Louis, MO) or by a standard silver
staining procedure. Western blotting of SDS-PAGE gels
was accomplished after electroblotting to nitrocellulose and
exposure to a polyclonal antibody raised against apo hA-I
(Southern Biotechnology Association, Birmingham, AL).
Isoelectric focusing (IEF) was carried out in the pH range
3-10 with a Pharmacia Phast System in the presence of 3
M urea, 1% Triton X-100, and 2%â-mercaptoethanol. The
gels were stained with Coomassie Brilliant Blue R-250 stain
and destained by the manufacturer’s instructions. Quantita-
tive amino acid analysis and N-terminal sequencing were
performed by the Glycoprotein Analysis Core Facility at the
University of Alabama at Birmingham Medical Center. An
extinction coefficient at 280 nm in 6 M guanidine hydro-
chloride for apo∆(1-43)A-I was determined by quantitative
amino acid analysis to be 0.991 mL/(mg‚cm), which corre-
sponds to the calculated extinction determined from the
amino acid composition.
Preparation and Characterization of rLp Complexes

Containing Apo hA-I or Apo∆(1-43)A-I. Palmitoyl-
oleoylphosphatidylcholine (POPC)-containing rLp were formed
by drying an ethanolic solution of POPC in a small test tube
with a stream of argon followed by further drying under
vacuum for at least 2 h. Sodium cholate in PBS buffer was
added to the dried powder at a 4:1 sodium cholate to POPC
molar ratio followed by incubation at room temperature for
a minimum of 2 h. Apo hA-I or apo∆(1-43)A-I in PBS
buffer was added to give a 100:1 POPC to protein molar
ratio, and the mixture was incubated for a minimum of 5 h
at room temperature and then dialyzed overnight against PBS
buffer at 4 °C with at least 3 changes of 4 L each. The
dialysis tubing used has a molecular mass cutoff of 50 000
daltons which allowed soluble, uncomplexed protein to be
removed. The rLp isolated from this preparation were not
contaminated with free, uncomplexed apo A-I, as confirmed
by its absence on native electrophoresed gradient gels (data
not shown). The protein content of the isolated rLp was
determined using a modified version of the Lowry protein
assay where 10% SDS was added to the reaction mixture to
reach a final concentration of 0.1% or by UV absorbance at
280 nm in 6 M guanidine hydrochloride. The phospholipid
content of the isolated rLp was determined using an

enzymatic assay (Warnick, 1986). Native gradient gel
electrophoresis (GGE) of the isolated rLp was accomplished
on a 3-20% linear acrylamide gradient gel (Brouillette et
al., 1984). The average protein:POPC molar composition
of rLp isolated from five different preparations of each
apolipoprotein was 1:100((4) for apo hA-I and 1:109((7)
for apo∆(1-43)A-I.
Lecithin:Cholesterol Acyltransferase (LCAT) Purification.

The procedure of Albers et al. (1986) was used with minor
modifications. Fresh, normolipidemic human plasma was
ultracentrifuged at 1.21 g/mL density. Following dialysis,
the LCAT-containing fraction was subjected to Affi-Gel Blue
chromatography and DE-52 chromatography. LCAT was
eluted from the DE-52 column with a 75-200 mM NaCl
gradient. SDS-PAGE showedg90% purity with no apo
hA-I contamination.

LCAT ActiVity Assay.The assay used for determining the
ability of the apolipoprotein to activate LCAT utilized
preformed, isolated rLp as the substrate, similar to that
reported by others (Albers et al., 1986; Matz & Jonas, 1982).
The substrate rLp were prepared at an initial POPC:
cholesterol:apolipoprotein molar ratio of 100:4:1 with either
apo hA-I or apo∆(1-43)A-I as described above for POPC-
only rLp except that an ethanolic solution of cholesterol,
which included 1.8µg of [3H]cholesterol, or 20% of the total
cholesterol (specific activity) 0.1 mCi/µg), was dried down
with the POPC. Isolated cholesterol-containing rLp con-
tained no free apolipoprotein and were identical in size
distribution, as assessed by native GGE, to the POPC-only
rLp. The methods of compositional analysis for protein and
POPC were identical to those for the POPC-only rLp.
Cholesterol (Ch) content of isolated complexes was deter-
mined by their specific radioactivity using appropriate
standards. The average protein:POPC:Ch molar composition
of rLp isolated from up to nine different preparations of each
apolipoprotein was 1:98((5):2((0.2) for apo hA-I and
1:95((8):2((0.4) for apo∆(1-43)A-I.
The substrate rLp were equilibrated at 37°C for 5 min in

a pH 8.0, 10 mM Tris buffer containing 300µg/mL bovine
serum albumin, 5 mMâ-mercaptoethanol, 150 mM NaCl,
and 0.01% EDTA. The reaction was initiated by the addition
of LCAT and followed with incubation for 5, 10, 20, 30,
and 50 min at 37°C. The final volume of the enzyme
reaction mixture ranged from 100 to 200µL and contained
0.25-10 µg/mL protein. Reactions were run in triplicate
and terminated by applying 20µL of the reaction mixture
to silica gel thin-layer chromatography (TLC) plates. The
TLC plates were developed using a solvent system composed
of hexane/chloroform, 2:1 (v/v). Cholesterol and cholesteryl
oleate standards were visualized by immersing the TLC plate
in a 3% cupric acetate, 8% phosphoric acid buffer, and then
applying heat. The positions of the standards were used to
determine where to cut the corresponding tritiated reaction
spots, which were subsequently added to scintillation fluid
and counted on a Packard Tri Carb 4530. Only the linear
portion of the reaction curve was used to determine initial
velocities,Vo, ande5% conversion to cholesterol ester was
observed during the time course used.

