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ABSTRACT: The tertiary structures of human and mouse apolipoprotein A-I (apoA-I) are comprised of an
N-terminal helix bundle and a separate C-terminal domain. To define the possible intramolecular interaction
between the N- and the C-terminal domains, we examined the effects on protein stability and lipid-
binding properties of exchanging either the C-terminal domain or helix between human and mouse apoA-
I. Chemical denaturation experiments demonstrated that replacement of the C-terminal domain or helical
segment in human apoA-I with the mouse counterparts largely destabilizes the N-terminal helix bundle.
Removal of the C-terminal domain or a-helix in human apoA-I had a similar effect on the destabilization
of the helix bundle against urea denaturation, indicating that the C-terminal helical segment mainly
contributes to stabilizing the N-terminal helix bundle structure in the apoA-I molecule. Consistent with
this, KI quenching experiments indicated that removal or replacement of the C-terminal domain or helix
in human apoA-I causes Trp residues in the N-terminal domain to become exposed to solvent. Measurements
of the heats of binding to egg phosphatidylcholine (PC) vesicles and the kinetics of solubilization of
dimyristoyl PC vesicles demonstrated that the destabilized human N-terminal helix bundle can strongly
interact with lipids without the hydrophobic C-terminal helix. In addition, site-specific labeling of the N-
and C-terminal helices by acrylodan to probe the conformational stability and the spatial proximity of the
two domains indicated that the C-terminal helix is located near the N-terminal helix bundle, leading to a
relatively less solvent-exposed, more organized conformation of the C-terminal domain. Taken together,
these results suggest that interaction between the N- and C-terminal tertiary structure domains in apoA-I

modulates the stability and lipid-binding properties of the N-terminal helix bundle.

Apolipoprotein A-I (apoA-I') is the major protein of
plasma high density lipoprotein (HDL) and functions as a
critical mediator in reverse cholesterol transport, a process
by which excess cholesterol in peripheral cells is transferred
via HDL to the liver for catabolism (/—3). Although apoA-I
exists primarily in a lipid-bound state on HDL particles in
plasma, lipid-free apoA-I is known to be a physiologically
relevant acceptor of cell-derived cholesterol via adenosine
5’-triphosphate (ATP) binding cassette transporter Al
(ABCA1) (4, 5). The interaction of lipid-free apoA-I with
functional ABCA1 results in the lipidation of apoA-I and
formation of nascent HDL particles, in which a multistep
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mechanism seems to be involved with this reaction
process (6—38).

Human apoA-I is a 243-residue polypeptide that contains
characteristic 11- and 22-residue repeats of amphipathic
a-helices (9). The N- and C-terminal helical regions in the
apoA-I molecule contribute to the strong lipid-binding
properties of this protein (/0—12) as well as its conforma-
tional stability in solution (/3, /4). It has been demonstrated
recently that the apoA-I molecule folds into two tertiary
structure domains, comprising an N-terminal o-helix bundle
spanning residues 1—187 and a separate, less organized
C-terminal region spanning the remainder of the mole-
cule (/15—17). Since mouse apoA-I, which has 65% amino
acid identity to human apoA-I, also adopts a similar two-
domain structure (/8), the ability to fold into two domains
seems to be a general feature of the apoA-I molecule
regardless of the species of origin. However, the links
between the two-domain structure and the function of apoA-I
remain to be established (/9). For example, it is not known
why the lipid binding properties of human and mouse apoA-I
are different in that they form HDL particles of different
sizes; the mouse protein forms a single population of larger
HDL particles whereas human apoA-I forms two subpopu-
lations, HDL, and HDL; (20, 21).
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Although the X-ray crystal structure of the lipid-free
apoA-I clearly demonstrates the compactly folded, highly
ordered two-domain structure (/7), it appears that the true
conformation in solution is more flexible and less organized
than the conformation in its crystal state (22, 23). The a-helix
content of approximately 82% found in the crystal structure
is much higher than the approximately 50% found for
monomeric apoA-I in solution (//, 24). Indeed, a recent
electron paramagnetic resonance spectroscopy study showed
that the N-terminal region (residues 1—98) is heterogeneous
in its secondary structure, including a short segment of
p-strand structure (25). Interestingly, this S-strand structure
is similar in length to the $-strand observed in the C-terminus
(26), suggesting the potential of these regions to participate
in intra- or interdomain interaction.

It has been proposed that the interactions between the N-
and the C-terminal segments in apoA-I are involved in
maintaining the stability of the lipid-free conforma-
tion (13, 14, 16, 27). Fluorescence resonance energy transfer
(FRET) studies demonstrated that the C-terminal residues
190 and 232 are in close proximity to the four Trp residues
in the N-terminal domain of apoA-I (28, 29). In agreement
with this, the homology modeling based on cross-link
distance constraints predicts that the N- and C-termini of
lipid-free apoA-I are situated in relatively close proximity
(16). Such interactions between the N- and C-terminal
segments also seem to modulate the lipid-binding ability and
ABCA1-mediated cholesterol efflux by apoA-I (14, 30—32).
However, the detailed molecular nature of the N- and
C-terminal interaction in apoA-I is unknown to date.

