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ABSTRACT. A combined N- and C-terminal truncation variant of human apolipoprotein A-lI (apoA-I) was
designed, expressed ifscherichia coliisolated, and characterized. Hydrodynamic experiments yielded

a weight average molecular weight of 34000, indicating apoA-+#86) exists in solution predominantly

as a dimer. An axial ratio of 4.2 was calculated for the dimer based on sedimentation velocity experiments.
Far-UV circular dichroism spectroscopy of apoA-I-(4#486) in buffer indicated the presence of 65%
o-helix secondary structure. Guanidine hydrochloride denaturation experiments yielded a transition midpoint
of 0.5 M for apoA-I-(44-186). ApoA-I-(44-186) induced solubilization of dimyristoylphosphatidylcholine
vesicles at a rate comparable to that of full-length apoA-I, displayed lipoprotein binding ability, and was
an acceptor of ABCA1-mediated cholesterol efflux from cultured macrophages. Fluorescence quenching
studies with KI indicate that the three Trp residues in apoA-H#46) are shielded from the aqueous
environment. Taken together, the data indicate that lipid-free apoA-1488) adopts a folded conformation

in solution that possesses lipid binding capability. The central region of apoA-1 appears to adopt a globular
amphipathiax-helix bundle organization that is stabilized by intramolecular and/or intermolecular-helix
helix interactions. Lipid association likely results in a conformational adaptation wherein-ihelix
contacts are substituted for hetikpid interactions.

Human apolipoprotein A-l (apoA-I) is a 243 amino acid terminal truncation, helix substitution, and helix swapping.
protein that is a major component of high-density lipoprotein Truncation of apoA-I at the C-terminus to yield apoA-1
(HDL).! Lipid-poor apoA-I is a physiologically relevant 192) results in a protein with decreased lipid binding ability
acceptor of cell-derived cholesterol via the ATP binding (3). Unlike full-length apoA-I, C-terminal truncated apoA-I
cassette transporter A1l (ABCAL). Nascent lipoproteins exists as monomers and dimers in solution. The N-terminal
comprised of apoA-l, cholesterol, and phospholipid are 43 amino acids of apoA-I are encoded by a distinct exon,
substrates for lecithin:cholesterol acyl transferase (LCAT) and secondary structure predictions indicate that this region
mediated production of cholesteryl ester, a key step in the of the molecule is unique in that it is composed of a class
generation of core-containing HDL particles. In its capacity G* amphipathiax-helix (4). N-Terminal truncation of apoA-|
as a structural component of HDL, a modulator of LCAT to generate apoA-I-(44243) yields a protein with altered
activity and ligand for ABCA1-dependent cholesterol efflux, sojution structure characteristics. Evidence was obtained that
apoA-lis a central figure in the reverse cholesterol transport removal of residues-243 of apoA-l induces a conformation
pathway. Numerous studies have been conducted to charthat is proposed to be reminiscent of the conformation
acterize structure and function relations in apoA-l. In & aqopted upon lipid interaction of intact apoA-5, (6).
manner similar to that of other apolipoproteins, it has been consistent with this, Borhani et al7) reported the X-ray
proposed that lipid-free human apoA-l possesses a helix¢rystal structure of lipid-free apoA-I-(44243) and showed
bundle structural motifk, 2). _that it exists as a horseshoe-shaped series of amphipathic
_ Strategies employed. to investigate th_e structural organiza-, _nelices that sequester their hydrophobic faces through
tion of apoA-I have included N-terminal truncation, C- pejiy_helix contacts in a tetrameric arrangement of truncated
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In studies of lipid-free apoA-I, Jonas and co-workers used constant 30 mA for 1.5 h. Gels were stained with Gel Code
fluorescence spectroscopy to obtain evidence that the N- andPierce Chemical Co.) stain according to the manufacturer’'s
C-termini of apoA-I are in close proximity to one another instructions. Mass spectrometry was performed on a Bruker
(11). On the basis of the results of Oda et dl2)(wherein Autoflex MALDI-TOF instrument equipped with a SCOUT
it was shown that the C-terminus of apoA-I functions as a MTP ion source. Samples were spotted onto a Scout 384
lipid-triggered molecular switch, it is conceivable that the plate using a matrix of sinapinic acid saturated in 30%
“trigger” mechanism is held in check in the absence of lipid acetonitrile/70% water/0.1% trifluoroacetic acid. lons were
through interactions with the N-terminus. If so, it is reason- accelerated at20 kV, and masses were detected in linear
able to consider that the remaining central region of apoA-lI mode with protein A used as an external calibrant.
is organized as a helix bundle that is poised to undergo a Fluorescence Spectroscoplfluorescence spectra were
lipid binding induced conformational transition similar to that obtained on a Perkin-Elmer LS 50B luminescence spectrom-
reported for the apoE N-terminal domait3f and apolipo- eter. For quenching studies samples were excited at 295 nm,
phorin 11l (14). In the present study, we hypothesized that and emission was monitored from 300 to 350 nm. A stock
truncation of both the N- and C-termini would yield a stable solution of potassium iodide contained 1 mM thiosulfate to
fragment that constitutes a core structural element of apoA- prevent formation of free iodine. Quenching data were
I. The results obtained indicate that, in the absence of theanalyzed by the SteriVolmer equation:Fo/F = 1 + Kg
C-terminal residues 187243, removal of residues-43 [Q], whereFo and F represent the emission maximum in
does not induce a major structural reorganization while the absence and presence of quencher, respectively. The
retaining a protein fold that is consistent with a globular collisional quenching constars, was determined from the