A nonlinear least-squares algorithm was used to fit the
data to the Michaelis-Menten equation (eq 1):
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from which apparentVmax andKm values were determined.
A Student’s t-test was applied to the calculated kinetic
parameters to determine their statistical significance. Re-
ported apparentVmax values are normalized to units of
enzyme activity where 1 unit) 1 nmol of cholesterol ester
formed/mg of LCAT/h as previously described (Sparks et
al., 1995).
Circular Dichroism Spectroscopy of Apo hA-I and Apo

∆(1-43)A-I. The CD spectra were recorded with an AVIV
62DS spectropolarimeter interfaced to a personal computer
(80386) and standardized using a solution of 0.1% (w/v)
d-10-camphorsulfonic acid. Spectra were recorded on solu-
tions containing 0.5-25 µM protein in PBS (without NaN3
or EDTA), thermostated at 25°C. To more easily compare
their lipid-free spectra, the concentrations of protein were
kept low, and the aggregation state was checked by chemical
cross-linking (data not shown). Since the aggregation states
of the proteins are similar, the possible contribution from
differences in aggregation state to the CD signal is insig-
nificant (Osborne & Brewer, 1977). The spectra were
concentration-independent in this concentration range for
both proteins. The dynode voltage of each sample was also
recorded at the same time as the CD spectrum and was used
as an internal standardization of the protein concentration
which was determined spectroscopically as described above.
The CD spectra were measured every 0.5 nm with 0.5 s
averaging per point, and a 2 nmbandwidth. A 0.01 cm path-
length cell was used for far-UV spectra; a 10 mm path-length
cell was used for near-UV spectra. Spectra were signal-
averaged by adding at least eight scans and base-line-
corrected by subtracting a spectrum for the buffer obtained
in an identical manner. The spectra were normalized to
molar residue ellipticity using a mean residue weight of 115.2
Da for apo hA-I and 115.7 Da for apo∆(1-43)A-I.
Distribution of Exogenous Apo hA-I and Apo∆(1-43)A-I

among Human Plasma Lipoproteins.Approximately 2µg
of protein was radioiodinated by the iodine monochloride
method using 0.5 mCi of125ICl (McFarland, 1958). Unre-
acted125ICl was removed by chromatography on a Bio-Rad
Econo-Pac 10 DG column. The radiolabeled protein was
added to 0.5 mL of plasma at a 1:500 (w/w, based on protein,
which was 27 mg/mL in plasma) ratio. The mixture was
incubated for 18 h at 4°C or for 1 h at 37°C. The volume
of the mixture was made up to 1.5 mL by adding 150 mM
sodium chloride (pH 7.4). The density of the mixture was
adjusted to 1.21 g/mL with solid KBr and transferred to a 5
mL polyallomer quick-seal Beckman ultracentrifuge tube.
The mixture was overlaid with sodium chloride solution (150
mM, pH 7.4). The tube was centrifuged at 80 000 rpm for
44 min at 20°C in a Beckman Ultracentrifuge (L8-80M)
using a VTi80 rotor. After centrifugation, fractions (0.2 mL)
were collected by downward fractionation, and radioactivity
(gamma counter, COBRA; Auto-Gamma, Packard Instru-
ment Co., IL), protein (absorbance at 280 nm), and choles-
terol (absorbance at 505 nm; cholesterol/HP reagent; Boe-
hringer Mannheim Corp., IN) were quantitated.
Binding of Apo hA-I and Apo∆(1-43)A-I to POPC

Vesicles. The procedure of Spuhler et al. (1994) was
followed in which aliquots of apolipoprotein ranging in

concentration from approximately 1 to 7µM were vortexed
and subjected to six freeze-thaw cycles (-70 °C) with
buffer-hydrated 9.2 mM POPC over 1 h, followed by further
vortexing. The resulting multilamellar vesicles were cen-
trifuged at 4 °C for 2 h at 120000g. The equilibrium
concentration of unbound apolipoprotein was determined
from the UV spectrum of the clear supernatant. Apo hA-I
and apo∆(1-43)A-I do not disrupt POPC vesicles into
smaller, less dense particles since no lipid was detectable in
the supernatant after centrifugation. The entrapment of
unbound apolipoprotein within the POPC vesicular aqueous
compartments does not affect the determination of the
binding constant since the experimental protocol allows for
equilibration of the unbound protein concentration; the
trapped apolipoprotein concentration is, therefore, the same
as the concentration found in the supernatant following
centrifugation. It has previously been shown (Spuhler et al.,
1994) that any possible residual lipid remaining in the
supernatant following centrifugation can be easily corrected
for by performing the same experiment in the absence of
apolipoprotein to determine the optical density of the
resulting protein-free supernatant. The experimental data are
best fit to a simple partition equilibrium according to eq 2:

where Xb, Ka, and ceq denote the molar ratio of bound
apolipoprotein to total POPC, the equilibrium binding
constant, and the equilibrium concentration of unbound
apolipoprotein, respectively. The slope of the linear plot of
Xb vs ceq is equal toKa. The binding free energy can be
calculated by eq 3, in which the cratic contribution of water
to ∆G is accounted for by the factor of 55.5 (Spuhler et al.,
1994):

ReVersible Equilibrium Unfolding/Refolding by Difference
Spectroscopy. Urea-induced unfolding of lipid-free apo hA-I
and apo∆(1-43)A-I was monitored by circular dichroism
[AVIV 62DS spectropolarimeter (AVIV, Lakeside NJ)],
fluorescence [Aminco-Bowman Series 2 fluorometer (SLM-
Aminco, Rochester, NY)], and ultraviolet absorbance [Cary
3E UV/visible spectrophotometer (Varian Australia Pty. Ltd.,
Victoria, Autstralia)] spectroscopies. Urea stock solutions
(10 M) made from Ultrapure urea (Gibco BRL, Grand Island,
NY) in PBS, pH 7.4, were prepared fresh for each experi-
ment, and the concentration was verified by refractive index
measurements (Warren & Gordon, 1966) using an Abbe
Refractometer (American Optical Corp., Buffalo, NY). The
concentrations of apo hA-I and apo∆(1-43)A-I were kept
constant at 0.1 mg/mL, which is below the aggregation
concentration as assessed by Barbeau et al. (1979) for apo
hA-I and as determined from our current studies for apo∆-
(1-43)A-I (data not shown). Protein samples (0.1 mg/mL)
were incubated with various concentrations of urea, ranging
from 0 to 4.0 M, at 4°C, for at least 15 h to allow samples
to reach equilibrium.
Circular dichroic spectra were obtained as described above,

with a wavelength range of 250-205 nm, and a temperature-
controller set at 20°C. A 0.2 cm path-length cell was used
for the far-UV spectra, and spectra were signal-averaged by
adding at least five scans. The spectra were corrected by

Vo )
Vmax[apoprotein]

Km + [apoprotein]
(1)

Xb ) Kaceq (2)

∆G) -RT ln (55.5Ka) (3)
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subtracting the appropriate buffer or urea blanks obtained
in a similar manner. Difference spectra were then generated
by subtracting spectra of protein samples containing urea
from the spectrum of protein samples in buffer alone (PBS,
pH 7.4). The base-line-corrected spectra were normalized
to molar ellipticity (ellip).
Fluorescence emission spectra and absorbance spectra were

obtained as described elsewhere (Tendian et al., 1995).
Difference spectra were obtained by subtracting spectra of
protein samples containing urea from the spectrum of protein
samples in buffer alone (∆fluor and∆abs, respectively).
CurVe Fitting of Unfolding/Refolding Data.The data were

fit to the two-state unfolding model (Santoro & Bolen, 1988)
as described by the equation:

where KD is the equilibrium constant that defines the
unfolding equilibria. Curve fitting of the data was done as
described in Tendian et al. (1995). The urea-dependent
equilibrium constant of unfolding, for a two-state unfolding
model, is represented by eq 5:

