
pubs.acs.org/biochemistry Published on Web 12/08/2010 r 2010 American Chemical Society

466 Biochemistry 2011, 50, 466–479

DOI: 10.1021/bi1009634

Membrane Insertion Topology of the Central Apolipoprotein A-I Region. Fluorescence
Studies Using Single Tryptophan Mutants†

Eduardo D. Prieto and Horacio A. Garda*

Instituto de Investigaciones Bioquı́micas de La Plata (INIBIOLP), Consejo Nacional de Investigaciones Cientı́ficas y T�ecnicas
(CONICET), Universidad Nacional de La Plata (UNLP), Facultad de Ciencias M�edicas, Calles 60 y 120, 1900-La Plata, Argentina

Received June 14, 2010; Revised Manuscript Received December 7, 2010

ABSTRACT: Apolipoprotein A-I (apoAI) contains several amphipathic R-helices. To carry out its function, it
exchanges between lipid-free and different lipidated states as bound tomembranes or to lipoprotein complexes
of differentmorphology, size, and composition.When bound tomembranes or to spherical lipoprotein surfaces, it
is thought that most R-helices arrange with their long axis parallel to the membrane surface. However, we
previously found that a central region spanning residues 87-112 is exclusively labeled by photoactivable reagents
deeply located into themembrane (C�orsico et al. (2001) J. Biol. Chem. 276, 16978-16985). A pair of amphipathic
R-helical repeats with a particular charge distribution is predicted in this region. In order to study their insertion
topology, three single tryptophanmutants, each one containing the tryptophan residue at a selected position in the
hydrophobic face of the central Y-helices (W@93, W@104, and W@108), were used. From the accessibility to
quenchers located at different membrane depths, distances from the bilayer center of 13.4, 10.5, and 15.7 Å were
estimated for positions 93, 104, and 108, respectively. Reported data also indicate that distances between
homologous positions (in particular for W@93 and W@104) are very short in dimers in aqueous solution, but
they are larger in membrane-bound dimers. Data indicate that an intermolecular central Y-helix bundle would
penetrate the membrane perpendicularly to themembrane surface. Intermolecular helix-helix interactions would
occur through the hydrophilic helix faces in themembrane-boundbundle but through the hydrophobic faces in the
case of dimers in solution.

Apolipoprotein A-I (apoAI)1 is the major protein of high-
density lipoproteins (HDL) which plays a key role in the reverse
cholesterol transport pathway that delivers excess of cholesterol
back to the liver for clearance (1). Like other exchangeable
apolipoproteins, apoAI behaves as an amphitropic protein. To
carry out its function, apoAI cycles among a lipid-free or lipid-
poor form, a membrane-bound state, and bound to discoidal or
spherical HDL of different size and composition (2).

The basic common structural motif shared by exchangeable
apolipoproteins is the amphipathic R-helix (3). Mature human
ApoAI contains 243 amino acid residues, and computational
analysis reveals the presence at the N-terminus of a G* amphi-
pathic R-helix, which is similar to those found in globular
proteins. The region of residues 44-243, encoded by exon 4, is
composed of 10 repeats predicted to form amphipathic R-helices
mostly punctuated by proline residues. Six of these repeats are
22mer class A R-helices, which are typical in all exchangeable
apolipoproteins and characterized by positive charge clusters at
the hydrophilic/hydrophobic helix interface and negative residue
clusters at the polar face center. There are also two pairs of

amphipathic R-helical repeats (3-4 and 9-10) differing in the
polar face charge distribution. Each of them contains a short
11mer repeat (3 or 9) separated by proline from a 22mer repeat
(4 or 10). These repeats are called class Y R-helices because the
distribution of three positively charged residues resembles a Y
letter, with the hydrophobic face between the arms, and two
negatively charged clusters between arms and the base of the Y.

A crystal structure of an apoAI fragment with the N-terminal
G* helix deleted (Δ1-43 apoAI) was obtained (4). It shows a
horseshoe-shaped tetramer with the monomers extended and
highly helicoidal, which is thought to be related with the lipid-
bound state. Evidence obtained by other techniques does not
totally agree with this structure, but it coincides in the following
views: (a) in the lipid-free state, the helical repeats fold in bundles
of relatively loose tertiary structure stabilized by contacts among
the R-helix nonpolar faces (5), and (b) helical bundles should be
opened in order to expose most of the helix nonpolar faces for
binding lipids (6).

ApoAI reacts with phospholipid vesicles at the gel to liquid-
crystalline phase transition temperature range, for example, with
dimyristoylphosphatidylcholine (DMPC) vesicles near 24 �C,
generating micellar lipoprotein complexes of discoidal morphol-
ogy (7). However, apoAI binds to bilayers of zwitterionic phos-
pholipids at the liquid-crystalline or liquid-ordered states, for
example, with 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
or POPC/cholesterol vesicles, without vesicle disruption (8, 9). It
was proposed that amphipathic class A amphipathic R-helices
bind to phospholipid surfaces according to the snorkel model
(10), embedding the hydrophobic face within the lipids while
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positive residues interact electrostatically with negative phos-
phate groups of membrane phospholipids. It is not known,
however, if the particular charge distribution of class Y helices
plays some role in the lipid binding process. Since these type Y
helical repeats are unique in apoAI, and in particular the repeat
pair 3-4 has been proposed to be responsible for several
functional properties of this protein (11-14), it is of particular
interest to obtain information about its conformation and
conformational adaptability in the lipid binding process.

We have previously shown by using a photoactivable radi-
olabeled phospholipid analogue (125I-TID/PC) incorporated into
POPC or POPC/cholesterol vesicles that only the apoAI region
spanning residues 87-112 becomes labeled when the protein is
mixed with 125I-TID/PC loaded vesicles (11). This fact indicates
that when apoAI is bound to phospholipid vesicles, at least some
amino acid residues within the central class Y helix pair 3-4
would penetrate the lipid bilayer deeply enough to be reached by
the reactive diazirine groupwhich is located near the center of the
lipid bilayer, while the rest of the lipid interacting amphipathicR-
helices would be more superficially located. Among others, two
possibilities can explain this fact: (a) The central type Y R-helices
are inserted into the membrane bilayer with their long axis
parallel to the phospholipid hydrocarbon chains. (b) These R-
helical repeats interact with the membrane according to the
snorkel model with the long helix axis parallel to the surface
but embedding the nonpolar faces into the lipid bilayer more
deeply than the other apoAI helical repeats.

The aim of this work was to obtain information about the
mechanism and topology of membrane insertion of this apoAI
region trying to distinguish between the above-mentioned possibi-
lities. A set of three single tryptophan mutants (W@93, W@104,
andW@108), each one containing the tryptophan (W) residue at a
selected position in the hydrophobic face of the central Y-helix pair,
was used. Accessibility to paramagnetic quenchers located at
different membrane depths, 1-palmitoyl-2-stearoyl-(n-doxyl)-sn-gly-
cero-3-phosphocholine where n = 5, 10, or 14 (n-doxyl-PC), and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(tempo)choline (tempo-
PC), allowed to estimate the membrane insertion depth for each
position reportedbyWresidues in themutants.The results indicated
that the 3-4 class Y helix pair inserts into the lipid bilayer with its
long helix axis almost perpendicular to the lipid surface.