amphipathico-helix bundle. slope of plots ofF¢/F versus [Q]. In other studies, spectra
of 8-anilino-1-naphthalenesulfonic acid (ANS) solutions were
EXPERIMENTAL PROCEDURES obtained in 10 mM sodium phosphate buffer (pH 7.0) and

in the presence of 8M full-length apoA-I or apoA-I-(44-
186). Since ANS fluorescence in buffer is negligibler),

loved late f lificati i spectra were recorded in a excess of ANS with respect to
was employed as a template for gene amplification. Oligo- qtein (mole per mole). Samples were excited at 395 nm

nucleotide primers containing nonanneal@@l andXba  ih emission monitored from 400 to 600 nm (3 nm slit
sites were designed to amplify the nucleotide SequUenCe, gty

encoding residues 44186 of apoA-l. The amplification
product was digested witGlal and Xba and subcloned into

a Bluescript KS¢) vector digested with the same enzymes
and transformed into DHb cells. The apoA-I-(44186)/
Bluescript vector construct included a 17-residue N-terminal
His-tag extension together with an engineered thrombin
cleavage site adjacent to the beginning of the apoA-I
sequencel(5). For protein expression the apoA-I-(4486)

Plasmid Construction The Bluescript KS¢) plasmid
vector harboring the coding sequence of human apak6) (

Analytical Ultracentrifugation Sedimentation equilibrium
experiments were conducted at 20 in a Beckman XL-I
analytical ultracentrifuge using absorbance optics, as de-
scribed by Laue and Stafford). Aliquots (110uL) of the
sample solution were loaded into six-sector CFE sample cells,
allowing three concentrations to be run simultaneously. Runs
were performed at a minimum of two different speeds, and
. \ each speed was maintained until there was no significant
CDNA was §ubc|oned into the pET28b plasmid and difference inr?/2 versus absorbance scans taReh apart to
transformed into BL21(DE3) pLysS cells. ensure that equilibrium was achieved. Sedimentation equi-

Bacterial Expression and Purification of ApoA-I-(44  |ibrium data were evaluated using the NONLIN program,
186) ApoA-I-(44—186) expression and purification were which employs a nonlinear least squares curve-fitting
performed as described by Ryan et ab)( Dialysis into 20 a|gorithm described by Johnson et al9) The program
mM Tris-HCI, pH 8.0, and digestion with a 1:100 ratio of  allows for analysis of both single and multiple data files and
thrombin:apoA-I-(44-186) fa 3 h at 37°C induce cleavage  can be fit to models containing up to four associating species,
of the 17-residue N-terminal His-tag extension. The digested depending upon which parameters are permitted to vary
protein contains a six-residue N-terminal extension (GSIDDP- during the fitting routine. The protein’s partial specific
)- Aside from this adduct, the protein corresponds directly yolume and the solvent density were estimated using the
to residues 44186 of human apoA-I, comprising a total of  Sednterp progran®(). Sedimentation velocity experiments
149 amino acids. The digestion pI'OdUCtS were further purified were run at 40000 rpm and 2C using absorbance Optics_
on a Perkin-Elmer Series 200 high-pressure |IQU|d chro- Up to 260 scans were performed during the run. A
matograph. The sample was applied to a semipreparativesedimentation coefficient value was obtained by analyzing
RXC-8 Zorbax 300SB column and eluted with a linear AB 10 sets of data selected between the 160th and 205th scan