Briefly, eqs 5 and 6 were used for global fits after converting
ellip, ∆fluor, or ∆abs to fu using eq 7, where∆y is the
experimental spectroscopic measurement,∆yf is the preun-
folding value,∆yu is the postunfolding value, [D] is the
experimental denaturant concentration,∆GH2O is the free
energy difference between the native state and the unfolded
state of the protein in water (in the absence of denaturant),
mD is a function of the steepness of the transition between
the folded and unfolded states, andfu represents the fraction
of protein molecules in the unfolded state.∆GH2O/mD equals
[urea]1/2, which is the urea concentration at the midpoint of
the unfolding transition (the concentration of native protein
equals the concentration of unfolded protein).∆yf and∆yu
were determined by linear regression of the first or last few
data points in the unfolding curve according to eqs 8 and 9,
respectively (Pace et al., 1989).

When not enough initial or final points were available to
determine a folded or unfolded base line,mf ormu were set
equal to zero and∆yf° and∆yu° were set equal to the average
∆y of the available points. Eftink (1994) has shown through
simulations of unfolding data that this assumption does not
normally introduce unacceptable errors in the derived
thermodynamic data. For the global fit analysis, multiple
data sets including circular dichroic, emission, and absorption
data for a given protein were used to determine a single set
of thermodynamic parameters.
ANS (1-Anilinonaphthalene-8-sulfonate) Binding Measure-

ments. ANS (1-anilinonaphthalene-8-sulfonate; Aldrich,
Milwaukee, WI) binding experiments were carried out on

solutions containing 50µg/mL protein [1.8µM for apo hA-I
and 2.1 µM for apo ∆(1-43)A-I] and 250 µM ANS.
Carbonic anhydrase (Mr 28 000) was used as a control (35
µg/mL, 1.4µM) representing a typical water-soluble globular
protein. In all cases, ANS was in at least 100-fold excess
of the protein (mol/mol). ANS fluorescence was obtained
at an excitation wavelength of 395 nm with a 5 nmslit width.
Fluorescence spectra obtained were compared to ANS (250
µM) in PBS. Data were collected on a Shimadzu RF5000U
spectrofluorophotometer connected to a DR-15 computer.
Surface Properties of Apo hA-I and Apo∆(1-43)A-I. The

relative affinities of the apo A-I molecules for the lipid-
water interface were investigated using a surface balance
technique employing prior procedures (Ibdah & Phillips,
1988; Phillips & Krebs, 1986). An insoluble monolayer of
egg phosphatidylcholine (PC) was spread at the air-water
interface (85 cm2) in a circular Teflon dish containing 80
mL of phosphate-buffered saline (PBS: 5.65 mM Na2HPO4/
3.05 mM NaH2PO4) at pH 7 and room temperature. The
surface pressure (π) was monitored by the Wilhelmy plate
technique using a 1 cmwide mica plate connected to a Cahn
RTL recording electrobalance. Sufficient egg PC was spread
from 9:1 (v/v) hexane/ethanol solution to give an initial
surface pressure (πi) in the range of 5-35 dyn/cm. Apo
A-I dissolved in the above buffer containing 1.5 M guanidine
hydrochloride was injected into the subphase to give an initial
concentration of 5× 10-5 g/dL; a small Teflon tube which
projected through the monolayer into the aqueous subphase
was used for this injection so that the egg PC monolayer
was not disrupted. The presence of guanidine hydrochloride
ensured that the protein molecules were initially present as
random-coil monomers (Sparks et al., 1992a,b). The protein
molecules renatured in the subphase as the guanidine
hydrochloride were diluted to a final concentration ofe1
mM. The solution was stirred continuously with a magnetic
stirrer, and the increase in surface pressure (∆π) with time
was recorded until a steady-state value of∆π was reached.
The∆π values were plotted as a function ofπi. A linear
extrapolation to∆π ) 0 dyn/cm gave the exclusion pressure,
or the value ofπi ((1 dyn/cm) at which the proteins were
no longer able to penetrate into the egg PC monolayer.
The interfacial conformation of apo A-I was investigated

by using a surface balance to determine theπ-molecular
area (A) isotherms for spread monolayers using procedures
which have been described in detail elsewhere (Phillips &
Krebs, 1986). The proteins were spread onto the surface of
approximately 300 mL of PBS contained at pH 7 and room
temperature in a Teflon trough (30× 17.5× 0.5 cm). After
first dissolving the protein at 1 mg/mL in PBS containing 3
M guanidine hydrochloride, the apo A-I spreading solution
was diluted with PBS to a final protein concentration
(determined by A280) of 60 µg/mL and a guanidine hydro-
chloride concentration of 180 mM. The guanidine hydro-
chloride was used to prevent self-association of the apo A-I
molecules in the spreading solution, and its final concentra-
tion in the monolayer subphase was<1 mM; 0.5 mL of the
protein solution was run down a glass rod to form the apo
A-I monolayer at the air-water interface in the Teflon trough
described above (Phillips & Krebs, 1986). After about 5
min, the surface area of the monolayer was reduced from
the initial value of 1.8 m2/mg using a movable barrier. The
barrier was moved at 30 s intervals, and 20 readings ofπ
and A were taken in a total elapsed time of 10 min. The

F (folded)[\]
KD

U (unfolded) (4)

KD ) exp[(∆GH2O
- mD[D])/-RT] (5)

fu ) KD/(1+ KD) (6)

fu ) (∆y- ∆yf)/(∆yu - ∆yf) (7)

∆yf ) ∆yf° + mf[urea] (8)

∆yu ) ∆yu° + mu[urea] (9)
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surface pressure was measured with a Wilhelmy plate
connected to a Cahn RTL recording electrobalance, as
described above.