EXPERIMENTAL PROCEDURES

Materials. DMPC, POPC, and cholesterol were purchased
from Avanti Polar Lipids (Alabaster, AL). Spin-labeled lipids
were from Molecular Probes (Eugene, OR). All other reagents
were of analytical grade.
ApoAI Single Tryptophan Mutants. The mutants W@93,

W@104, andW@108were obtained by site-directedmutagenesis
starting from the cDNA of a mutant containing no W in its
sequence (W@0). The cDNA of W@0 inserted in a pET-30
plasmid (Novagen, Madison, WI) was kindly donated by S.
Davidson (University of Cincinnati, OH). In this construction,
the four naturally occurring W residues (positions 8, 50, 72, and
108) were replaced by phenylalanine (15). Besides, this construction
contained an IgA protease cleavage site between the pro-segment
and the beginning of the mature apoAI gene (16). Cleavage with
IgA protease leaves two extra amino acids (Thr-Pro) at the
N-terminal, which have no consequence on the apoAI structural
or functional properties (16). Site-directed mutagenesis was
carried out as previously described (17) using the commercial kit

QuickChange, manufactured by Stratagene. Primer design and
PCR reactions were performed according to the manufacturer’s
instructions using Pfu-Turbo DNA polymerase. After digestion
of the template with DpnI, competent JM109 cells were trans-
formed. The plasmid DNA of the transformed bacteria was
sequenced from the S-tag and T7-terminator sites. The service of
Macrogen Inc. (Seoul, Korea) was used for primer synthesis and
DNA sequencing. BL21 (DE3) expression host cells were trans-
formed with the plasmids containing the correct sequences. After
induction with isopropyl 1-thio-β-D-galactopyranoside, the His-
tagged fusion proteins were extracted with 3 M guanidine hydro-
chloride and purified by immobilized metal affinity chromatog-
raphy on Ni columns (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). The fusion proteins were cleaved with IgA protease
(MoBiTec, G€ottingen, Germany) at a mass to mass concentration
of 1:2000 (enzyme:protein) for 24 h at 32 �C in 20 mM Tris-HCl
and 5 mM EDTA, pH 7.8. A second metal affinity chromatog-
raphy step was used to separate the final mutants from contami-
nant free His-tag and uncleaved protein. SDS-PAGE on 12%
gels was used to check each step during expression and purifica-
tion. To confirm identity, mutant protein preparations were also
checked by MALDI-TOF analysis in a Bruker Ultraflex II mass
spectrometer (Service of the “Centro de Estudios Quı́micos y
Biol�ogicos por Espectrometrı́a MALDI-TOF”, Departamento de
Quı́mica Biol�ogica, Facultad de Ciencias Exactas, Universidad de
Buenos Aires, Buenos Aires, Argentina).
Circular Dichroism. Far-UVCD spectra of the mutants at a

concentration of 0.1 g/L were acquired at 25 �C in a Jasco CD
spectrophotometer, Model 715 (Service of the Departamento de
Ciencia y Tecnologı́a, Universidad Nacional de Quilmes, Bernal,
Buenos Aires, Argentina). Spectra were corrected using the
buffer as blank.
DMPC Liposome Clearance. DMPC in chloroform was

dried down with flushing N2 in a glass tube leaving a thin lipid
layer. After 2 h in vacuum, lipids were brought up in 25 mM
sodium phosphate buffer at a concentration of 10 mM. Multi-
lamellar liposomes were made by extensive vortexing at 35 �C.
They were mixed with the proteins at the phase transition
temperature of DMPC (24 �C) at a molar ratio of 40/1 (final
protein concentration of 0.2 g/L), and the decrease in light
scattering with timewas analyzed by following the optical density
at 350 nm. The product of the reaction was analyzed by native
gradient polyacrylamide gel electrophoresis in 4-20% gels.
Preparation of Unilamellar POPC/Cholesterol Vesicles

with or without Spin-Labeled Lipid Analogues.Vesicles were
prepared containing the following: POPC/cholesterol (4/1 in
molar ratio); POPC/spin-labeled phospholipid/cholesterol (3/1/
1 molar ratio) where the spin-labeled phospholipids were 5-, 10-,
or 14-doxyl-PC or tempo-PC (labeled in the polar choline group);
POPC/3-β-doxylcholestane (4/1 molar ratio). For this, the ap-
propriate lipid mixtures in chloroform were dried and resus-
pended in aqueous buffer as above mentioned for DMPC. Then,
liposomes were treated for 10 min with ultrasound and extruded
by ten passages through polycarbonate filters (100 nm pore)
using a LiposoFast extruder (Avestin Inc., Otawa, Canada).
Fluorescence Spectroscopy Measurements. Tryptophan

fluorescence emission spectra were obtained in an Olis upgraded
SLM4800 spectrophotofluorometer (Olis Inc., Bogart, GA) in cells
of 0.2 cm path length for excitation and 1 cm for emission.
Excitation wavelength was 295 nm, and emission was scanned from
300 to 550 nm. A resolution of 8 nm bandwidth was used for both
excitation and emission. The mutant containing noWwas used for
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background subtraction. Spectra in the presence of lipid vesicles
(containing or not spin-labeled lipids) were corrected by inner filter
effect according to F(λ)corr = F(λ) 10[0.1OD295þ0.5OD(λ)], where
F(λ)corr and F(λ) are the corrected and uncorrected spectra, res-
pectively, OD295 is the optical density of the sample at 295 nm,
and OD(λ) is the absorption spectra of the sample between 300 and
550 nm. Glan Thompson polarizers were used for anisotropy
measurements. In this case, excitation wavelength was 295 nm
(8 nm bandwidth), and emission was set at 340 nm (16 nm band-
width). All of the measurements were made in triplicate, and the
average value is given.
FluorescenceHomoquenching andEnergyHomotransfer in

Lipid-Free ApoAIOligomers.Models Used for Estimation of
Intermolecular Distances between Homologous Residues.
Several models for the self-association equilibrium of apoAI in
aqueous solutions, as well as for the dependence of the fluores-
cence homoquenching and energy homotransfer on the oligomer
size, were considered in order to estimate the average intermo-
lecular distances between homologous W residues in the aggre-
gates from the variationof the fluorescence intensity and anisotropy
with the protein concentration.

(a) Models Considered for ApoAI Self-Association E-
quilibrium. Any model for oligomerization equilibrium should
fulfill the relationship:

½Pt� ¼
Xm

n¼1

½Pn� ¼
Xm

n¼1

Kn½P�n ð1Þ

where m is the maximal oligomer size; [Pt], [Pn], and [P] are res-
pectively the total protein concentration, the concentrations of
each one of the n-sized oligomers, and the concentration of the
monomeric protein in weight/volume units; while Kn is the equi-
librium constant for each oligomerization step. Some oligomeriza-
tion steps can be absent. For example, in a monomer-dimer-
tetramer-octamer equilibrium, K3 = K5 = K6 = K7 = 0 and

½Pt� ¼ ½P� þK2½P�2 þK4½P�4 þK8½P�8 ð2Þ
Kn for each step are frequently interrelated in a way that

½Pt� ¼
Xm

n¼1

fðnÞKn- 1½P�n ðfor sequential monomer additionÞ

ð3Þ
or

½Pt� ¼ ½P� þ
Xm

n¼1

fðnÞK2n- 1½P�2n ðfor sequential dimer additionÞ

ð4Þ
where K is the equilibrium constant for the first step (or
dimerization) and f(n) is a particular function of n depending on
the particular oligomerization mechanism and stoichiometric
considerations. Frequently, f(n) = 1 or f(n) = n.