gradient of 2% solvent B per minute, where solvent A was ysing the Svedberg software. From the amino acid composi-
0.05% trifluoroacetic acid in water and solvent B was 0.05% tion, a hydration value of 0.44 was obtained, assuming that

trifluoroacetic acid in acetonitrile. Fractions were monitored g charged groups are exposed.
at 230 nm, and those corresponding to apoA-1-{486) Far-UV Circular Dichroism Spectroscopifar-UV circular
were pooled, lyophilized, and stored-a20°C. Full-length  dichroism (CD) measurements were performed on a Jasco
human apoA-1 was expressed and purified as describedj.720 spectropolarimeter using Jasco J-700 Hardware Man-
earlier (L5). ager software. The spectropolarimeter was routinely cali-
Analytical ProceduresProtein concentrations were de- brated using a 0.06% (w/v) aqueous solution of ammonium
termined using the bicinchoninic acid assay (Pierce Chemicald-camphorsulfonate at 290.5 nm. Scans were performed
Co.) using bovine serum albumin as standard. SBAGE using a 0.02 cm path length and a protein concentration of
was performed on 420% acrylamide slab gels run at a 4.3uM. The sample chamber was maintained at@using
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a Lauda RM6 refrigerated water bath. Samples were dis-
solved in 50 mM sodium phosphate, pH 7.0, and 100 mM
NaCl. The concentrations of apoA-I-(4486) stock solu-
tions were determined hydrodynamically as described by
Babul and Stellwagen2(). For guanidine hydrochloride

denaturation experiments, samples were incubated overnight

at a given denaturant concentration in order to attain
equilibrium. Baseline correction, noise reduction, and ellip-

ticity calculations were carried out using Jasco J-700 for
Windows Standard Analysis software. The values are shown
as mean residue ellipticity (millidegrees squared per centi-
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menter per decimole) using a mean residue weight value of Ficure 1: SDS-PAGE analysis of apoA-1-(44186). Lanes: (1)
116.7. Deconvolution was performed on the scans using thepost N#* chelation column eluate; (2) thrombin digested apoA-I-

Contin program of Provencher and @Glmer 2).

Lipid Binding StudiesBilayer vesicles of dimyristoylphos-
phatidylcholine (DMPC) were prepared by extrusion through
200 nm filters as described by Weers et aB)( Protein and
lipid vesicles were prepared in 20 mM sodium phosphate,
pH 7.0. Six hundred nanomoles of DMPC vesicles were
incubated at 24 C in a thermostated cell holder in the
absence or presence of 6 nmol of apolipoprotein (sample
volume = 400 uL). Sample right angle light scattering
intensity was monitored on a Perkin-Elmer LS 50B lumi-

(44—186) eluted from semipreparative reversed-phase HPLC; (3)
molecular mass standards (kDa).

missing residues-143 and 187243. As with full-length
apoA-| production using this expression system, the yield
of apoA-I-(44-186) was approximately 50 mg/L of bacterial
culture. Figure 1 shows SDSAGE analysis of sample
purity and the effect of thrombin digestion on the relative
mobility of apoA-1-(44-186). MALDI-TOF mass spectrom-
etry analysis of HPLC-purified apoA-1-(44186) yielded a
molecular weight of 1745% 13 (n = 7), in agreement with

nescence spectrometer, with the excitation and emissionthe expected 17388. The isolated protein was stored salt-

monochromators set at 600 nm (2.8 nm slit width).
Lipoprotein Binding AssajHuman low-density lipoprotein
(LDL) was incubated for 60 min at 37C in the presence of
Bacillus cereuphospholipase C (PL-C) (0.33 unit/xg of
LDL protein). Where indicated, apolipoprotein, from 0 to
50 «g/50 ug of LDL protein, was included in the reaction
mixture. Incubations were conducted in 50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, and 2 mM Cag£lin a total sample
volume of 300uL. Sample absorbance at 340 nm was
determined on a Spectramax 340 microtiter plate reader.
Cellular Cholesterol EffluxJ774 macrophages were used
to assess the cholesterol efflux properties of apoA--(44
186). This cell line was chosen because cholesterol efflux
can be enhanced using a cCAMP analogue which upregulate
ABCAL1 protein expression. The cells were seeded onto 24-
well culture plates and labeled for 48 h with]cholesterol
in RPMI-1640 supplemented with 1% fetal bovine serum.
The cAMP analogue, 8-(4-chlorophenylthio)adenosing-3
cyclic monophosphate, was added (0.3 mM, final concentra-
tion) to the cells at least 12 h prior to the initiation of cellular
cholesterol efflux. ApoA-1-(44-186) was used in lipid-free
form added to serum-free RPMI medium to yield a final
concentration of 5@g/mL. The lipid-free form of full-length
recombinant apoA-l1 was used (5)/mL) as a positive
control to define apparent ABCAl-dependent cholesterol
efflux in the presence and absence of cAMP stimulation.
Efflux results were expressed as a percentage of the initial
cellular PH] appearing in the medium as a function of time
subtracting the background efflux obtained using serum-free
medium alone.