Here, we examined the effects of truncation or substitution
of the C-terminal domain or helical segment on the protein
stability and lipid-binding properties to define the intramo-
lecular interaction between the N- and the C-terminal
domains in apoA-I. In addition, we used site-specific
fluorescence labeling of the N- and C-terminal helices to
probe the conformational stability and the spatial proximity
of the two domains. The results suggest that the C-terminal
helix is located near the N-terminal helix bundle, modulating
the conformational stability and lipid-binding properties of
apoA-L.

EXPERIMENTAL PROCEDURES

Proteins and Peptide. Human/mouse apoA-I hybrid mol-
ecules were engineered using the Stratagene (La Jolla, CA)
domain-swap protocol (/8). The mutations in human apoA-I
to introduce cysteine residue into Val-53 or Phe-229 were
made using the QuikChange site-directed mutagenesis kit
(Stratagene). Human and mouse wild type (WT) apoA-I and
engineered mutants were expressed and purified as de-
scribed (15, 18). The apoA-I preparations were at least 95%
pure as assessed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis. The C-terminal apoA-I 220—241/F229C
peptide was synthesized at Sigma Genosys (Hokkaido, Japan)
with an acetylated N-terminus and an amidated C-terminus.
Peptide purity was verified by analytical high-performance
liquid chromatography ( >97%) and mass spectrometry. In
all experiments, apoA-I variants and peptide were freshly
dialyzed from 6 M guanidine hydrochloride (GdnHCI)
solution (+1% S-mercaptoethanol for the cysteine-containing
mutants) into the appropriate buffer before use.
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Site-Specific Acrylodan (Ac) Labeling. Cysteine-containing
apoA-I variants or peptide were incubated with 10-fold molar
excess of tris(2-carboxyethyl)phosphine hydrochloride (Pierce,
Rockford, IL) for 1 h to reduce the sulfthydryl group. The
10 mM stock solution of 6-acryloyl-2-dimethylaminonaph-
thalene (acrylodan; Molecular Probes, Inc., Eugene, OR) in
dimethylformamide was added so that a final molar ratio of
probe to protein was 10:1 (or 3:1 for peptide). The reaction
mixtures were then stirred at room temperature for 3 h in
the dark. Unreacted acrylodan was removed by extensive
dialysis at 4 °C in Tris buffer (10 mM Tris, 150 mM NaCl,
1 mM EDTA, 0.02% NaNj, pH 7.4). The degree of labeling
was determined using the extinction coefficient for acrylodan
of 19200 M~! cm™! at 391 nm and found to be over 90%.

Preparation of Small Unilamellar Vesicles (SUVs). SUVs
were prepared as described (//, 14). Briefly, a film of egg
phosphatidylcholine (PC) on the wall of a glass tube was
dried under vacuum overnight. The lipid was then hydrated
in Tris buffer and sonicated on ice under nitrogen. After
removing titanium debris, the samples were centrifuged in
a Beckman TLA110 rotor for 2 h at 4 °C at 51 000 rpm to
separate any remaining large vesicles. The PC concentration
of SUV was determined using an enzymatic assay kit from
Wako Pure Chemicals (Osaka, Japan).

Circular Dichroism (CD) Spectroscopy. Far-UV CD
spectra were recorded from 185 to 260 nm at 25 °C using
an Aviv 62DS spectropolarimeter. After dialysis from 6 M
GdnHCI solution, the apoA-I sample was diluted to 25—50
ug/mL in 10 mM sodium phosphate buffer (pH 7.4), and
the CD spectrum was obtained. The results were corrected
by subtracting the buffer baseline. The a-helix content was
calculated from the molar ellipticity at 222 nm, as described
(33). For monitoring chemical denaturation, proteins at a
concentration of 50 ug/mL were incubated overnight at 4
°C with GdnHCI or urea at various concentrations. Kp at a
given denaturant concentration was calculated from the
ellipticity values, and the free energy of denaturation, AGp°,
the midpoint of denaturation, D, and the m value which
reflects the cooperativity of denaturation in the transition
region were determined by the linear equation AGp = AGp°
— ml[denaturant]|, where AGp = —RT In Kp (14, 33).