A particular simplification of eq 3 is obtained if m = ¥ and
K[P] < 1. In this case, the series is convergent, and [P] and [Pt]
will be related by

½P� ¼ ½Pt�=ð1þK½Pt�Þ if fðnÞ ¼ 1 ð5Þ
or

½P� ¼ð2K½Pt� þ 1- sqrtð4K½Pt� þ 1ÞÞ=ð2K2½Pt�Þ if fðnÞ ¼ n ð6Þ

(b) Models Considered for W Fluorescence Homo-
quenching in ApoAI Oligomers. The fluorescence intensity
normalized to the total protein concentration will be

FN ¼ Ft=½Pt� ¼
Xm

n¼1

sFn½Pn�
½Pt� ¼

Xm

n¼1

sFn Kn½P�n
½Pt�

¼
Xm

n¼1

sFn fðnÞKn- 1½P�n
½Pt� ð7Þ

where Ft is the total fluorescence of the sample and sFn is the
specific fluorescence intensity (per unit of concentration) for the
oligomer of size n.

A pure energy homotransfer process does not affect the quantum
yield, and in this case sFn should be equivalent to the specific
fluorescence of themonomer (sF1). As shown in theResults section,
however, it is not the case for the single W mutants used here, and
some process resulting in homoquenching of the fluorescence emis-
sion in the oligomers is present. If W residues in oligomers are
equidistant and interacting equally, the rate of the process conducing
to homoquenching can be assumed to be proportional to n- 1 (i.e.,
the numberor the fractionof other fluorophores that canquench the
emission of each fluorescent group in the oligomer). Thus

sFn ¼ sF1=ð1þðn- 1ÞKhqÞ ð8Þ
where Khq is the rate constant for the homoquenching process.

Another possibility is that the homoquenching process in
oligomers is due only to the interaction between pairs of W
residues close together but far away from other W (or W pairs).
For example, in the considered monomer-dimer-tetramer-
octamer model, two dimers suffering homoquenching could be
arranged in larger oligomers (tetramers or octamers) without
further change in the homoquenching efficiency. In this case

sFn ¼ sF1 for n ¼ 1 and

sFn ¼ sF1=ð1þKhqÞ for n g 2 ð9Þ
(c) Models Considered for W Fluorescence Homotrans-

fer in ApoAI Oligomers. The dependence of the fluorescence
anisotropy on the energy homotransfer in different sized oligo-
mers has been well described by Runnels and Scarlatta (18). If
considering that all fluorophores in the oligomer are equidis-
tantly separated by a distance (R) independently of the oligomer
size, as well as the average emission anisotropy following homo-
transfer is equal to zero, the anisotropy of the fluorescence arising
from an oligomer of size n (rn) is given by the following equation
if depolarizing rotation is absent:

rn ¼ r1
1þðR0=RÞ6
1þ nðR0=RÞ6 ð10Þ

where r1 is the fluorescence anisotropy of free monomer and R0
is Foster’s distance. In the presence of depolarizing rotation, rn is
given by the following more complex equation, where r0 is the
fundamental anisotropy:

rn ¼ r1r0ð1þðR0=RÞ6Þ2
r0þðr1ðn- 1Þþ 2r0ÞðR0=RÞ6 þ nr0ðR0=RÞ12 ð11Þ

As shown by Runnels and Scarlatta, however, the influence of
depolarizing rotation is not noticeable when R< 0.8 R0, and in
this case the simplest eq 10 gives essentially the same results.

As considered above for homoquenching, if homotransfer in
higher oligomers occurs only between pairs of W residues far
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away from other W, the efficiency of this process can become
independent of the oligomer size if n g 2. Thus, in this case

rn ¼ r1 for n ¼ 1 and

rn ¼ r1ð1þðR0=RÞ6Þ=ð1þ 2ðR0=RÞ6Þ for n g 2 ð12Þ
Because of the anisotropy additive properties, in a mixture of
different sized oligomers at equilibrium, the resultant anisotropy
(r) will be

r ¼
Xm

n¼1

rn sFn½Pn�
Ft

¼
Xm

n¼1

rn sFn Kn½P�n
Ft

or

r ¼
Xm

n¼1

rn sFn fðnÞKn-1½P�n
Ft

ð13Þ

where Ft =
P

sFn[Pn] is the total fluorescence intensity of the
mixture.
Nonlinear Regression Fittings Used To Calculate Inter-

molecular Distances in Oligomers. The regression wizard of
SigmaPlot 8.0 software was used with this aim. Global fits to the
experimental data of the three mutants were made assuming the
same oligomerization equilibra (i.e., the same K values) for all of
themutants. In a linked system, the general eqs 4 and 9were fitted
to the experimentally obtained data of FN and r, respectively.
These general equations were used with different assumptions for
m and f(n), as well as the differentmentioned alternatives for sFN
or rn. For m between 2 and 4, [P] values for each one of the used
[Pt] were given by the exact solutions with physical meaning of
the corresponding quadratic, cubic, and quartic polynomials
arising from eq 3. As a general solution with any m value, eq 3
was also included in the linked equation system to be fitted to the
experimentally used [Pt] values in order to calculate the corre-
sponding values for [P]. A higher weight was used in fittings to
[Pt] in comparison to r and FN, thus assuring that eq 3 is exactly
satisfied. When applied for m = 2, 3, or 4, this approach gave
essentially the same results as the above-described exact solutions
for [P], indicating its general applicability. In this way, the values
of sF1, r1, Khq, and R were individually calculated for each one
of the mutants, while a unique value for K was calculated
assuming that it is the same for the three mutants. When the
model of monomer-dimer-tetramer-octamer equilibrium was
assumed, the values for K2, K4, and K8 obtained by Vitello and
Scanu (19) from sedimentation equilibrium ultracentrifugation
were used as fixed parameters or were supposed to be related in
the same way as in eq 3 (i.e., Kn = f(n)Kn-1).