RESULTS

Bacterial Expression and Characterization of ApoA-I1-(44
186). A plasmid vector generated for optimized bacterial

free as a lyophilized powder at20 °C. Whereas full-length
human apoA-I stored in this manner must be redissolved in
urea or guanidine hydrochloride initiallyL), followed by
dialysis or chromatography to remove the chaotrope, apoA-
[-(44—186) did not display this behavior and readily dis-
solved in buffer at pH 7.0.

Self-Association PropertiesC-Terminal truncation of
apoA-I results in a product that exists as monomers and
dimers in the absence of lipi@)while N-terminal truncation
alone results in multiple conformers, including an elongated
monomeric helical hairpin ). To determine the self-
association properties of N- and C-terminal truncated apoA-I
in the absence of lipid, hydrodynamic experiments were

onducted. Sedimentation equilibrium analyses were per-

ormed at 20°C using absorbance optics. Since the molecular
mass of apoA-I-(44186) is approximately 17 kDa, the initial
centrifugation speed was set at 19000 rpm, and equilibrium
was reached after 18 h. Data were collected at 19000, 21000,
and 23000 rpm (Figure 2). The apparent average molecular
mass of apoA-I-(44186) was 34955 Da, and the data were
best fit to a monomerdimer—tetramer model with most of
the sample present in a dimeric state. To evaluate the shape
of the truncated apoA-l species, sedimentation velocity
experiments were conducted. Using the Svedberg software,
the data were fit to a single species model yielding a
sedimentation coefficient of 2.62. Sednterp was then used
to calculate an axial ratio value. Using a prolate model and
a hydration expansion of 17.1%, an axial ratdbj = 4.2
was obtained.

Far-UV CD Studies.The effect of N- and C-terminal
truncation on the secondary structure content of apoA-l was
evaluated by far-UV CD spectroscopy. In buffer alone, apoA-
I-(44—186) gave rise to a spectrum characteristic of high
a-helix content (Figure 3). Deconvolution of the spectrum
indicated the presence of 65éehelix, 12% j-sheet, and

expression of full-length human apoA-l was reengineered 23% random plus other conformers. Spectra obtained in the
to permit expression of a truncated apoA-I variant. Compared presence of 50% (v/v) trifluoroethanol resulted in additional
to full-length human apoA-I, the truncated molecule is a-helix, up to 70%. Thus, removal of both the N- and
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Ficure 2: Sedimentation equilibrium analysis of apoA-I-(4486). Protein was dissolved in 20 mM sodium phosphate, pH 7.0, and 100

mM sodium chloride and centrifuged at 19000 rpm (crosses), 21000 rpm (squares), and 23000 rpm (triangl€és). ath20protein
concentrations used were 0.55, 0.33, and 0.17 mg/mL for sectors A, B, and C, respectively. Lower 3#hekrsus absorbance plots.
Symbols represent measured data points, and solid lines represent the fit to a modiomeertetramer model. Upper panels: Residuals
obtained from fitting the measured data points to a three-species model. The random, nonsystematic distribution of the residuals indicates
a good fit of the data to the model.

C-terminal segments of apoA-lI does not compromise the 186) was 346 nm (excitation 280 nm) as compared to 343

ability of apoA-1-(44-186) to adopt secondary structure or

midpoint of 0.5 M was observed.
Fluorescence Properties of ApoA-{44—186) The wave-

length of maximum fluorescence emission of apoA-1-t44

nm for wild-type apoA-I. Fluorescence quenching experi-

to respond to the helix-inducing cosolvent, trifluoroethanol, ments were performed to obtain information about the local
by adopting additional helix content. The stability properties environment of Trp residues in apoA-I-(44.86). The effect

of apoA-I-(44-186) were evaluated in guanidine hydrochlo- of increasing amounts of the negatively charged quencher,
ride denaturation experiments monitored by CD spectros- Kl, on the fluorescence emission intensity of wild-type and