Fluorescence Measurements. Fluorescence measurements
were carried out with a Hitachi F-7000 fluorescence spec-
trophotometer at 25 °C in Tris buffer (pH 7.4). Trp emission
fluorescence of proteins at a concentration of 25 ug/mL was
recorded from 300 to 420 nm using a 295 nm excitation
wavelength to avoid tyrosine fluorescence. Acrylodan emis-
sion fluorescence of proteins or peptide (5—25 ug/mL) was
collected from 380 to 600 nm using a 360 nm excitation
wavelength. For chemical denaturation experiments, AGp°,
D, and the m value were determined by monitoring the
change in wavelength of maximum fluorescence (WMF) of
intrinsic Trp residues (/5) or the generalized polarization
(GP) of acrylodan (34). The GP value is given by GP = (I
— R)/(Iz + Iz), where Iy and I are the emission intensities
at the blue (450 or 460 nm) and red (520 nm) edges of the
emission spectrum, respectively. In fluorescence quenching
experiments, the Trp or acrylodan emission spectra of
proteins were recorded at increasing concentrations of KI
(0—0.56 M) using a 5 M stock solution containing 1 mM
NaS,0; to prevent the formation of iodine. After correction
for dilution, the integrated fluorescence intensities were
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Table 1: a-Helix Content and Parameters for Urea Denaturation of apoA-I Variants Monitored by Molar Ellipticity or Trp Fluorescence

molar ellipticity

Trp fluorescence

apoA-I variant a-helix (%) AGp°, kcal/mol Dyp, M AGp°, kcal/mol m Dy, M
human WT 46 +3 3.6+0.1 1.33 £0.04 27402 62+02 20+£0.1 3.0+£02
h(1—189)/m(187—240) 4542 1.6 +0.1° 0.67 +0.03” 24402 3.14+0.1° 1.34+0.1° 254+0.1°
h(1—220)/m(218—240) 47 +2 1.8 £0.1° 0.78 & 0.04” 234+0.2° 3.3+£02° 1.34+0.1° 25402

“P < 0.05.°P < 0.01 compared to WT apoA-L
plotted according to the Stern-Volmer equation, Fy/F = 1 0

+ K,,[KI], where Fy and F are the fluorescence intensities
in the absence and presence of quencher, respectively, and
K, is the Stern-Volmer constant. Quenching parameters were
obtained by fitting to the modified Stern-Volmer equation,
Fo/(Fy — F) = 1/f, + 1/f.K,[KI], where f, is the fraction of
Trp residues accessible to the quencher. Steady-state fluo-
rescence anisotropy of acrylodan was measured with an
excitation at 360 nm and an emission at 485 nm, as described
(35). 8-Anilino-1-naphthalenesulfonic acid (ANS) fluores-
cence spectra were collected from 400 to 600 nm at an
excitation wavelength of 395 nm in the presence of 50 pg/
mL protein and an excess of ANS (250 uM) (15).

For FRET experiments, the emission spectra of acrylodan-
labeled and unlabeled apoA-I variants were measured from
300 to 600 nm with an excitation of 295 nm. FRET efficiency
(E) was calculated according to £ = 1 — Fpa/Fp, where
Fpa is the fluorescence intensity of the donor with acrylodan
attached and Fyp is the fluorescence intensity of the donor
lacking acrylodan. The FRET distance (R) was calculated
according to E = R%/(R,® + R®), where Ry is the Forster
radius for energy transfer from Trp to acylodan in a protein
(2.7 nm) (36).

DMPC Clearance Assay. The kinetics of solubilization of
DMPC multilamellar vesicles by the apoA-I variants were
measured by monitoring the time-dependent decrease in
turbidity (/8, 37). DMPC vesicles extruded through a 200
nm filter were mixed with apoA-I samples to a final volume
of 600 uL in a cuvette and incubated for 15 min at 24.6 °C.
Sample light scattering intensity was monitored at 325 nm
on a Shimadzu UV-2450 spectrophotometer and normalized
the initial scattering intensity value to 1.

Isothermal Titration Calorimetry (ITC) Measurements.
Heats of apoA-I binding to SUV were measured with a
MicroCal MCS isothermal titration calorimeter at 25
°C (11, 38). To measure the enthalpy of binding at a low
surface concentration, apoA-I solutions were injected into
SUV in the cell at a PC-to-protein molar ratio of >10 000
where the injected protein binds completely to the SUV
surface. The heat of dilution was determined in the control
experiment by injecting apoA-I solution into buffer and was
subtracted from the heat determined in the corresponding
apoA-I—SUV binding experiments.