The sumof the squares of the residuals and visual inspection of
the predicted values for the fitted functions were used as a
parameter of the fit goodness.
Foster’s Distance (R0) Estimations. R0 values for each

mutant were estimated using the relationship (20):

R0 ¼ 0:211ðK2n- 4QJðλÞÞ1=6 ð14Þ
where the orientation factor (κ2) and the refractive index of the
medium (n) were assumed to be 0.67 and 1.4, respectively (20).
The quantum yields Q were obtained individually for each
mutant from the extrapolated values of specific fluorescence
intensities obtained by the fittings, relative to the emission
intensity obtained for a reference solution of tryptophan in water
for which Q was assumed as 0.13 (21). The spectral overlap
integral, J(λ) (in units of M-1 cm-1 nm4) was also calculated for
each mutant from their absorption and normalized fluorescence

spectra. In this way, R0 values of 10.41, 10.18, and 11.05 Å were
estimated for the W of W@93, W@104, and W@108, respec-
tively.
Binding of ApoAIMutants to Lipid Vesicles. Tryptophan

emission spectra of W@93, W@104, and W@108 were mea-
sured in the presence of increasing concentrations of POPC/
cholesterol (4/1 molar ratio) unilamellar vesicles containing or
not spin-labeled lipids. After background subtraction and correc-
tion by inner filter, fluorescence intensity was obtained by
spectral integration. ApoAI binding to lipid vesicles has been
previously shown to follow a simple equilibrium (8) described by

½Pb� ¼ ð1=2ÞfðKdþN½Vt� þ ½Pt�Þ- sqrtððKdþN½Vt�þ½Pt�Þ2
- 4N½Vt�½Pt�Þg ð15Þ

where [Pb] is the concentration of bound protein, [Pt] is the total
protein concentration in the sample, [Vt] is the total vesicle
concentration in the sample expressed in concentration of POPC,
N is the upper limit of [Pb]/[Vt] or the number of vesicle sites
available for binding when [Vt] = 1, and Kd is the dissociation
equilibrium constant.

On the other hand, the total fluorescence intensities of the
proteins in the presence of vesicles (Fv) are given by the sum of
the fluorescence intensities of bound (Fb) and unbound (Fub)
protein: Fv=FbþFub.The emission intensity of boundprotein
(Fb) is the product of its concentration ([Pb]) by its specific
fluorescence intensity (sFb): Fb= [Pb]sFb. If oligomerization of
unbound protein is not considered, its emission intensity (Fub)
will be simply its concentration ([Pub] = [Pt] - [Pb]) multiplied
by its specific fluorescence intensity (sFub). As shown in the
Results section, however, the fluorescence intensity of the free
protein in solution (or unbound protein) is considerably affected
by their oligomerization especially in W@93 and W@104.
Oligomerization equilibrium of the unbound protein should be
displaced toward a higher proportion of monomers (having a
higher quantum yield than oligomers) when the concentration of
lipid vesicles increases and consequently the concentration of
unbound protein decreases. In order to take this fact into
account, the fluorescence intensity of the unbound protein
(Fub) can be expressed by a function fitting well to the fluores-
cence intensity dependence on the free protein concentration (see
Figure 1), although bearing in mind that only the unbound
fraction of the total protein (or [Pub] = [Pt] - [Pb]) will
participate in this equilibrium. For simplicity, we have used with
this purpose the sequential monomer additionmodel withm=¥
and assuming that the specific fluorescence of unbound oligo-
mers (sFo) is independent of the oligomer size. Thus, the
dependence of total fluorescence intensity (Fv) on the lipid vesicle
concentration ([Vt]) will be described by

Fv ¼ ½Pb�sFbþ ½P�sFmþð½Pt�- ½Pb�- ½P�ÞsFo ð16Þ
where the concentration of membrane-bound protein ([Pb]) is
given by eq 15, while the concentration of freemonomeric protein
([P]) is given by [P] = ([Pt] - [Pb])/(1 þ K([Pt] - [Pb]).

If considering the fluorescence intensities in the presence of
vesicles (Fv) relative to those in their absence (Fvo):

Fv

Fvo
¼ ½Pb�sFbþ ½P�sFmþð½Pt�- ½Pb�- ½P�ÞsFo

½Pvo�sFmþð½Pt�- ½Pvo�ÞsFo ð17Þ

where the concentration of monomeric protein in the absence of
vesicles is [Pvo] = [Pt]/(1 þ K[Pt]).
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Taking into account that sFo= sFm/(1þKhq), eq 17 can be
rearranged as follows:

Fv

Fvo
¼ ð½sFb=sFm�½Pb�ðKhqþ 1ÞðKð½Pb�- ½Pt�Þ- 1Þþ ð½Pt�f

- ½Pb�ÞðKð½Pb�- ½Pt�Þ-Khq- 1ÞÞðK½Pt� þ 1Þg= ½Pt�ðK½Pt�f
þKhqþ 1ÞðK½Pb�- ½Pt�Þ- 1Þg ð18Þ

This function combined with eq 15 was fitted to the experi-
mentally obtained data of fluorescence intensity as a function of
lipid vesicle concentration in order to calculate the [sFb/sFm] ratios
for each mutant and kind of quencher in the vesicles. For this fit,
the parametersKandKhqwere fixed to those obtained from the fit
of combined eqs 5 and 9 to the variation of the fluorescence
intensities of the mutants as a function of their concentration in
solution. It was also assumed that vesicle binding is affected neither

by mutations nor by the presence of spin-labeled lipids in the
vesicles, and global fits were made to the data of the three mutants
with all kinds of vesicles (containing or not spin-labeled lipids) in
order to calculate single Kd and N values.
Application of the Parallax Method To Estimate the

Membrane Insertion Depth of W Residues. According with
Chattopadyay and London (22), the ratio of quenched (F) to
unquenched (Fo) fluorescence intensity of a fluorophore buried
in a membrane bilayer is related to the quencher and fluorophore
localization by

F=F0 ¼ eπCððLc-ZcÞ2 - ðRc2 -X2ÞÞ if ððLc-ZcÞ2þX2Þ1=2 e Rc

ð19Þ
Here, Rc is the critical radius of a circle around the paramagnetic
group within quenching is effective, X is the minimal lateral
distance at which fluorophore and quencher can approximate, Lc
and Zc are the distances from the bilayer center of quencher and
fluorophore respectively, and C is the quencher concentration in
molecules per area units. This relationship will be fulfilled if the
average distance between fluorophore and quencher is shorter
than the critical radius Rc; otherwise, F/Fo will be 1. If no
restriction exists for the lateral approximation between fluor-
ophore and quencher, as expected if the W residues are totally
exposed to the bilayer lipids, X will be equal to zero.

Concerning proteins with reversible interaction with mem-
branes as apoAI, the F/F0 ratio should be obtained at limiting
conditionswhere 100%of the protein ismembrane bound. In this
case, F/F0 was obtained from

F=F0 ¼ sFb=sFb0 ¼ ½sFb=sFm�=½sFb=sFm�0 ð20Þ
where [sFb/sFm] and [sFb/sFm]0 were obtained by fitting eq 10
to the fluorescence intensity data obtained with vesicles contain-
ing spin-labeled lipids or without quencher, respectively.