copy. As depicted in the inset to Figure 3, a transition

truncated apoA-l was evaluated. Steiolmer plots (Figure

4) yielded aKg, = 1.5 for wild-type apoA-I and a value of
1.7 for apoA-I-(44-186). Whereas wild-type apoA-l pos-
sesses four Trp residues (at positions 8, 50, 72, and 108),
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Ficure 3: Far-UV circular dichroism spectra of apoA-I-(#486).
Spectra were collected at 2C in 50 mM sodium phosphate, pH
7.0, and 100 mM NaCl. The protein concentration was /8
Curves: (A) apoA-1-(44186) in buffer; (B) apoA-1-(44186) in
buffer containing 50% trifluoroethanol (v/v). Inset: Effect of
guanidine hydrochloride on the secondary structure content of apoA-
I-(44—186). Far-UV circular dichroism, monitored as millidegrees
at 222 nm, was determined for apoA-1-(4486) in the presence

of the indicated amounts of guanidine hydrochloride.
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Ficure 4: Stern-Volmer plots of tryptophan fluorescence quench-
ing of wild-type apoA-I (open circles) and apoA-I-(44.86) (filled
circles) by Kl. The solvent employed was 20 mM sodium
phosphate, pH 7.0.

truncated apoA-l is missing the first of these Trp residues.
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Ficure 5: Effect of apolipoproteins on ANS fluorescence emission
intensity. ANS (250uM) in 20 mM sodium phosphate, pH 7.0,
and 150 mM NaCl was excited at 395 nm, and emission was
monitored from 400 to 600 nm. Curves: (A) ANS alone; (B) ANS

540 560 600

plus 3uM wild-type apoA-I; (C) ANS plus 3uM apoA-I-(44—
186).
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Ficure 6: Effect of apolipoproteins on the light scattering intensity
of DMPC vesicles. DMPC vesicles (600 nmol of phospholipid)
were incubated in buffer at 24C at pH 7.0. Sample right angle
light scatter intensity was monitored as a function of time. Curves:
DMPC vesicles plus 6 nmol of apoA-I-(44L86); DMPC plus 6
nmol of wild-type apoA-l. The sharp positive response at ap-
proximately 100 s corresponds to the time at which the apolipo-
protein was added.

was examined (Figure 5). In the absence of protein, ANS
has a low quantum yield with an emission wavelength
maximum of 515 nm (excitation 395 nm). Introduction of
full-length apoA-I induced a 35 nm blue shift in ANS
fluorescence emission wavelength maximum together with
an enhancement in quantum yield. ApoA-1-(4486) induced

a similar blue shift in ANS fluorescence emission wavelength

The similar quenching behavior observed, together with a 3 maximum as well as a greater enhancement in quantum yield.
nm red shift in wavelength of maximum fluorescence Given that these incubations contained equivalent molar
emission, indicates that the relative exposure of Trp residuesamounts of apolipoprotein in an excess of ANS, the data
did not change significantly as a result of the dual N- and indicate that apoA-I-(44186) possesses more ANS-acces-

C-terminal truncation. Furthermore, the obseregdvalue
is consistent with sequestration of Trp residues in apoA-I-
(44—186) from the agueous milieu.

sible hydrophobic binding sites than intact apoA-I.
Lipid Binding StudiesThe kinetics of apoA-1-(44186)-
mediated DMPC vesicle solubilization was monitored as a

Stryer (L7) reported that the fluorescent dye ANS repre- function of time by right angle light scattering intensity
sents a useful reagent to evaluate the exposure of hydro-measurements (Figure 6). ApoA-1-(4486) and full-length
phobic sites on proteins. To determine the extent to which apoA-Il induced a time-dependent decrease in light scattering
truncation of apoA-I altered the exposure of hydrophobic intensity with similar initial rates. Thus, despite loss of the
regions of the protein, the effect of apoA-1-(4486) and C-terminal segment previously identified as the main lipid
full-length apoA-1 on ANS fluorescence emission intensity interaction site in apoA-I3), the present combined N- and
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Ficure 7: Effect of apolipoproteins on PL-C-induced aggregation
of human LDL. Human LDL (5Qug of protein) and PL-C (0.33
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unit) were incubated in the presence of specified amounts of wild-

type apoA-I (filled circles) or apoA-1-(44186) (filled squares).
Sample absorbance at 340 nm was determined after 60 min.
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Ficure 8: Effect of apoA-I-(44-186) on ABCAl-mediated cellular