RESULTS

Expression, Purification, and Chemical Characterization
of Apo∆(1-43)A-I Expressed in E. coli.Up to 40 mg of
apo∆(1-43)A-I per liter of growth media was purified from
theE. coli cell lysate by preparative reversed phase HPLC.
The purity of the protein was assessed by several methods
including SDS-PAGE, Western blotting, isoelectric focusing
(IEF), analytical HPLC, amino acid analysis, and N-terminal
sequencing. Analysis of the purified protein by SDS-PAGE
(Figure 1A, lanes 4 and 5) and Western blot (Figure 1B,
lane 2) shows the final product gave essentially a single band
at an apparent molecular mass of 24 000 daltons, the size
predicted for the apo∆(1-43)A-I molecule. IEF analysis
shows two major isoforms for apo∆(1-43)A-I, which is
also typical for apo hA-I (Figure 1C, lanes 1 and 3,
respectively). As expected, the pI values of apo∆(1-43)A-I
isoforms are more basic than apo hA-I since fewer basic
residues were eliminated than acidic residues (five basic and
eight acidic residues). A single peak is observed by
analytical reversed phase HPLC (Figure 2). This species is
apparently the methionine-reduced form since deliberate
oxidation of methionines with hydrogen peroxide to me-
thionine sulfoxide shifts the HPLC retention time as expected

by comparison to the shift observed from reduced to oxidized
apo hA-I (Anantharamaiah et al., 1988; data not shown). Apo
∆(1-43)A-I has the amino acid composition and N-terminal
sequence predicted from the mutagenized cDNA sequence
(data not shown).

Lipid Binding and Physical Properties of Apo∆(1-43)A-
I. The lipid-associating property of apo∆(1-43)A-I was
studied by several different methods and found to be
qualitatively similar to apo hA-I. The compositional analyses
of purified rLphA-I and rLp∆(1-43)A-I containing POPC
( cholesterol are shown in Table 1 and Table 2. Five to
nine different preparations of each of the four possible
combinations were prepared and analyzed. The compositions
were very reproducible, as were the size distributions of these
rLp preparations. As is normally seen for apo hA-I, these
preparations are heterogeneous with respect to size and
distribution (Table 1). For rLp∆(1-43)A-I, the size distri-
bution is shifted toward larger particles, indicating differences
in lipid-bound conformation and/or protein:lipid stoichiom-
etries per particle. There is no discernible difference in the
size or distribution of the cholesterol-containing rLp com-
pared to the respective POPC-only rLp (data not shown).

Association with human plasma lipoproteins has often been
used to assess the similarity in lipid binding properties of
various amphipathic peptides and apo A-I mutants to
endogenous apolipoproteins (Schmidt et al., 1995; Garber
et al., 1992; Ponsin et al., 1993). Radiolabeled apo hA-I or
apo∆(1-43)A-I was incubated with human plasma at either
4 °C or 37 °C and then separated by a density gradient
centrifugation. As illustrated by the 4°C incubation data
(Figure 3), apo∆(1-43)A-I has an identical distribution to
apo hA-I since each appears primarily in the HDL density
range. Similar experiments done at 37°C gave identical
results (data not shown). No radiolabel was apparent in any

A

B C

FIGURE 1: (A) SDS-PAGE of apo∆(1-43)A-I before and after
purification. Lanes 1 and 6, apo hA-I; lane 2, supernatant fromE.
coli cell lysate; lane 3, pellet fromE. coli cell lysate; lanes 4 and
5, purified apo∆(1-43)A-I; unlabeled lanes, molecular mass
standards; molecular masses in kDa are indicated. (B) Western blot
analysis of apo∆(1-43)A-I and apo hA-I probed with a polyclonal
antibody to apo hA-I. Lane 1, apo hA-I; lane 2, apo∆(1-43)A-I;
unlabeled lane, molecular mass standards; molecular masses in kDa
are indicated. (C) Analytical IEF of apo∆(1-43)A-I and apo hA-
I. Lanes 1 and 2, apo hA-I; lane 3, apo∆(1-43)A-I; unlabeled
lane, Pharmacia pI 3-10 protein standards; pIs are indicated. The
cathode is at the bottom.

FIGURE 2: Analytical reversed-phase HPLC. (Upper panel) Apo
∆(1-43)A-I; (middle panel) apo hA-I; (lower panel) human apo
HDL from which apo hA-I is purified (denoted by a closed circle
above the peak). Retention times (in minutes) of the purified
proteins are noted beside the peak. Elution was monitored by the
absorbance at 214 nm.
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other fraction nor in the free protein fraction near the tube
bottom.
Surface balance measurements extend the preliminary

observations made from the plasma incubation study and
allow a more quantitative measure of the similarity between
the lipid surface affinities of apo∆(1-43)A-I and apo hA-
I. The exclusion pressures for apo hA-I and apo∆(1-43)A-I
(the initial surface pressure at which the apolipoprotein is
no longer able to penetrate the egg PC monolayer) are the

same within experimental error, 34 vs 33 dyn/cm, respec-
tively (Figure 4). These values are close to an earlier
reported value of 32 dyn/cm for apo hA-I (Ibdah & Phillips,
1988) and indicate that the proteins are equally able to
penetrate an egg PC monolayer. The average equilibrium
area per residue for the surface-adsorbed conformational state
is obtained for increasing values of the applied surface
pressure usingπ-A isotherms (Figure 5). At most values
of π, apo∆(1-43)A-I occupies∼6 Å2/residue less surface
area than the monolayer of apo hA-I, indicating that the apo
∆(1-43)A-I monolayer is more condensed and that the
removal of the N-terminal 43 residues affects the molecular
packing of the protein within a monolayer at the air-water
interface. Theπ-A isotherm for apo hA-I is close to that
reported previously for a monolayer of apo hA-I adsorbed
at the air-water interface (Krebs et al., 1988) but slightly
more expanded because guanidine hydrochloride was used
in the preparation of the spreading solution to prevent
aggregation of the apo A-I molecules. The isotherm of apo
∆(1-43)A-I appears to have a slightly altered shape from
that of apo hA-I, but whether or not this difference is
significant cannot be determined because of the technical
limitations of the experiment. It should be noted that
compression of the protein monolayer was halted at 10 Å2/
residue because at this point the monolayer is overcom-
pressed to a molecular area below that compatible with the
existence of a protein monolayer.

Table 1: Analysis of Soluble and rLp Forms of Apo hA-I and Apo∆(1-43)A-I

apolipoprotein protein:POPCa ratio Stokes diameter (nm) distribution (%) ∆G of bindingb (kcal/mol) % helixc helical aad

soluble hA-I -4.9 ((1.0) 68 ((4) 165
rLphA-I 1:100((4) A 8.5 78

B 12.0 21 82 ((6) 199
C 15.5 1

soluble∆(1-43)A-I -4.6 ((0.9) 82 ((2) 165

rLp∆(1-43)A-I 1:109((7) A 8.5 47
B 12.5 18 78 ((1)e 157
C 16.5 35

aMolar compositions; see Experimental Procedures for details. Values in parentheses represent standard errors.b The∆G of binding to POPC
vesicles was calculated by eq 3 under Experimental Procedures. A Student’st-test indicates no statistical significance (p < 0.6). c Percent helix
was estimated by the method of Chen et al. (1972); the number of determinations ranged from 3 to 6. A Student’st-test indicates that the difference
is statistically significant (p ) 0.01). d The number of helical amino acids (aa) in the protein are estimated by multiplying the fractional helicity by
the number of residues in the protein [apo hA-I) 243; apo∆(1-43)A-I ) 201]. eA Student’st-test indicates that there is no statistical significance
between soluble and lipid-bound apo∆(1-43)A-I (p ) 0.25).