RESULTS

Urea Denaturation of Human/Mouse apoA-I Hybrid
Molecules. The primary structures of human and mouse
apoA-I are 65% identical, with the N- and C-terminal
domains being 70% and 46% identical, respectively (39).
We have demonstrated previously that both proteins adopt
a similar two-domain tertiary structure, comprising an
N-terminal helix bundle domain and a separate C-terminal
domain (/8). Interestingly, exchanging the C-terminal do-
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FIGURE 1: Urea-induced denaturation of human and mouse hybrid
apoA-I monitored by molar ellipticity (A) or Trp fluorescence (B):
® = human WT, A = apoA-I h(1—189)/m(187—240), A = apoA-I
h(1—220)/m(218—240). Protein concentration was 50 ug/mL.
mains between human and mouse apoA-I to create human—
mouse hybrid molecules affected the stability of the N-
terminal helix bundle against GdnHCI, suggesting an ener-
getic contribution of interactions between the N- and
C-terminal domains to the overall stability of apoA-I (/8).
To follow up this possible interaction between the N- and
C-terminal domains in apoA-I, we examined the effects of
exchanging the C-terminal domain or o-helix between human
and mouse apoA-I on the protein stability against urea
denaturation. The electrostatic interactions between amino
acids are shielded by GdnHCl, whereas uncharged urea has
no effect on the electrostatic interactions (40). Thus, we can
estimate the contribution of the electrostatic interactions to
the protein stability by comparing denaturation behaviors in
both denaturants.

As shown in Table 1, replacement of the C-terminal
domain or o-helix in human apoA-I with the mouse
counterparts to create the human(h)/mouse(m) hybrid
apoA-I molecules h(1—189)/m(187—240) and h(1—220)/
m(218—240) results in no change in o-helix content (/8).
However, both apoA-I hybrid molecules exhibited greatly
decreased stability against urea denaturation compared to
human WT apoA-I as monitored by molar ellipticity
(Figure 1A) and Trp fluorescence (Figure 1B). Comparison
of the thermodynamic parameters such as the free energy
and midpoint of denaturation between apoA-I h(1—189)/
m(187—240) and h(1—220)/m(218—240) revealed that the
substitutions of the C-terminal domain or o-helix in human
apoA-I by the mouse counterparts have similar destabiliz-
ing effects on the protein (Table 1). It should be noted
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FIGURE 2: Chemical denaturation of the C-terminal truncated human
apoA-I mutants monitored by Trp fluorescence. (A) Urea-induced
denaturations of human WT (dotted line), human 1—222 (A), human
1—189 (a), and human L230P/L233P/Y236P (@) are plotted.
Protein concentration was 25 ug/mL. (B) Comparison of the free
energies of denaturation induced by GdnHCI and urea is shown.
**P < 0.01 is compared to human WT apoA-I (AGp° in GdnHCl
and urea denaturation are 4.6 0.3 and 6.2 + 0.2 kcal/mol,
respectively).

that since all Trp residues are located in the N-terminal
helix bundle domain (positions 8, 50, 72, and 108), Trp
fluorescence reflects the conformational change of the
N-terminal helix bundle. Thus, it follows that the substitu-
tion of the human C-terminal a-helix with the equivalent
mouse C-terminal segment mainly contributes to the
destabilization of the human N-terminal helix bundle by
the mouse C-terminal domain. In addition, large differ-
ences in AGp° and m values monitored by molar ellipticity
and Trp fluorescence such as 3.6 versus 6.2 kcal/mol for
AGp° of human WT (Table 1) appear to come from the
fact that molar ellipticity measures only unfolding of
a-helical structure, whereas Trp fluorescence measures
unfolding of tertiary structure as well so that disruption
of helix—helix contacts is included in the free energy
change (41).

Effects of Removal or Disruption of the C-Terminal Helix
on Chemical Denaturation of Human apoA-I. To further
examine the contribution of the C-terminal a-helix to the
stability of the N-terminal helix bundle in human apoA-I,
we used the C-terminally truncated mutants apoA-I 1—222
and 1—189 (/5) or proline-inserted mutant apoA-I L230P/
L.223P/Y236P, in which the C-terminal o-helical structure
is disrupted (/4, 42). Previous studies showed that such
removal or disruption of the C-terminal a-helix in apoA-I
has no effect on the stability of the N-terminal helix bundle
against GdnHCI denaturation (/4, 15). In contrast, these
mutations in the C-terminal o-helix destabilized the N-
terminal helix bundle against urea denaturation as monitored
by Trp fluorescence (Figure 2A). Comparison of the free
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Table 2: Parameters of KI Quenching of Trp Fluorescence and ANS
Binding of apoA-I Variants

KI quenching

apoA-I variant fa Ksy, M™'  ANS fluorescence”
human WT 0.67 +£0.03 4.7+0.3 1.0
human 1—189 0.67 £0.02 6.0+0.2° 0.6
human 1—-222 0.64 £0.02 5.7 +0.2° 0.6
h(1—189)/m(187—240) 0.65 +0.02 5.7 £0.3¢ 0.8
h(1—220)/m(218—240) 0.67 +0.02 5.24+0.2° 0.8

“Values are relative to WT. Estimated error is within & 0.1. * P <
0.05. “P < 0.01 compared to WT apoA-I.

energies of denaturation by GdnHCI and urea (Figure 2B)
clearly demonstrates that the C-terminal o-helix stabilizes
the N-terminal helix bundle of apoA-I against urea denatur-
ation but not against GdnHCI denaturation. This suggests
the possible involvement of electrostatic interactions in the
stabilization of the N-terminal helix bundle by the C-terminal
o-helix. Similar destabilization of the C-terminally truncated
mutants against urea denaturation was also observed by
monitoring the molar ellipticity (data not shown).