In order to calculate the distance from the bilayer center of the
fluorophore (Lc) knowing the localization of the quencher and its
quenching efficiency, it is also necessary to know the values of Rc
(or Rc and X). For obtaining a solution independent of Rc and
X, Chattopadyay and London (22) have used the ratio of the
fluorescence intensities with two differently located quenchers.
Another strategy is to fit by nonlinear regression directly eq 18 to
the experimental data obtained by several quenchers. This
approach is similar to that proposed by Ladokhin (23); it allows
the direct estimation of the values for Rc2 - X2 (or for Rc if it is
assumed that X = 0). Moreover, with this approach it is not
necessary to know precisely the quencher concentration per area
unit (C) since it is obtained in the fit. It is worth noting that C
cannot be simply estimated in vesicles of phospholipid/cholester-
olmixtures due to the uncertainness introduced by the cholesterol
condensing effect.

RESULTS

Characterization of the Mutants. SDS-PAGE analysis
indicated that purity of the final protein preparations was higher than
95% while MALDI-TOF analysis confirmed the identity of the
mutants (see Supporting Information). The potential effect of muta-
tions on the protein foldingwas checked by far-UVCDspectroscopy.
The spectra of W@93, W@104, and W@108 were similar to those
obtained for W@0 or wild-type apoAI (results not shown).

To check the functionality of these mutants, their ability to
clear multilamellar vesicles of DMPC was compared with that of

FIGURE 1: Effect of oligomerization on the tryptophan fluorescence
intensity and anisotropy of apoAI single tryptophan mutants. The
emission intensity normalized by the protein concentration (A) and
fluorescence anisotropy (B) of W@93 (circles), W@104 (triangles),
andW@108 (squares) were measured at different protein concentra-
tions. Solid lines are best fits of the monomer-dimer-tetramer-
octamer oligomerization model with the equilibrium constants
reported by Vitello and Scanu (19) and supposing that homoquench-
ing and homotransfer efficiency are independent of oligomer size for
ng 2 (conditionA2 with fixedKn in Table 2). Dotted lines in (A) are
best fits for the model of sequential monomer addition with m = ¥
(condition C2 with m = ¥ in Table 2).
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W@0 or the wild-type protein. All of the mutants, inclusive
W@0, clear DMPC vesicles with similar rate among them but
with lower rate than the wild-type protein (results not shown). It
is to note that W@108 contains the wild-type sequence at the
central apoAI repeats. Then, the decreased rate in clearing
DMPC vesicles cannot be attributed to the mutations in the
central region, and it should be due to one of the other
substitutions present in these mutants (W8 f F, W50 f F, or
W72 f F). In spite of a lower rate, the maximal clearing
efficiency of all the mutants is not different from that observed
for wild-type apoAI.Moreover, binding to POPC vesicles or self-
association abilities are not affected by themutations (see below).
Together with the data of CD spectroscopy, these facts indicate
that all of themutants adopt a configuration similar to that of the
wild-type protein both in the lipid-free and in the membrane-
bound states.
Tryptophan Fluorescence of W@93, W@104, and

W@108 in the Lipid-Free State. Evidence That the Central
Y Helical Repeat Pair Participates in the Oligomerization
of ApoAI in Aqueous Solution. The W emission spectra of
W@93, W@104, and W@108 were acquired at a concentration
of 0.1 mg/mL in their folded and unfolded states (i.e., in the
absence or in the presence of 3 M guanidine hydrochloride), and
spectral data are summarized in Table 1. The three mutants have
very similar W fluorescence spectra and quantum yield in the
unfolded state. In the folded state, the W ofW@104 is in a more
polar environment thanW of W@93 andW@108, as is indicated
by a longer wavelength of its emission maxima. As expected,
unfolding with 3M guanidine hydrochloride results in a red shift
of W emission for the three mutants. For W@108, as generally
observed for most proteins, the red shift of W fluorescence
emission in unfolding is accompanied by a decrease in quantum
yield. Just the opposite, denaturation of W@93 and W@104 by
guanidine hydrochloride results in increased fluorescence inten-
sity. This fact indicates that some process leading to a decreased
emission of W@93 and W@104 in the folded state is released in
the unfolded state.

It is well-known that apoAI self-associates in aqueous solution
forming dimers and higher oligomers (19, 24-26). If the inter-
molecular distance between homologousW residues in oligomers is
short enough, fluorescence intensity could be decreased by W-W
interaction leading to some homoquenching process as the forma-
tion of nonfluorescent dark complexes (18). The disruption of
oligomers evoked by guanidine hydrochloride denaturation would
result in an enhancement of fluorescence intensity by releasing
intermolecular W-W interactions and homoquenching. Inter-
actions at short distances between identical fluorophores like W

can also result in resonance energy homotransfer. Pure resonance
energy homotransfer, however, is not expected to affect the
quantum yield, although it would decrease the fluorescence ani-
sotropy (18). In order to assess if intermolecularW-W interaction
occurs in the oligomeric state of these apoAImutants, fluorescence
intensity and anisotropy were measured at variable protein con-
centrations. Since an increase in protein concentration would shift
the equilibrium toward ahigher proportionof larger oligomers, this
should result in a decreased quantum yield and/or anisotropy if
some W-W interaction occurs in the oligomeric state. Figure 1
shows that for the three mutants, but in particular for W@93 and
W@104, fluorescence anisotropy and normalized intensity de-
crease when protein concentration is increased. No appreciable
change in the wavelength for the emission maxima of the three
mutants was observed when changing the protein concentration
(data not shown), indicating that the environment polarity of W
residues is not affected by oligomerization. Thus, anisotropy and
intensity changes should be attributed to W-W energy homo-
transfer and some homoquenching process as dark complex
formation, respectively. ForW-Whomotransfer, R0 values range
in the order of 4-15 Å depending on the environment (20). The
estimated R0 values for these mutants are about 10 Å (see
Experimental Procedures). Thus, this phenomenon should be
undetectable at distances larger than 2.5 R0 (or 25 Å). Dark
complex formation would require collision between W residues,
and thus the average distance between W residues in oligomers
should be even shorter than that required for evoking homotrans-
fer. Thus, these qualitative results indicate that the central Y helix
pairs of apoAI are close together in dimers or higher oligomers.

In order to obtain a quantitative estimation of these inter-
molecular distances, it is necessary to assume amodel for the self-
association equilibrium as well as for the homoquenching and
homotransfer dependence on the oligomer size to fit the corre-
sponding equations to the experimental data. The oligomeriza-
tion equilibrium of apoAI in aqueous solution has been studied
by sedimentation equilibrium ultracentrifugation by Vitello and
Scanu (19). These data indicate that the degree of association
should be of at least 6, and they are well described by amonomer-
dimer-tetramer-octamer equilibrium.On the other hand, cross-
linking experiments (24, 25) suggest the presence of trimers (and
possible pentamers), indicating that all discrete oligomers in-
creasing their size in one step could be present in the equilibrium
(sequential monomer addition model). Both possibilities have
been here considered.