Table 2: LCAT Analysis of rLphA-I and rLp∆(1-43)A-I

apolipoprotein protein:POPC:Cha
appVmax

(nmol of CE/h)b
appKm

(mM protein)b

rLphA-I 1:98((5):2((0.2) 0.67 ((0.10) 0.62 ((0.01)
rLp∆(1-43)A-I 1:95((8):2((0.4) 0.37 ((0.06) 0.79 ((0.18)

aMolar compositions; see Experimental Procedures for details. Ch
) cholesterol. Values in parentheses represent standard errors.b The
kinetic parameters are for the reaction of LCAT with the corresponding
isolated cholesterol-containing rLp substrates.

FIGURE 3: Density gradient ultracentrifugation of human plasma
incubated with radiolabeled apo hA-I and∆(1-43)A-I. Human
plasma was incubated with either radioiodinated apo hA-I or apo
∆(1-43)A-I for 18 h at 4oC followed by ultracentrifugation. The
centrifuge tubes were fractionated from the bottom, and each
fraction was analyzed by the absorbance at 280 nm (which
principally monitors protein;- ‚‚ -), radioactivity [to locate the
position of apo hA-I,---, or apo∆(1-43)A-I, s], and cholesterol
(from a colorimetric enzymatic assay, absorbance is monitored at
505 nm,‚‚‚). The positions in the gradient where free protein (FP),
HDL, LDL, and VLDL are found are indicated by arrows at the
top of the figure.

FIGURE 4: Interaction of apo hA-I and∆(1-43)A-I with egg PC
monolayers. The increases in surface pressure (∆π) induced by
penetration of the apo A-I molecules are plotted as a function of
the initial surface pressure (πi) of the egg PCmonolayer. The plotted
values are the average of two measurements [9, apo hA-I;0, apo
4(1-43)A-I]. The straight lines are least-squares fits to the data
points [---, apo hA-I;s, apo4(1-43)A-I].
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The vesicular binding assay of Spuhler et al. (1994) was
performed to estimate the lipid binding affinities for the two
apolipoproteins. Plots ofXb, the molar ratio of bound
apolipoprotein to lipid, vs the free apolipoprotein concentra-
tion, ceq, are linear (r2 > 0.98) for both plots (Figure 6)
(Spuhler et al., 1994). The slope of the line is equal to the
binding constant,Ka (see eq 2 under Experimental Proce-
dures), from which the binding free energy,∆G, can be
calculated (eq 3). The latter values are nearly identical for
apo hA-I and apo∆(1-43)A-I (Table 1).
Far-UV (222 nm) circular dichroism was used to compare

the relative secondary structures for the lipid-free proteins
versus their lipid-bound forms (Figure 7). The average
percentR-helical content of apo hA-I and apo∆(1-43)A-I,
obtained from several preparations, indicates that the percent
R-helical content of lipid-free apo hA-I is less than that for
apo∆(1-43)A-I (Table 1), but represents the same number
of R-helical residues in each apolipoprotein. Interestingly,
the extent of secondary structure in apo∆(1-43)A-I remains

almost the same when bound to lipid, in contrast to apo hA-
I, which acquires considerable additionalR-helicity upon
binding to lipid, as expected. The percentR-helix reported
here for lipid-free and lipid-bound apo hA-I are typical of
previously reported values from numerous laboratories (e.g.,
Nolte & Atkinson, 1992; Sparks et al., 1992a,b; Dalton &
Swaney, 1993; Ji & Jonas, 1995; Meng et al., 1995).2

To assess changes in LCAT activation, which would reflect
either relative changes in structure or the elimination of the
LCAT activating domain caused by the deletion, isolated
discoidal rLp, containing about 2 mol % cholesterol, were
used as substrates (Table 2). Only the linear portions of the
velocity versus protein concentration plots, in which no more
than 5% conversion to cholesterol ester had occurred, were
used to determine the initial velocity (data not shown). Table
2 summarizes the results of our preliminary kinetic analysis
(see Experimental Procedures for details) which indicate
small differences between the two proteins. These may, at
least in part, be attributed to the inherent variability of the
assay (Table 2), since the experimental values for both rLp∆-
(1-43)A-I and rLphA-I are within the range of those

2 As pointed out by one reviewer, the range of values reported in
the literature most likely reflects inter-laboratory differences often
related to the type and calibration of the protein assay.

FIGURE 5: Surface pressure (π)-molecular area (A) isotherms for
spread monolayers of apo hA-I and∆(1-43)A-I at the air-water
interface. Apo hA-I (9) and apo4(1-43)A-I (0). The data points
are averages of at least seven determinations and are plotted(SD.

FIGURE 6: Binding of apo hA-I (b) and apo∆(1-43)A-I (9) to
POPC vesicles. The molar ratio of bound apolipoprotein to total
POPC,Xb, is plotted as a function of the equilibrium concentration
of unbound apolipoprotein,ceq, at 4 °C. The calculated∆G of
binding for each protein is found in Table 1.

FIGURE 7: Far-UV CD of (A) apo hA-I and (B) apo∆(1-43)A-I
with (---) and without (s) POPC. The molar composition of rLp
can be found in Table 1.
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reported for discoidal rLp containing only apo hA-I (Jonas
et al., 1989; Ji & Jonas, 1995). However, the kinetic results
may also reflect real differences in the intrinsic activity of

the two proteins and/or differences in reactivity of the
substrate resulting from the size heterogeneity and size
distribution of the reconstituted complexes prepared from
the two proteins.