KI Quenching and ANS Binding of Human apoA-I C-
Terminal Mutants. We next performed KI quenching of Trp
fluorescence and ANS binding experiments for the apoA-I
variants to monitor the tertiary structural change induced by
the C-terminal truncation or substitution. As shown in Table
2, significant increases in Kgy values for the C-terminally
truncated or substituted mutants were observed compared
to WT apoA-I, indicating that Trp residues in these C-
terminal mutants are more exposed to the aqueous phase.
ANS fluorescence results indicate that there is decreased
hydrophobic surface exposure in the C-terminal mutants
because of removal or replacement of the hydrophobic human
C-terminal domain or o-helix with the more polar and
disordered mouse counterparts (/8).

Lipid-Binding Properties of Human/Mouse apoA-I Hybrid
Molecules. To assess the lipid-binding properties of the
human—mouse hybrid apoA-I, we compared their abilities
to solubilize DMPC vesicles (DMPC clearance assay)
(18, 37, 43). As shown in Figure 3A, the concentration-
dependence curves for human WT and its isolated N- and
C-terminal domains (residues 1—189 and 190—243) dem-
onstrate that the N-terminal domain is much less effective
than WT apoA-I in solubilizing DMPC vesicles whereas the
C-terminal domain is extremely effective (/8). Interestingly,
apoA-I h(1—189)/m(187—240) and h(1—220)/m(218—240)
hybrid molecules displayed intermediate efficiencies between
the human WT and the isolated human N-terminal domain
despite the fact that the isolated mouse C-terminal domain
(residues 187—240) itself was practically inactive. This
suggests that the destabilized human N-terminal domain can
interact with lipids effectively without the hydrophobic
human C-terminal domain.

We also compared binding enthalpies of the human—
mouse hybrid apoA-I to stable egg PC SUV (11, 18). As
shown in Figure 3B, human WT and its isolated N- and
C-terminal domains exhibited large exothermic heats whereas
the mouse C-terminal domain exhibited almost no heat (/8).
However, both apoA-I h(1—189)/m(187—240) and h(1—220)/
m(218—240) exhibited much larger exothermic heats com-
pared to the human N-terminal domain, indicating that the
destabilization of the human N-terminal domain promotes
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FIGURE 3: Solubilization of DMPC vesicles (A) and binding
enthalpies to egg PC SUV (B) for human and mouse hybrid apoA-
I. (A) Increases in fraction cleared of turbidity in 10 min after
incubation of DMPC vesicles (0.25 mg/mL) with increasing
concentration of protein at 24.6 °C are represented by @, human
WT; O, human 1—189; A, apoA-I h(1—189)/m(187—240); A,
apoA-I h(1—220)/m(218—240); v, human 190—243; and ¥, mouse
187—240. (B) Protein solutions were injected into excess SUV in
an isothermal titration calorimeter at a PC-to-protein molar ratio
of >10 000.

its lipid-binding capability by substituting the C-terminal
o-helix with the equivalent mouse C-terminal segment.
Consistent with this, much larger increases in a-helix content
upon binding to SUV were observed in both h(1—189)/
m(187—240) and h(1—220)/m(218—240) apoA-I (increases
in a-helical amino acids are 69 and 62 residues, respectively)
compared to the human 1—189 (26 residues).

Acrylodan Fluorescence. Next we employed site-specific
labeling of apoA-I by acrylodan to probe the conformational
properties and the spatial proximity of the N- and C-terminal
domains in apoA-I. Acrylodan has been used for the site-
specific conformational studies of proteins (28, 29, 44, 45)
because it has several advantages as a fluorescence probe
such as high sensitivity to the solvent environment and
relatively low molecular weight. For attachment of acrylodan,
we used two Cys-introduced mutants, V53C and F229C
apoA-I. V53 and F229 are located in the putative N- and
C-terminal o-helices (residues 44—65 and 220—241) of
apoA-I, respectively, and our previous study revealed that
neither the Cys mutagenesis nor the fluorescence labeling
causes discernible changes in the lipid-free structure and lipid
interaction of apoA-I (46).