On the other hand, the homoquenching and homotransfer
dependence on the oligomer size can be very complex in higher
oligomers, where several intermolecular distances among

Table 1: Tryptophan Fluorescence Emission of W@93, W@104, and W@108 in the Unfolded, Lipid-Free, and Membrane-Bound States

unfolded statea lipid-free folded stateb membrane-boundc

mutant λ max (nm)

intensity at

0.1 mg/mLd λ max (nm)

intensity at

0.1 mg/mLd,e

intensity at

0.04 mg/mL λ max (nm)

intensity at

0.04 mg/mLd,f

W@93 350 5.00 333 3.53 (0.71) 2.33 339 1.87 (0.80)

W@104 350 5.02 343 3.40 (0.68) 2.07 341 3.95 (1.91)

W@108 351 5.05 333 6.61 (1.31) 3.11 334 4.94 (1.59)

aFor the unfolded state, spectra were acquired at a protein concentration of 0.1mg/mL in 3.0Mguanidine hydrochloride and 25mM sodium phosphate, pH
7.4. bFor the lipid-free state, spectra were acquired at a protein concentration of 0.1 and 0.04mg/mL in 25mMsodiumphosphate, pH7.4. cFor themembrane-
bound state, spectrawere acquired at a protein concentration of 0.04mg/mL in the presence of POPC/cholesterol large unilamellar vesicles (final concentration:
2.5 mMPOPC, 0.625 mM cholesterol) in 25 mM sodium phosphate, pH 7.4. dGiven values are the relative fluorescence intensities at the corresponding λmax.
Those for the membrane-bound state were corrected by inner filter effects. eValues within parentheses are those relative to the unfolded state. fValues within
parentheses are those relative to the same protein concentration in the folded lipid-free state.



472 Biochemistry, Vol. 50, No. 4, 2011 Prieto and Garda

Wresidues should be considered. However, this can be simplified
by assuming these two extreme situations: (a) all of the W
residues in the oligomer are equidistant and interact equally with
each other or (b) homoquenching and/or homotransfer in oligo-
mers is due only to the interaction between pairs of W residues
which are far enough from other W residues (or W pairs). It is to
note that even if both assumptions are not totally true, the first
one will overestimate while the second will underestimate the
closest approximation between theW residues of thesemutants in
the oligomers. Thus, they will give respectively the highest and
lowest limits for the estimation of the intermolecular distances of
the reported positions in the self-associated apoAI.

Equations corresponding to these extreme situations (given in
Experimental Procedures) combinedwith those corresponding to
different oligomerization equilibrium models were fitted to data
in Figure 1. The monomer-dimer-tetramer-octamer equilibri-
um was first considered. Results of the fittings for this model are
shown in Table 2 where the calculated parameters and the sum of
the squares of residuals are listed. When fixing the equilibrium
constants to the values reported by Vitello and Scanu (19), a
relatively poor fit is obtained when assuming that all of the W
residues in oligomers are equidistant and interacting equally, but
a good fit to both data (intensity and anisotropy) is obtained
by assuming that homoquenching and homotransfer efficiency
do not depend on the oligomer size. This fact indicates that
dimerization of apoAI results in homoquenching and homo-
transfer, but no further decrease in fluorescence intensity and
anisotropy is produced when dimers arrange in tetramers or
octamers. If assuming this model, the intermolecular distances
between W residues in dimers are e4 Å for W@93 and W@104
and about 11 Å for W@108.

If the equilibrium constants are not fixed and allowed to be
calculated by the wizard, relatively good fits are obtained for the
monomer-dimer-tetramer-octamer equilibrium in both situa-
tions (equidistant W separation or homoquenching/homotransfer
efficiency independence of oligomer size) even if the equilibrium

constants for each oligomerization step are supposed interrrelated
by Kn=Kn-1 or by Kn= n Kn-1. These fits, however, result in
very similar calculated intermolecular W-W distances to those
obtained by fixing the values for the equilibrium constants: about
12 Å for W@93 and W@104 and 16 Å for W@108, if assuming
equidistant W separation, or e4 Å for W@93 and W@104 and
11 Å for W@108 when assuming homoquenching/homotransfer
independence of the oligomer size.

Other oligomerization equilibrium models fit well to the
experimental data, as sequential monomer or dimer addition
(seeTable inSupporting Information).While themaximal oligomer
sizem ismaintained in 8, these fits result in similar intermolecular
W-W distances to those arising from the monomer-dimer-
tetramer-octamer equilibrium. For the assumption of equidi-
stant W separation, the estimated distances are around 50%
larger whenm is increased until 64, but they are independent of m
if assuming homoquenching/homotransfer independence of
the oligomer size. The convergent series arising from supposing
m = ¥ fit also very well to the data, in particular to the fluor-
escence intensity ones.
Tryptophan Fluorescence of W@93, W@104, and

W@108 in the Membrane-Bound State. In order to obtain
information about the conformation of the central 3-4 helix pair
in the membrane-bound state, W fluorescence spectra ofW@93,
W@104, and W@108 were measured in the presence of lipid
vesicles. Since apoAI membrane binding is facilitated by choles-
terol (8), unilamellar vesicles of POPC/cholesterol (4/1 molar
ratio) were used with this aim. According with previously
published constants for apoAI binding to egg PC/cholesterol
vesicles (8), more than 90% of the proteins should be bound to
the vesicles in the used apoAI and vesicle concentrations (0.04
mg/mL and 2.5 mM, respectively). The wavelength for the
emission maxima and the intensities relative to those of the same
protein concentration in the lipid-free state are given in Table 1.
No appreciable shift is observed for the emission of W@104 and
W@108, indicating that the membrane binding process does not

Table 2: Parameters Obtained by Fitting the Monomer-Dimer-Tetramer-Octamer Equilibrium Model to the Fluorescence Intensity and Anisotropy

Dependence on the Protein Concentration

mutant

W@93 W@104 W@108

parametera sF1 Khq r1 Ra Rb sF1 Khq r1 Ra Rb sF1 Khq r1 Ra Rb K (L/g)
P

δFN � 102
P

δr � 104

(A) Equidistant Separation of W Residues in Oligomersb

fixed Knc 3.67 0.18 0.181 12.6 11.6 2.79 0.10 0.159 13.1 11.9 3.50 0.022 0.156 18.3 16.4 4.15 1.63

Kn = Kn-1 4.26 0.21 0.201 12.7 11.9 3.10 0.12 0.177 13.0 11.9 3.62 0.028 0.164 17.7 16.0 166 3.07 0.63

Kn = nKn-1 4.75 0.26 0.219 12.1 11.5 3.33 0.15 0.192 12.4 11.6 3.69 0.032 0.170 17.2 15.6 203 3.18 0.58

(B) Homoquenching and Homotransfer Efficiency Independent of Oligomer Sized

fixed Kn 4.40 1.30 0.189 e4e e4 3.24 0.81 0.172 e4 e4 3.71 0.20 0.168 12.2 11.2 2.74 0.86

Kn = Kn-1 4.65 1.45 0.193 e4 e4 3.38 0.91 0.175 e4 e4 3.77 0.22 0.171 12.1 11.2 78.2 2.94 0.81

Kn = nKn-1 5.11 1.72 0.198 e4 e4 3.65 1.07 0.181 e4 e4 3.89 0.26 0.176 12.0 11.1 62.9 3.10 0.82

aCalculated parameters were as follows: the specific fluorescence intensity of monomers (sF1), the homoquenching constant (Khq), the fluorescence
anisotropy of monomers, and the estimated distance (in Å) separating intermolecular W residues considering no contribution of depolarizing rotation (Ra) or
considering such contribution (Rb).When not fixed, the equilibrium constant (K) was also obtained and given in units of g-1 L. The summations of the squares of the
residuals are given for the normalized fluorescence (