Measurements of ReVersible Equilibrium Unfolding by
Spectroscopy. Denaturation of apo hA-I and apo∆(1-
43)A-I with urea was monitored using mean residue ellip-
ticity, [Θ]222, difference molar absorptivity,∆εm, and the
fluorescence emission difference. Due to the nature of the
N-terminal deletion, apo∆(1-43)A-I contains only three
tryptophan, five tyrosine, and five phenylalanine residues
compared to four, seven, and six, respectively, in apo hA-I.
Figure 8 illustrates typical fluorescence emission, circular
dichroic, and absorbance spectra of apo hA-I and apo∆-
(1-43)A-I in the presence and absence of urea. The
unfolded protein, in all cases, has a lower fluorescence
intensity than the folded protein, and the peak wavelength
shows a red shift indicating an increase in the polarity of
the average environment of the tryptophans due to exposure
to solvent (Figure 8, panels A and D). This is consistent
with the lack of defined secondary structure in the denatured
protein, as determined by CD, relative to the native protein
(Figure 8, panels B and E). The absorbance spectra of apo
hA-I and apo∆(1-43)A-I show that there is a slight decrease
in intensity as well as a slight blue shift in the peak
wavelength in the denatured proteins [both apo hA-I and apo
∆(1-43)A-I; Figure 8, panels C and F]. The parameters
∆GH2O,mD, and [urea]1/2 for each protein were globally fitted
to the combined data sets (see Figure 9 legend) using a two-
state model (Figure 9 and Table 3). Data from the urea-
induced unfolding of apo hA-I versus apo∆(1-43)A-I show
that the amino-terminal truncation has a profound affect on
the stability of the protein, resulting in a∆GH2O of 4.5 (
0.24 kcal/mol for apo∆(1-43)A-I compared to 9.3( 0.88
kcal/mol for apo hA-I.

ANS Binding. The binding of the apolar dye ANS to apo
hA-I and apo∆(1-43)A-I is associated with an enhanced

FIGURE 8: (A and D) Typical fluorescence emission spectra of apo
hA-I and apo∆(1-43)A-I, respectively, in the presence of 4.0 M
urea (4 M, completely unfolded state) and in the absence of urea
(0 M, native folded state). The y-axis is in fluorescence intensity
units, and thex-axis is wavelength in nanometers. (B and E) Typical
circular dichroic spectra of apo hA-I and apo∆(1-43)A-I,
respectively, in the presence of 4.0 M urea (4 M) and in the absence
of urea (0 M). They-axis units are molar ellipticity (degrees×
cm2× dmol-1× 103), and thex-axis is wavelength in nanometers.
(C and F) Typical absorption spectra of apo hA-I and apo∆(1-
43)A-I, respectively, in the presence of 4.0 M urea (4 M, dashed
line) and in the absence of urea (0 M, solid line). They-axis is in
absorbance units, and thex-axis is wavelength in nanometers.

FIGURE 9: Urea-induced unfolding of apo hA-I (panel A) and apo∆(1-43)A-I (panel B) monitored using three types of spectroscopic
measurements: fluorescence emission, absorbance, and circular dichroism. In order to combine the various difference spectral measurements
on a single scale for a global fitting, the experimental data were normalized to the apparent fraction of unfolded protein,fu, as a function
of urea concentration using eq 7. Symbols represent unfolding and refolding experiments monitored by absorbance (O, ", and., open
square with plus sign; unfolding and refolding, respectively); fluorescence (open triangle with plus sign and4; unfolding and refolding,
respectively); and circular dichroism (x; unfolding only). The solid line represents the global two-state fits where multiple sets of data for
each protein are combined to determine a single set of thermodynamic parameters (Table 3).
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fluorescence and a blue shift in the wavlength of peak
emission (λmax) (Figure 10 and Table 3). ANS in aqueous
solution (PBS) has a quantum yield of 0.004 and an emission
maximum at 515 nm (Goto & Fink, 1989). After binding
to apo hA-I, there is an approximate 70-fold increase in
fluorescence intensity, and a blue shift from 515 to 469 nm.
There is an even more substantial increase in fluorescence
intensity when ANS binds to apo∆(1-43)A-I; approxi-
mately 200-fold increase in fluorescence intensity with a
concomitant blue shift from 515 to 464 nm. This substantial
increase in fluorescence intensity indicates binding to the
proteins, presumably to an exposed hydrophobic surface or
cavity (Stryer, 1965), and is characteristic of ANS binding
to protein folding intermediates, e.g., molten globules (Semi-
sotnov et al., 1987; Goto & Fink, 1989). In contrast, no
change in fluorescence is associated with ANS binding to
carbonic anhydrase (λmaxat 515 nm) which provides a control
as a stably folded globular protein of similar size (Semisotnov
et al., 1987).
Near-UltraViolet Circular Dichroism. Near-UV circular

dichroic spectra (250-330 nm), which give information on
the relative asymmetrical environments of the aromatic
residues in the tertiary structures of proteins, exhibit a series
of positive and negative extrema which reflect the contribu-
tions of the various aromatic amino acid residues and are an
indication that both proteins have a folded tertiary structure.
Generally, tryptophans in proteins give rise to typical fine
structured bands between 310 and 287 nm due to the1La
and1Lb transitions (Strickland, 1974). For apo hA-I and apo
∆(1-43)A-I, these vibronic transitions are observed at 295

and 287 nm, respectively (Figure 11). The transitions at 273
and 284 nm (which appear as shoulders in both spectra)
reflect contributions from both tryptophanyl and tyrosinyl
residues. The characteristic fine transitions of phenylalanine
are found between 250 and 265 nm. The overall spectra
for apo hA-I versus apo∆(1-43)A-I are very different,
including a slight blue shift of the tryptophan signature (1La
and 1Lb bands) in apo∆(1-43)A-I. These differences in
the spectral shape are probably due to environmental
perturbations that shift the1La band relative to the1Lb band,
whereas differences in intensity are more likely due to
changes in side chain mobility (Strickland, 1974).

DISCUSSION

Numerous structural studies of native apo hA-I have
focused on its lipid-bound structure. Some of these have
addressed the importance of specific residues or helical
domains outside the amino-terminal region to lipid binding
and LCAT activation. Very few structural studies have
focused on lipid-free apo hA-I. The present studies,
therefore, are the first to provide insight into the role of the
amino-terminal 43 residues, derived from exon 3, in the
structure and the function of apo hA-I. It should be kept in
mind that although the genomic structures of the exchange-
able apolipoproteins (i.e., A-I, A-II, A-IV, C-I, C-II, C-III,
and E) are highly conserved, there are distinct traits that make
apo A-I unique. Analysis of the amphipathic helical classes
derived from exon 3 shows that different classes are encoded
by exon 3 in the different apolipoproteins (Segrest et al.,
1992). For apo A-I, exon 3-derived amphipathic helices are
more similar to those found in soluble, globular proteins
(class G*) while the amphipathic helical class with the
strongest potential for lipid binding (class A) is found
exclusively in the exon 4-derived region of apo A-I. In
contrast, class A helices are found exclusively in the exon
3-derived sequence of apo C-I and apo C-II. Therefore,
generalizations from the present studies to the function of
exon 3 residues found in other apolipoproteins would not
be appropriate. The major conclusions, which will be
discussed in turn, can be simply stated. (1) The lipid-bound
conformations of the residues shared by apo hA-I and apo

Table 3: Thermodynamic Parameters Associated with Apo hA-I
and Apo∆(1-43)A-I

apolipoprotein
∆GH2O

a

(kcal/mol)
mD

a

(kcal mol-1 M-1)
[urea]1/2
(M)

λmaxb
(nm)

apo hA-I 9.37( 0.56 3.55( 0.34 2.6 469
apo∆(1-43)A-I 4.49( 0.24 2.41( 0.12 1.9 464
carbonic
anhydrasec

nd nd nd 515

a A Student’st-test indicates there is a statistical significance (p >
0.01) between the numbers obtained for apo hA-I and apo∆(1-43)A-
I. b ANS binding.c Included for purposes of comparison.