Figure 4 shows the change in acrylodan emission spectra
of apoA-I V53C—Ac when incubated at different concentra-
tions of urea (from O to 6.4 M). Significant decreases in
fluorescence intensity and red shifts in WMF of acrylodan
were observed with increasing concentrations of urea,
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FIGURE 4: Acrylodan fluorescence emission spectra monitored at
different concentrations of urea (from 0 to 6.4 M) for apoA-I
V53C—Ac. The inset shows the change in acrylodan GP for apoA-I
V53C—Ac (@) and F229C—Ac (O) as a function of urea concentra-
tion. Protein concentration was 25 ug/mL.

indicating transfer of the acrylodan molecule from the
hydrophobic interior in a folded protein into an aqueous
environment (28, 45). Such changes in spectroscopic proper-
ties of aminoacylnaphthalene derivatives have been described
by GP, which is proportional to changes in the emission
spectrum (34, 47). Since a decrease in GP value signifies an
increase in the environment polarity of acrylodan, the
difference in denaturation curves for apoA-I V53C—Ac and
F229C—Ac monitored by acrylodan GP (Figure 4, inset)
reflects the different stabilities of the N- and C-terminal
helices in apoA-I against urea denaturation. As listed in Table
3, thermodynamic parameters of denaturation against Gdn-
HCI and urea for apoA-1 V53C—Ac and F229C—Ac indicate
that V53 and F229 have similar stability against GdnHCl
whereas V53 is more stable than F229 against urea. This
suggests that both the N- and C-terminal helices have
comparable conformational stability but that the N-terminal
helix is stabilized more than the C-terminal helix via
electrostatic interactions.

To further characterize the site-specific structure of the
two domains, we compared WMF, fluorescence anisotropy,
and KI quenching parameters of acrylodan fluorescence for
apoA-I V53C—Ac and F229C—Ac (Table 4). The WMF
values are 451 and 458 nm for V53C—Ac and F229C—Ac,
respectively, indicating that both the N- and the C-terminal
helices are in hydrophobic environments (28). Consistent
with this, low Kgy values for both V53C—Ac and F229C—Ac
suggest that both regions are shielded from the solvent.
Interestingly, the acrylodan-labeled C-terminal helical peptide
apoA-I 220—241/F229C—Ac exhibited a much higher WMF
value corresponding to polarity in water (28) and a higher
Ksy value compared to apoA-I F229C—Ac. In addition,
fluorescence anisotropy reflecting the motional restriction of
acrylodan was much lower in the peptide than in the apoA-I
F229C—Ac. Taken together, these results suggest that the
C-terminal helical region in the folded apoA-I molecule has
a much more organized conformation than in the isolated
helical peptide.

Finally, we measured the FRET from the Trp residues
located in the N-terminal domain to acrylodan attached in
the N- or C-terminal helices to confirm prior studies showing
that the C-terminal segments are in close proximity to the
N-terminal domain (28, 29). Compared to the unlabeled
apoA-I V53C and F229C mutants, there were significant
decreases in Trp emission fluorescence at around 335 nm
and the concomitant appearance of an acrylodan fluorescence
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Table 3: Parameters of Chemical Denaturation of apoA-I Variants Monitored by GP of Acrylodan Fluorescence

GdnHCI denaturation

urea denaturation

apoA-I variant AGp°, kcal/mol m Dip, M AGp°, kcal/mol m D, M
V53C—Ac 20+£0.1 1.5+£0.1 1.3+£0.1 2.6+£0.1 09+£0.1 29+0.1
F229C—Ac 1.8 £0.1 1.3+£0.1 1.3+£0.1 1.5+£0.1 0.6 +0.1 2540.1
Table 4: WMF, Fluorescence Anisotropy, and KI Quenching Parameters of Acrylodan Fluorescence of apoA-I Variants and Peptide
KI quenching
apoA-I variant or peptide WMF, nm* fluorescence anisotropy fa Ksy, M7!
apoA-I V53C—Ac 451 0.152 £ 0.002 0.73 £ 0.05 3.14+03
apoA-I F229C—Ac 460 0.140 £ 0.002 0.51 +0.04 37+04
apoA-I 220—241/F229C—Ac 516 0.086 £ 0.004 0.60 £ 0.04 11.54+0.6

¢ Estimated error is within +3 nm.
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FIGURE 5: FRET between Trp residues in the N-terminal domain and acrylodan for apoA-I V53C—Ac (A and B) and F229C—Ac (C and
D). Fluorescence emission spectra excited at 295 nm for unlabeled (solid lines) and acrylodan-labeled (dashed lines) apoA-I variants were
recorded in the absence (A and C) or the presence (B and D) of 3 M GdnHCI. Protein concentration was 25 pg/mL.