cholesterol efflux. 3774 macrophages were incubated for 12 h with

Beckstead et al.
DISCUSSION

ApoA-I is a structurally resilient molecule that adapts to
environmental conditions to fulfill its biological roles as
acceptor of ABCAl-mediated cholesterol efflux, structural
component of HDL, activator of LCAT, and ligand for the
class B scavenger receptor. By analogy to other well-
characterized apolipoproteins and on the basis of experi-
mental evidence, it has been proposed that the N-terminus
of human apoA-lI adopts an amphipathiehelix bundle
conformation in the lipid-free stat@,(26). The presence of
such a structural entity in lipid-free apoA-lI would permit
sequestration of hydrophobic lipid binding surfaces from the
aqueous milieu through hetbhelix interactions. By the same
token, lipid association-induced opening of the helix bundle
would present helix segments to the surface without disrup-
tion of helix boundaries or large changes in helix content.
Complicating this model, however, is the presence of a
distinct C-terminal segment with high lipid binding affinity
that is responsible for apoA-I oligomerization in the absence
of lipid. In addition, N-terminal residues-143 appear to
interact with the C-terminal segment and may adopt a unique
tertiary fold (L1). In considering the wealth of data obtained
from various N- or C-terminal truncation mutants, we
hypothesized that the central region of apoA-I may exist as
a helix bundle in isolation. To test this hypothesis, we
reengineered a plasmid vector optimized for bacterial expres-
sion of human apoA-115). The resulting construct, which
encodes residues 44.86, was used to produce the truncated
variant in Escherichia coli

To evaluate the self-association properties of truncated

(circles) and without (squares) a CAMP analogue to upregulate gpoA-|, sedimentation equilibrium experiments were con-

ABCAL protein expression. The ability of truncated apoA-I1-{44

186) to stimulate cholesterol efflux is shown in the left panel and

cholesterol efflux mediated by wild-type apoA-I in the right panel.

ducted by analytical ultracentrifugation. The results revealed
that apoA-1-(44-186) does not form higher order oligomers

Both acceptors were used in lipid-free form at a concentration of but rather exists in solution predominantly as a dimer.

50ug/mL. Values are the meah SD, n = 3. Error bars are smaller
than symbols when not seen.

C-terminal truncation variant manifests DMPC vesicle solu-

bilization activity similar to intact apoA-I. When prepared
on a preparative scale, apoA-1-(4486)-DMPC complexes

Although the sedimentation equilibrium data were fitted to

a monomet-dimer—tetramer model, the apparent weight
average molecular weight was that of the dimer, and there
was no concentration dependency at the three loading
concentrations and three speeds employed, suggesting pre-
dominance of a single species. This was reinforced by

displayed flotation and native PAGE behavior characteristic gadimentation velocity experiments carried out at the highest

of reconstituted HDL disks.
The lipoprotein binding properties of apoA-I-(4486)

sedimentation equilibrium loading concentration. These data,
best fit by a single species model, were used to evaluate the

were evaluated by determining its ability to prevent aggrega- overall shape of the apoA-1-(44186) dimer. From the

tion of human LDL induced by PL-C. Incubation of LDL

sedimentation coefficient and hydration values, using a

with PL-C in the absence of apolipoprotein induces a time- prolate model and a hydration expansion of 17.1%, an axial
dependent increase in sample turbidity, reaching a maximumratio (a/b) = 4.2 was calculated. Whereas this value is less

by 1 h. Inclusion of increasing concentrations of apoA-I-
(44—186) or wild-type apoA-I resulted in a concentration-

than that observed for full-length apoA27%), this may be
explained by the combined effects of truncation and dimer-

dependent protection from PL-C-induced sample turbidity ization, both of which would be expected to decrease the
development (Figure 7) through formation of a stable binding overall asymmetry observed. Although the nature of the

interaction with the lipolyzed lipoprotein substrag).
Cholesterol Efflux Properties of ApoA-I-(44.86). ApoA-I
is known to stimulate efflux of cholesterol from cells through
interaction with the ABCAL transporter. As shown in Figure
8, both apoA-I1-(44-186) and full-length apoA-1 support
ABCA1-dependent cholesterol efflux from cultured mac-
rophages. Furthermore, upregulation of ABCA1 by cAMP
induced an increase in cholesterol efflux for both proteins
demonstrating that apoA-I-(44186) is capable of serving
as an acceptor of cell-derived cholesterol via ABCAL.

dimer interface in apoA-I-(44186) remains to be estab-
lished, the data suggest that the combined N- and C-terminal
truncation introduced here does not preclude the remaining
portion of the protein to attain an asymmetric globular protein
fold. By contrast, N-terminal deletion alone induces a large
structural reorganization to a conformation that resembles
the lipid-bound state of the protei®)( This is consistent