FIGURE 10: ANS binding experiments to (A) apo hA-I, (B) apo
∆(1-43)A-I, (C) carbonic anhydrase, and (D) ANS in buffer alone
monitored by fluorescence emission.

FIGURE 11: Near-UV CD of apo hA-I (0) and apo4(1-43)A-I
(O), to detect differences in the asymmetric environments sur-
rounding aromatic amino acids.
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∆(1-43)A-I are functionally the same (i.e., residues 44-
243). (2) Both lipid-free apo hA-I and apo∆(1-43)A-I have
a folded, cooperative tertiary structure, and these conforma-
tions are distinctly different.
Lipid-Bound Conformations of Apo hA-I and Apo∆(1-

43)A-I. Four independent experiments support the conclu-
sion that both the native and mutant proteins have similar
lipid binding capacities and retain similar lipid-bound
conformations of their shared residues. First, apo∆(1-
43)A-I associates only with plasma HDL, as does apo hA-I,
when incubated with whole human plasma (Figure 3).
Second, the exclusion pressures observed when the two
proteins are complexed with the egg PC monolayers are
indistinguishably the same (Figure 4). Third, the estimated
free energies for binding of the two proteins to POPC vesicles
are nearly identical [-4.9( 1.0 kcal/mol and-4.6( 0.9
kcal/mol for apo hA-I and apo∆(1-43)A-I, respectively;
Figure 6]. Fourth, our investigation shows apo∆(1-43)A-I
form rLps in a similar range of size but, interestingly, with
a different size distribution, when qualitatively compared to
rLphA-I (Table 1). The differences in size heterogeneity
(Table 1) of these particles might indicate differences in the
preferred lipid-bound conformation of apo∆(1-43)A-I on
each species, it might also be indicative of differences due
to the number of apo∆(1-43)A-I molecules per disk. In
either case, the observed similarities in lipid binding capacity
do not preclude the possibility that the amino-terminal
residues interact with other regions of the protein nor do
they exclude the potential of this region to bind lipid.
The ability to activate LCAT has proven to be a useful

benchmark in comparing different apo A-I molecules. Major
differences in the lipid-bound structures would be reflected
in the kinetic parameters associated with the activation of
LCAT if the amino terminus plays an important role in this
process. LCAT activation studies show small differences
in the Michaelis-Menten kinetic parameters for cholesterol
esterification using cholesterol-containing rLp∆(1-43)A-I
and rLphA-I substrates with the same POPC/cholesterol/A-I
molar compositions; rLp∆(1-43)A-I is 2-fold less reactive
than rLphA-I (Table 2). It is important to view these results
as preliminary observations since the substrates used were
heterogeneous with respect to size. It has been shown that
the size of rLphA-I influences LCAT activity because of
differences in the conformation of the associated apo A-I
molecules (Jonas et al., 1990; Meng et al., 1993; Sparks et
al., 1995). Therefore, it is possible that differences in the
size distribution and/or stoichiometric heterogeneity observed
for rLphA-I and rLp∆(1-43)A-I are responsible for the slight
decrease in reactivity of rLp∆(1-43)A-I. It will be neces-
sary to study homogeneous complexes to distinguish possible
differences in intrinsic activity of the two proteins from
differences resulting from size and/or stoichiometric hetero-
geneity. For example, it is conceivable that larger differences
in activity will be apparent once complexes of the same size
and stoichiometry are compared. However, the finding that
rLp∆(1-43)A-I retains the ability to activate LCAT makes
it unlikely that residues 1-43 are intrinsically necessary for
directly activating LCAT, nor are they likely to play a critical
role in maintaining the correct structure of the domain(s)
involved in activating LCAT. Subtle differences in the lipid-
bound conformations of these proteins will be explored in
future studies. When taken together with data from other
labs (Ji & Jonas, 1995), our results suggest that the domains

important for LCAT activation reside between residues 43
and 187.
Lipid-Free Conformations of Apo hA-I and Apo∆(1-

43)A-I. Substantial differences in conformation were ob-
served for the two proteins in their lipid-free states. The
absence of the amino-terminal 43 residues increases the
helicity and the ability for this protein to be more compact,
probably through a rearrangement of the overall tertiary
structure. Further, apo∆(1-43)A-I has a much less stable
tertiary conformation than apo hA-I, as judged by urea-
induced unfolding, which also indicates a significant change
in the conformation of the mutant protein. These observa-
tions suggest part or all of the amino-terminal 43 residues
are an integral structural element in the conformation of lipid-
free apo hA-I. ANS binding experiments indicated that the
hydrophobic residues in apo∆(1-43)A-I are much more
accessible to solvent, consistent with a loose structure that
is only weakly stabilized by tertiary interactions, an inter-
pretation which is consistent with the lower stability.
It is concluded from CD measurements on the lipid-free

and lipid-bound states of the two proteins that different
residues are helical in their respective lipid-free conforma-
tions. The percent helicity of lipid-free apo∆(1-43)A-I is
82% compared to 68% for apo hA-I (Table 1); however,
the proteins contain the same number of residues in a helical
conformation. This could be interpreted as simply being the
loss of a nonhelical region with no accompanying confor-
mational change or, alternatively, residues that are normally
nonhelical acquire helicity in the mutant protein. The first
interpretation can be ruled out based on the significant
decrease in stability of the mutant protein and the increased
ability to bind ANS, both of which indicate a structural
rearrangement. Therefore, it is possible that a large fraction
of the nonhelical residues of soluble apo hA-I are probably
in the extreme carboxy terminus (approximately residues
187-243, although the existence of other nonhelical regions
cannot be ruled out here), because this region is preferentially
proteolyzed in the lipid-free state (Leroy & Jonas, 1994;
Brouillette & Anantharamaiah, 1995). It is likely that these
residues acquire helicity upon binding to lipid, and this
supposition is supported by experiments on C-terminally
truncated apo A-I proteins, which are defective in their ability
to bind to lipid (Ji & Jonas, 1995). Logically, since no
significant change in helicity accompanies apo∆(1-43)A-I
binding to lipid, these carboxy-terminal residues must already
be helical in the lipid-free conformational state of apo∆-
(1-43)A-I. Therefore, it is more probable that residues
which are nonhelical in the native protein acquire helicity
in the structure of apo∆(1-43)A-I. Thus, the absence of
residues 1-43 appears to convert residues 44-243 from their
lipid-free to the lipid-bound secondary structure.
Surface balance measurements suggest a more compact