peak at around 460 nm, indicating the occurrence of FRET
from Trp residues to acrylodan in the folded apoA-I (Figure
5A,C). Because we monitored FRET at the protein concen-
tration in which apoA-I exists completely as a monomer (48),
the observed FRET dominantly comes from intramolecular
interactions. The calculated FRET efficiency (E) and average
distance (R) between the Trp residues and the acrylodan
probe were 0.53 and 2.7 nm for apoA-1 V53C—Ac and 0.40
and 2.9 nm for apoA-I F229C—Ac, respectively, indicating
that the acrylodan probe attached at not only the N-terminal
helix but also the C-terminal helix is in close proximity to
Trp residues in the N-terminal domain. In contrast, after
complete unfolding of apoA-I in the presence of 3 M
GdnHCI, the difference in the Trp fluorescence between the
unlabeled and the acrylodan-labeled apoA-I and acrylodan
fluorescence peak became remarkably small (Figure 5B,D),
indicating decreases in FRET due to increased separation of
the Trp residues and acrylodan (E = 0.24 and 0.12 for apoA-I
V53C—Ac and F229C—Ac, respectively). For apoA-I
V53C—Ac, the proximity of the fluorophores in the primary
sequence is likely to cause some FRET even in the presence
of denaturant. A similar decrease in FRET for apoA-I
F229C—Ac was also observed in the presence of 6 M urea

(data not shown), suggesting that hydrophobic interaction
contributes to the close proximity of the two domains.

DISCUSSION

The large exchangeable apolipoproteins such as apoA-I
and apoE appear to share a common two-domain structure,
in which the N-terminal, ~70%, of the molecule forms a
helix bundle domain and the C-terminal domain exists as a
discrete, less organized structure (15, 19). Recent studies
using the C-terminal truncation variants indicated that this
two-domain tertiary structure is also adopted by a new
member of the exchangeable apolipoprotein family, apoA-V
(49, 50). 1t is proposed that, in general, the N- and C-terminal
elements in proteins have a tendency to be in contact, playing
some special roles in protein folding and function (57).
Indeed, it has been demonstrated that the C-terminal domain
in apoE4 is in close contact with the N-terminal domain in
the lipid-free state as well as on discoidal complexes because
of the electrostatic interaction between the two domains (52).
Recent cross-linking experiments for the lipid-bound con-
formation of apoA-I on discoidal complexes suggested that
the N-terminal end folds back on itself, stabilizing an
intermolecular interaction with the hydrophobic C-terminal
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domain (53). Although the presence of the N- and C-terminal
interaction in the lipid-free apoA-I molecule has also been
proposed (13, 14, 16, 25), the experimental evidence has not
been provided to date.

In our previous study comparing the structural stabilities
of the N- and C-terminal domains in human and mouse
apoA-I, near-UV CD measurements demonstrated that
substitution of the C-terminal domain in human apoA-I by
the mouse counterpart disorders the Trp packing in the
N-terminal domain, whereas removal of the C-terminal
domain from human apoA-I does not; this suggests that N-
and C-terminal domain interactions affect the stability of the
N-terminal helix bundle structure (/8). The results of urea
denaturation for the C-terminal truncated or substituted
variants of human apoA-I (Figures 1 and 2 and Table 1) in
this study clearly demonstrate that the C-terminal o-helical
region (residues 223—243) is primarily responsible for the
stabilization of the N-terminal helix bundle by the C-terminal
domain. The finding that the disruption of the C-terminal
o-helix by the proline insertion (L230P/L233P/Y236P)
reduced the protein stability against urea denaturation (Figure
2) further indicates that the ability of this region to form
o-helical structure is critical for the N- and C-terminal
interaction. It should be noted that such stabilizing interac-
tions between the N- and C-terminal domains are dominantly
intramolecular because self-association of apoA-I does not
occur under the condition in this study (48). Indeed, we did
not detect any excimer fluorescence for the pyrene-labeled
apoA-I in the C-terminal helical region (46), at least up to
the concentration of 0.1 mg/mL (data not shown), indicating
the absence of self-association through the C-terminal
domain.

In apoE4, Arg-61 in the N-terminal domain forms a salt
bridge with Glu-255 in the C-terminal domain (54), leading
to the less organized and more exposed conformation of the
C-terminal domain in apoE4 than occurs in apoE3 (37, 55).
FRET and electron paramagnetic resonance measurements
showed that such domain interaction in apoE4 results in a
closer distance between the N- and the C-terminal domains
than apoE3 (52). FRET analyses in the previous (28, 29)
and the present (Figure 5) studies between Trp residues in
the N-terminal domain and acrylodan attached in the C-
terminal helix suggest that, like apoE4, the interaction
between the N- and C-terminal domains in apoA-I causes
the C-terminal o-helix to be in close proximity to the
N-terminal helix bundle. Although these FRET data can be
used to estimate only an average distance because of the
presence of four Trp residues in the fluorescence energy
donor, the derived average distance between Trp residues
and F229C—acrylodan of 2.9 nm seems to be shorter than
the calculated distances from the X-ray crystal structure of
lipid-free apoA-I (2.6, 5.6, 3.5, and 3.1 nm from F229 to
WS, W50, W72, and W108, respectively) (/7). It is likely
that such a close proximity of the two domains in the lipid-
free apoA-I results in not only stabilization of the N-terminal
helix bundle (Figures 1 and 2 and Table 1) but also the
relatively less solvent-exposed, more organized conformation
of the C-terminal helical region, which is comparable to the
N-terminal helix bundle structure (Tables 3 and 4).