P
δFN) or the anisotropy (

P
δr) data. Equations usedwere (1) [Pt] = [P]þK2[P]2þK4[P]4þK8[P]8, (2) FN=

([P]sF1þK2[P]2sF2þK4[P]4sF4þK8[P]8sF8)/[Pt], and (3) r=([P]sF1r1þK2[P]2sF2r2þK4[P]4sF4r4þK8[P]8sF8r8)/[Pt]. bFor this situation, sFn=sF1/(1þ (n
- 1)Khq) and rn=r1(Ra6þR06)/(Ra6þ nR06) without considering the contribution of rotational depolarization, or rn=r0r1(Rb6þR06)2/(r0Rb12þRb6R06(r1(n
- 1) þ 2r0) þ nr0R012) if considering such contribution. In the last case, a value of 0.315 was used for the fundamental anisotropy (r0). Foster’s distances (R0) were
10.41, 10.18, and 11.05 Å forW@93,W@104 andW@108, respectively. cIn this case, the equilibrium constants K2, K4, andK8 were fixed to the values reported by
Vitello and Scanu (19). dFor this situation, sFn = sF1 and rn = r1 for monomers, and sFn = sFo= sF1/(1þ Khq) and rn = ro= r1(Ra6 þ R06)/(Ra6 þ 2R06)
(without depolarizing rotation) or ro = r0r1(Rb6 þ R06)2/(r0Rb12 þ Rb6R06(r1 þ 2r0) þ nr0R012) (with depolarizing rotation) for oligomers of size n g 2. eSince
energy transfer efficiency is relatively insensitive to R when R e 0.4 R0, distances below 4 Å are not significantly different from zero.
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change the environment polarity for these residues. The residue at
position 104 senses a more polar environment than residue 108 in
both lipid-free and membrane-bound states. On the other hand,
lipid vesicle addition results unexpectedly in a red shift for the
emission of W@93, indicating a relatively more polar environ-
ment in the membrane-bound compared with the lipid-free state.

It is also shown in Table 1 that while the emission intensity for
W@104 and W@108 is increased (about 1.6 and 1.9 times,
respectively) in the membrane-bound state, it is decreased by
about 20% in W@93. As previously shown, apoAI binding to
lipid vesicles is accompanied by a shift in the oligomerization
equilibrium (12). Dimers and tetramers are the predominant
membrane-bound species while membrane-boundmonomers are
undetectable. This fact, together with the increased quantum yield
observed here for W@104 and W@108, indicates that the
homoquenching process detected in lipid-free oligomers for these
mutants is absent in membrane-bound oligomers. In the case of
W@93, the absence of homoquenching in membrane-bound
oligomers cannot be totally discarded. However, the small de-
crease in emission intensity can be easily attributed to the increase
in environment polarity reported by its red-shifted emission.
Moreover, a higher decrease in quantum yield should be expected
for membrane-bound oligomers if the homoquenching efficiency
found in lipid-free oligomers is maintained. Thus, even forW@93
the homoquenching efficiency should be decreased in membrane-
bound dimers or tetramers as compared with lipid-free oligomers.
Unfortunately, anisotropy measurements in the presence of high
amounts of lipid vesicles are very imprecise due to the high level of
scattered light, and the approach used for estimating the homo-
transfer efficiency in lipid-free oligomers is inapplicable to estimate
intermolecular distances in the membrane-bound state. However,
the decrease in homoquenching efficiency suggests that intermo-
lecular distances between homologous residues 93-93, 104-104,
and 108-108 are larger in membrane-bound dimers or tetramers
as compared with oligomers in aqueous solution.
Quenching of W@93, W@104, and W@108 Trypto-

phan Fluorescence by Lipid Vesicles Containing Spin-
Labeled Lipids. With the aim of obtaining information on the
membrane insertion topology of the central 3-4 R-helical repeat,
the tryptophan fluorescence quenching efficiency by spin-labeled
phospholipid analogues with the paramagnetic group located at
different positions was measured for W@93, W@104, and
W@108. Tryptophan emission spectra of each mutant were
measured in the presence of increasing concentrations of POPC/
cholesterol (4/1 in moles) unilamellar vesicles containing or not
20% in moles of different spin-labeled phosphatidylcholines
(tempo-PC and 5-, 10-, or 14-doxyl-PC) or a spin-labeled
cholesterol analogue (doxylcholestane). After background sub-
traction and correction by inner filter, fluorescence intensity was
obtained by spectral integration.

Figure 2 shows the variation of the emission intensity (relative
to that obtained for the lipid-free state) as a function of vesicle
concentration. The addition of vesicles containing no quencher
decreases the fluorescence intensity ofW@93 but increases that of
W@104 and W@108 in agreement with data shown in Table 1.
The presence of tempo-PC and 5-, 10-, or 14-doxyl PC affects in a
differential way the fluorescence intensity of each mutant. For
W@93, quenching efficiency follows the order 5-doxyl-PC >
tempo-PC ≈ 10-doxyl-PC > 14-doxyl-PC. For W@104 the
order is 5-doxyl-PC≈ 10 doxyl-PC>14-doxyl-PC>tempo-PC
while for W@108 is tempo-PC> 5-doxyl PC> 10-doxyl-PC>
12-doxyl-PC. Inspection of these data indicates that the W

residue of W@93 locates at the lipid bilayer at a depth similar
to that of the paramagnetic group of 5-doxyl-PC, while the
W of W@104 locates deeper (approximately between 5- and

FIGURE 2: Influence of binding to lipid vesicles containing spin-
labeled lipids on the tryptophan emission intensity of W@93 (A),
W@104 (B), and W@108 (C). The emission intensity of the mutants
at a concentration of 0.1 g/L in the presence of variable amounts of lipid
vesicles is given relative to that obtained in the absence of vesicles. Used
vesicles were as follows: (a) containing no quencher, POPC/cholesterol
4/1 in molar ratio (circles); (b) containing spin-labeled phosphatidyl-
cholines, POPC/spin-labeled PC/cholesterol 3/1/1 inmolar ratio, where
spin-labeled PC is tempo-PC (squares), 5-doxyl-PC (triangles up), 10-
doxyl-PC (triangles down), and 14-doxyl-PC (diamonds); (c) contain-
ing spin-labeled cholesterol, POPC/doxylcholestane 4/1 in molar ratio
(stars). Lines are best fits of combined eqs 15 and 18 to data.



474 Biochemistry, Vol. 50, No. 4, 2011 Prieto and Garda

10-doxyl-PC) and W@108 more superficially (approximately
between tempo-PC and 5-doxyl-PC). On the other hand, the
presence of doxylcholestane in the vesicles does not quench
significantly the W emission of the mutants, indicating that this
cholesterol analogue would be excluded from the environment of
the central helical domain of apoAI.