, with the concept that N-terminu<C-terminus interactions
function in maintenance of the global fold of apoA-I in the
lipid-free state {1, 26, 28). Deletion of the extreme
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C-terminus eliminates the region of the protein that serves were similar. Thus, the conformation adopted by the remain-
as the primary trigger of apoA-l lipid binding-induced ing core fragment of apoA-l was not reflective of a major
conformational changed?). At the same time, removal of  structural alteration in the protein. Despite this, fluorescent
the N-terminus induces a conformational change because thelye binding experiments revealed an increase in exposed
deleted segment is not available to interact with the C- hydrophobic surface upon truncation of apoA-I. Notwith-
terminus and, thereby, stabilize its lipid-free conformation. standing differences in protein sequence, combined N- and
It is plausible to consider that lack of an intramolecular C-terminal truncation results in a conformation that manifests
binding partner for the C-terminus (i.e., the N-terminus) decreased sequestration of hydrophobic sites on the protein
induces a global conformational transition that resembles thecompared to its full-length counterpart.
lipid-associated conformation of this protein. The present To evaluate the ability of apoA-I-(44186) to interact with
results, however, suggest that combined removal of bothlipid surfaces, phospholipid vesicle solubilization experiments
segments permits the residual core structure to retain itswere performed. Both truncated and full-length apoA-I
“lipid-free” conformation. induced a time-dependent decrease in DMPC vesicle light
Far-UV circular dichroism spectroscopy was performed scattering intensity, coincident with conversion of the vesicles
to characterize the secondary structure content of apoA-I-into protein-lipid complexes. The comparable vesicle solu-
(44—186). In buffer at pH 7.0 the truncated protein manifests hilization activities observed are noteworthy in light of the
65%o-helix, consistent with secondary structure prediction fact that the C-terminus of apoA-I is recognized as the major
analysis of full-length apoA-l 4). These data are also lipid binding element in the protein3]. One possible
consistent with the concept that combined N- and C-terminal explanation for this may be related to the observed decrease
truncation yields a core protein fragment whose structural in apoA-1-(44-186) stability in buffer compared to full-
organization reflects the conformation it adopts in the context length apoA-I. In other systems it has been shown that
of the intact protein. To evaluate the effect of combined N- adoption of molten globule-like properties enhances the lipid
and C-terminal truncation on the stability of apoA-I-t44 interaction ability of apolipoprotein§, 39). If deletion of
186), guanidine hydrochloride denaturation studies were N- and/or C-terminal stabilizing elements results in a central
performed. Compared to full-length apoA-l, apoA-1-44  helix bundle that is less stable in solution, it would be
186) was less resistant to denaturation, displaying a transitionexpected to display enhanced lipid surface activity. These
midpoint of 0.5 M guanidine hydrochloride versus 1.0 M studies were extended by examining the lipoprotein binding
for full-length apoA-lI @9). The decreased resistance to activity of apoA-1-(44-186). The observation that truncated
unfolding of apoA-I-(44-186) suggests that one or both of apoA-I and full-length apoA-I display similar abilities to
the deleted segments exert a stabilizing effect on the centralprotect isolated human LDL from aggregation induced by
region of the protein. exposure to PL-C provides further evidence that the present
A feature of known helix bundle apolipoproteins is a combined N- and C-terminal truncation did not destroy the
characteristic response to the lipid mimetic cosolvent, lipid binding ability of apoA-I. These results, however, differ
trifluoroethanol. Trifluoroethanol has previously been shown from data reported by Fang et adQj. These authors found
to induceo-helix structure in lipid-free apoA-I, as seen by that apoA-1-(42-184) was unable to interact with DMPC
a significant increase in negative ellipticity, especially at 208 vesicles to generate disk complexd8)( The reason for the
nm (30). Others 81—34) have shown that the ratio of discrepancy with results reported herein is unclear but may
ellipticity at 222 nm to 208 nm can be used to evaluate the be related to the specific incubation conditions employed.
existence of interhelical contacts in coiled coil peptides. Since Another possibility is that subtle differences in the nature
exchangeable apolipoproteins contain predominaniheli- of the truncation (residues 4284 in one case versus
cal secondary structure, they are suitable candidates for thisresidues 44186 in the other) may be responsible although,
analysis. In known helix bundle apolipoproteins, the 222 nm/ given the very close similarity between these sequences, this
208 nm ellipticity ratio value approaches 1.0 in buffer. In interpretation seems unlikely. Finally, the differences ob-
50% trifluoroethanol (v/v), however, a decrease in the served between these studies may be related to the differences
corresponding ratio is observe85j, consistent with trif- observed in the secondary structure content of the two
luoroethanol-induced disruption of hydrophobic contacts preparations. Whereas truncated apoA-I employed in the
between neighboring amphipathiehelices. In buffer at pH present study possessed 6%8elix secondary structure,
7.0 apoA-1-(44-186) manifests a 208/222 nm ellipticity ratio  the preparation employed by Fang et a@6)( displayed
of 0.97 while this value decreases to 0.87 in the presence ofconsiderably lesa-helix (37%). Thus, it is conceivable that
trifluoroethanol. The observation that N- and C-terminal differences in secondary structure content between the two
truncated apoA-l follows the same pattern displayed by preparations are related to the disparate lipid binding
apolipoproteins known to exist as globular amphipathic capabilities of these proteins. If the preparation of Fang et
a-helix bundles 86—38) provides support for the concept al. was misfolded or partially misfolded, then this could be
that helix-helix contacts, possibly as an amphipatitibelix responsible for the lower ellipticity values they observed as
bundle, exist in apoA-I-(44186). Given the fact that apoA-  well as the apparent lack of lipid binding activity. The results
I(44—186) exists in solution predominantly as a dimer, of the present study, wherein apoA-1-(4486) efficiently
however, intermolecular helixhelix interactions may also  solubilized phospholipid vesicles, bound to modified lipo-
contribute to the observed changes in ellipticity ratio. proteins, and supported ABCA1-dependent cholesterol efflux,
Fluorescence quenching studies revealed that, despite losstrongly suggest that this truncated protein is functional in
of one of the four Trp residues present in full-length apoA-l terms of lipid binding activity. With regard to the cholesterol
and deletion of 100 amino acids, the relative exposure of efflux experiments, the observed capability of apoA-I-{44
Trp residues to the negatively charged quenching agent, Kl,186) to support ABCA1-dependent cholesterol efflux was