On the basis of the two-domain tertiary structure of apoA-
I, we have proposed a two-step mechanism for the binding
of apoA-I to a phospholipid surface (15, 19). In this model,
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the initial binding step occurs through hydrophobic amphi-
pathic a-helices in the C-terminal domain (26), followed by
a conformational opening of the N-terminal helix bundle to
expose the hydrophobic faces of the amphipathic helices. In
the first binding step, the C-terminal o-helix appears to
separate from the N-terminal domain, perhaps converting
helix—helix interactions between the two domains to lipid
interactions of the C-terminal helix. This would result in the
destabilization of the N-terminal helix bundle, which may
trigger the conformational opening of the helix bundle in
the second binding step. Interestingly, similar mechanisms
by which the initial lipid interaction triggers the conforma-
tional opening of the helix bundle structure have been
proposed for the lipid binding of apolipophorin III (56) and
apoE (57).

Tertiary structural plasticity is thought to be functionally
important for apolipoprotein binding to the lipid surface
(58, 59). Indeed, the inverse correlation between the protein
stability and the ability to transform phospholipid vesicles
into discoidal complexes was observed for apolipoprotein
IIT (60, 61) and the N-terminal domain of apoE isoforms
(43, 62). In apoA-1, it was reported that deletion or mutation
of both the N- and the C-terminal regions induces the less
stable, molten globular-like conformation, possibly facilitat-
ing the protein binding to the lipid surface (74, 32). It was
also demonstrated recently that, under acidic conditions,
apoA-I increases its a-helical content and hydrophobicity,
thereby promoting the formation of discoidal complexes (63).
Consistent with these findings, we demonstrated in the
present study that the destabilization of the human N-terminal
domain by substituting the C-terminal domain or helical
segment with the equivalent mouse counterparts promotes
the lipid-binding ability of apoA-I (Figure 3). Thus, given
the structural similarity of the N-terminal helix bundle among
exchangeable apolipoproteins (15, 19), it is conceivable that
besides the hydrophobicity and o-helix content of the
C-terminal domain, the stability of the N-terminal helix
bundle regulates the lipid-binding property of apoA-I (I8).
However, it should be noted that other reports showed that
double deletion of the N- and C-terminal regions reduces or
abolishes the lipid-binding ability of apoA-I despite the
greatly reduced protein stability (30, 31).

Many plasma apolipoproteins such as apoA-I, apoA-II,
apoC-II, and apoE display a high susceptibility to form or
associate with amyloid fibrils both in vitro and in vivo (64),
perhaps because of their partially folded, flexible conforma-
tion in the lipid-free state (65). Naturally occurring mutations
in human apoA-I associated with hereditary amyloidosis are
known to be all localized around the N-terminus of protein
(66). Interestingly, in most cases of these mutated apoA-I,
the N-terminal fragment is the predominant form of protein
found in amyloid fibril deposits (67). Although the structural
consequences of these mutations have not been defined yet,
these findings suggest the possibility of an unstable N-
terminal conformation being associated with mutations in
this region. Since the C-terminal domain stabilizes the
N-terminal helix bundle structure as shown in this study, it
is tempting to speculate that the mutated apoA-I may be more
susceptible to cleavage of the C-terminal domain, creating
an unstable N-terminal fragment of apoA-I which may
initiate the formation of amyloid fibrils (68).
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In summary, this is the first characterization of the
consequences for the N-terminal helix bundle domain of the
interaction between the N- and the C-terminal tertiary
structure domains that occurs in the apoA-I molecule. Our
results demonstrated that the intramolecular domain—
domain interaction in apoA-I causes the C-terminal o-helix
to be in close proximity to the N-terminal helix bundle,
modulating the conformational stability and functional
properties of the helix bundle. Since the C-terminal o-helical
segment is responsible for this stabilizing interaction between
the two domains, the C-terminal domain appears to play a
role in lipid binding of apoA-I not only through its
hydrophobic a-helical structure but also by triggering the
conformational change of the N-terminal helix bundle. In
addition, the apoA-I mutations associated with hereditary
amyloidosis may alter the domain interaction, resulting in
an unstable, partially folded conformation of the N-terminal
helix bundle which appears to be a crucial characteristic for
the formation of amyloid fibrils.
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