conformational state for apo∆(1-43)A-I compared to apo
hA-I. The organization of the apolipoprotein molecules at
the air-water interface is a function ofπ (Ibdah & Phillips,
1988; Ibdah et al., 1989; Phillips & Krebs, 1986). At high
values ofπ, the difference in molecular area occupied by
apo hA-I and apo∆(1-43)A-I (Figure 5) indicates that their
interfacial conformations differ. The more condensed pack-
ing for the apo∆(1-43)A-I monolayer is consistent with
the molecules being moreR-helical and with the helices
being more closely packed due to a rearrangement of the
structure. This effect could arise because in apo hA-I, the
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N-terminal 43 residues interfere with the alignment of the
C-terminalR-helices in the plane of the interface, thereby
giving rise to the more expanded isotherm for apo hA-I. The
collapse of the apo hA-I monolayer that commences at∼18
Å2, per residue (Figure 5) may be due to a squeezing-out
from the plane of the interface of the N-terminal 43 residues.
Due to the lack of this domain, apo∆(1-43)A-I forms a
monolayer of closely packed helices that does not start to
collapse until the molecular area is reduced to∼13 Å2 per
residue.
Tertiary Structures of Lipid-Free Apo hA-I and Apo∆(1-

43)A-I. The urea-induced unfolding is reversible, and fits
well to a two-state process for both proteins (Figure 9),
indicating folded and cooperative, tertiary structures (Privalov,
1979). However, apo∆(1-43)A-I is much less stable than
apo hA-I, with 50% of the apo∆(1-43)A-I protein unfolded
in 1.9 M urea compared to apo hA-I which has a midpoint
of unfolding at 2.6 M urea (Table 3). Unlike other reported
∆GH2O values for apo hA-I, ranging from 2.2 kcal/mol to
6.8 kcal/mol (Tall et al., 1976; Edelstein & Scanu, 1980;
Reijngould & Phillips, 1982; Leroy & Jonas, 1994), the
values presented in this paper represent a global, nonlinear
regression fit of∆GH2O values to experimental data sets from
three different types of spectroscopic measurements. Dif-
ferences in the fitting procedure may explain the higher
stability obtained for apo hA-I in the present studies, since
refitting published data using our nonlinear regression
increases the average∆GH2O values obtained by Tall et al.
(1976), for example, from a∆GH2O value of 2.2 kcal/mol to
4.7( 0.22 kcal/mol. The dramatic decrease in stability of
apo∆(1-43)A-I suggests a different folding pattern than
its native counterpart. Further evidence for this conclusion
comes from near- and far-UV CD spectra and the relative
capacities of each protein to bind to the hydrophobic probe,
ANS.
The near-UV CD spectra of lipid-free apo hA-I and apo

∆(1-43)A-I are dramatically different (Figure 11) but
demonstrate that both apo hA-I and apo∆(1-43)A-I have
a folded tertiary structure. Near-UV CD gives an indication
of the overall asymmetry surrounding the aromatic residues,
and the characteristic fine transitions in discrete regions of
the spectrum represents, respectively, an average of the
environments around all the tryptophans, tyrosines, and
phenylalanines (Strickland, 1974). Apo hA-I contains four
tryptophans, seven tyrosines, and five phenylalanines. In
deleting the first 43 residues, tryptophan 8, tyrosines 18 and
29, and phenylalanine 33 have been eliminated. The
pronounced change in the near-UV CD spectrum that occurs
with this deletion indicates, at the least, that the aromatic
residues within the 1-43 sequence contribute to the CD
spectrum and, therefore, are held in an asymmetric environ-
ment produced by the folded, tertiary structure of apo hA-I.
The altered near-UV CD spectrum of apo∆(1-43)A-I may
further reflect a different tertiary structure for residues 44-
243 compared to their structure in apo hA-I. This latter
possibility is consistent with the greater percent helicity
suggested for this region by the far-UV CD. The combined
near- and far-UV CD data support the conclusion that the
folded core of native apo hA-I is defined by residues 1
through (approximately) 186.
Figure 10 illustrates the ability of the two proteins to bind

ANS, indicating the exposure of a hydrophobic surface or
pocket (Stryer, 1965). ANS does not bind to unfolded

proteins (Goto & Fink, 1989) or to the native state of typical
globular proteins (Stryer, 1965; Semisotnov et al., 1987).
Hence, ANS binding has come to be identified with the
presence of a molten globule structure (Goto & Fink, 1989),
a characteristic that has also been recently suggested to apply
to lipid-free apo hA-I (Gursky & Atkinson, 1996). However,
the fluorescence intensity seen in apo∆(1-43)A-I due to
ANS binding is 3-fold higher than even apo hA-I, suggesting
a poorly defined, nonstable tertiary structure. This property
is clearly manifested in the lower thermodynamic stability.
Conclusions.The structural data on lipid-free apo∆(1-

43)A-I can be used to expand current models of the molecular
mechanism for apo hA-I lipid binding. The conformational
plasticity of the extreme carboxy terminus has been previ-
ously suggested (Ji & Jonas, 1995; Gursky & Atkinson,
1996) to initiate lipid binding of soluble apo hA-I, possibly
mediated through a molten globule state. To reach the final
lipid-bound state, this partially lipid-bound intermediate must
undergo further conformational changes that expose new lipid
binding domains. We propose that the amino-terminal
domain of apo hA-I masks a latent lipid binding domain (i.e.,
a hydrophobic surface). Movement of the amino-terminal
domain is a good candidate for the conformational switch
that precedes the binding of the remaining helical domains
to lipid, since the deletion of residues 1-43 results in a new
conformation for the remainder of the protein. For lipid-
free apo∆(1-43)A-I, a helical carboxy-terminal domain
(within residues 187-243) is probably required to protect
or interact with the hydrophobic surface of the latent lipid
binding domain (within residues 44-186) exposed by the
deletion of the N-terminal 43 residues.
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