4598 Biochemistry, Vol. 44, No. 11, 2005 Beckstead et al.

12. Oda, M. N., Forte, T. M., Ryan, R. O., and Voss, J. C. (2003)
The C-terminal domain of apolipoprotein A-I contains a lipid-
sensitive conformational triggeNat. Struct. Biol 10, 455-460.
Weisgraber, K. H. (1994) Apolipoprotein E: structufanction
relationshipsAdv. Protein Chem45, 249-302.

. Narayanaswami, V., and Ryan, R. O. (2000) Molecular basis of
exchangeable apolipoprotein functioBjochim. Biophys Acta
1483 15-36.

Ryan, R. O., Forte T. M., and Oda, M. N. (2003) Optimized
bacterial expression of human apolipoprotein A?fotein Ex-
prression Purif. 27 98—103.

16. Oda, M. N., Bielicki, J. K., Berger, T., and Forte, T. M. (2001)
Cysteine substitutions in apolipoprotein A-lI primary structure
modulate paraoxonase activitgjochemistry 401710-1718.
Stryer, L. (1965) The interaction of a naphthalene dye with
apomyoglobin and apohemoglobin. A fluorescent probe of non-
polar binding sites). Mol. Biol. 13 482—495.

Laue, T. M., and Stafford, W. F., lll (1999) Modern applications
of analytical ultracentrifugationAnnu. Re. Biophys. Biomol.
Struct 28, 75-100.

Johnson, M. L., Correia, J. J., Yphantis, D. A., and Halvorson, H.
R. (1981) Analysis of data from the analytical ultracentrifuge by
nonlinear least-squares techniquBmphys. J 36, 575-588.

Laue, T. M., Shah, B. D., Ridgeway, T. M., and Pelletier, S. L.

surprising in light of the observatio 1) that the terminal
helix in wild-type apoA-I (helix 10) plays an important role
in its efflux capacity. It is possible that a different structural
element, which is conserved in apoA-I-(4486), is capable
of substituting for the proposed function of helix 10 in full-
length apoA-I.

In conclusion, accumulating evidenck @) suggests that
the central region in lipid-free apoA-lI can exist as an
independently folded functional fragment of apoA-I. In the
present study results obtained from very different analyses,
including hydrodynamic experiments, far-Uv CD spectros-
copy, fluorescence spectroscopy, and lipid binding activity,
are consistent with this interpretation. In future studies, it
will be important to establish the precise tertiary organization
of this region of apoA-I. Knowledge of individual amphi-
pathica-helix boundaries, for example, will provide needed
insight into the mechanism of lipid binding and generation
of nascent HDL particles, an integral process in the reverse
cholesterol transport pathway.
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