The location of a W residue of a protein or peptide can be
estimated by means of the parallax method described by Chatto-
padhyay and London (22) and further adapted byLadokhin (23).
In order to apply this method to the present situation of a protein
interacting reversibly with the membrane, it is necessary to
estimate the ratio of fluorescence intensities in the presence and
absence of quenchers (F/F0) in the limiting situation when 100%
of the protein is membrane bound. Thus, F/F0 ratios were
obtained by fitting eqs 14 and 17 (see Experimental Procedures)
to data in Figure 2. A global fit to the data of the three mutants
and all kinds of quenchers in the vesicles were used in order to
calculate single values for the binding parameters Kd and N
(assuming that they are affected neither by the presence of spin-
labeled lipids in the vesicles nor by the mutations in apoAI) and
the specific fluorescence intensities of the bound proteins relative
to their fluorescence intensity in the free monomeric state (sFb/
sFm ratios). The obtained parameters are listed in Table 3.
Calculated Kd and N values are in the same order as those
obtained by Yokoyama et al. (8) for the binding of apoAI to
vesicles of egg PC/cholesterol (4/1 molar ratio).

The sFb/sFm values obtainedwith vesicles containing quench-
er were then normalized by the values obtained in the absence of
quencher to obtain the ratio of quenched to unquenched emission
(F/F0) of the membrane-bound proteins. These data are also
listed in Table 3, and they were used to estimate the depth of the
mutant W residues in the membrane lipid bilayer through a
modification of the parallax method described by Chattopadyay
and London (22). In Figure 3, the F/Fo ratios are plotted as a
function of the quencher distance from the bilayer center. The lines
represent the best fit of eq 18, and the parameters obtained are
listed in Table 4. The quencher concentration per area unit (C)
obtained from the fit is in agreement with that which can be
estimated considering the used quencher molar ratio and a
molecular area for PC somewhat condensed by the presence of
cholesterol. The values of Rc2 -X2 are also in the expected range
according to those previously reported (22, 27, 28). It is to note,
however, that the value obtained forW@93 is lower than those for
the other mutants. As there is no apparent reason for a change in
Rc with the same fluorophore-quencher pair, it is reasonable to
attribute this change to a different lateral accessibility of the
quencher to the W residue in this mutant. An estimation for X
in each mutant is given in Table 4, by assuming a value of 12 Å for
Rc as previously reported for this kind of quencher (22, 27, 28).
Since Rc and X cannot be measured independently, these estima-
tions for X are approximate, but they suggest that quencher
accessibility to the tryptophan residue is lower in W@93 than in
W@104 orW@108. This fact is in agreement with the observation
that tryptophan emission in W@93 is red shifted and less intense
than that of the othermutants. Both data suggest thatWofW@93
is less accessible to the lipid environment than W of W@104 and
W@108.

Independently of the lateral accessibility to quenchers from the
lipid phase, data in Table 4 discard that helices 3 and 4 are
embedded into the membrane with their long axis parallel to the
lipid bilayer surface. The obtained distances from the bilayer center
for the W residue of these mutants (13.4, 10.5, and 15.7 Å for

W@93, W@104, and W@108, respectively) indicate a rather
superficial location for residue 108, while residue 104 locates about

Table 3: Parameters Resulting from Fitting a Simple Binding Model to the

Fluorescence Intensity Dependence on the Concentration of Vesicles

Containing Spin-Labeled Lipids

mutant

quencher in

vesicles

sFb/sFm (
standard errora

sFb/sFb0

or F/F0b

W@93 none 0.414( 0.010 1

tempo-PC 0.194( 0.015 0.468

5-doxyl-PC 0.105( 0.018 0.254

10-doxyl-PC 0.199( 0.015 0.481

14-doxyl-PC 0.346( 0.011 0.836

doxylcholestane 0.390( 0.010 0.942

W@104 none 1.142( 0.020 1

tempo-PC 0.707( 0.010 0.618

5-doxyl-PC 0.283( 0.016 0.248

10-doxyl-PC 0.317( 0.015 0.277

14-doxyl-PC 0.429( 0.012 0.375

doxylcholestane 1.129( 0.019 0.988

W@108 none 1.171( 0.017 1

tempo-PC 0.323( 0.023 0.276

5-doxyl-PC 0.313( 0.023 0.267

10-doxyl-PC 0.585( 0.017 0.499

14-doxyl-PC 1.122( 0.016 0.958

doxylcholestane 1.100( 0.016 0.939

binding parametersa

Kd (g/L) 0.0188( 0.006

N (g of protein/g of PC) 0.134( 0.008

aCombined eqs 12 and 16 were globally fitted to the data in Figure 3,
with the following fixed parameters: [Pt] = 0.1 g/L, K = 62.7 L/g, and
Khq =1.42, 0.90, or 0.22 for W@93, W@104, or W@108, respectively. In
this way, single values for the binding parameters (Kd and N) as well as the
ratios sFb/sFm for each mutant and kind of quencher were calculated.
bThe ratios sFb/sFm for each kind of quencher were normalized by the ratio
obtained with vesicles containing no paramagnetic quencher.

FIGURE 3: Influence of spin-group depth at the lipid bilayer on the
fluorescence quenching of single tryptophan mutants. The F/F0
ratios, obtained from limiting conditions where the totality of the
protein ismembrane-bound, are plotted as a functionof the quencher
distance from the bilayer center for W@93 (circles), W@104
(triangles), or W@108 (squares). Lines represent best fits of eq 19
to data.
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5.2 Å more deeply. The difference in depth between residues 104
and 108 is not very different from that expected for the advance of
an R-helix through four residues (6 Å), indicating that helix 4
locates with its long axis almost perpendicularly to the membrane
surface. On the other hand, residue 93 of helix 3 locates at an
intermediate depth between residues 104 and 108 of helix 4. This
fact indicates the existence of a turn separating both helices (very
probably around proline 99) and that helix 3 is antiparallel to helix
4 and also nearly perpendicular to the membrane surface.

DISCUSSION

The main goal of this study was obtaining information about
the membrane insertion topology of the central apoAI class Y
helical repeat pair 3-4, as well as inferring the nature of the
conformational change in this region between the lipid-free and
membrane-bound states. The insertion depths of W residues
for three single W apoAI mutants were estimated by using a
modification of the parallax method, which is based on the
accessibility to paramagnetic quenchers of known location in the
bilayer. The results show a superficial location for the W residue
of W@108 (15.7 Å from the center of the lipid bilayer) and a
deeper location for W residues in W@93 and W@104 (13.4 and
10.5 Å from the bilayer center, respectively). The difference in
depth of 5.2 nm observed for the reporter W residue at positions
104 and 108 indicates that the helical repeat 4 would be located
with its long axis roughly perpendicular to themembrane surface.
The intermediate depth estimated for W in W@93 indicates the
presence of a turn (probably around proline 99) and that repeat 3
would be located antiparallel to repeat 4.

Considering that polar faces of repeats 3 and 4 are much wider
than their nonpolar faces, the insertion of an isolated 3-4
antiparallel repeat pair with the helix axis perpendicular to the
membrane surface is very unlikely since it would result in the
exposure of polar residues to the hydrophobic environment. Such
insertion mode, however, can be possible if more helices interact
together to form amembrane-inserting bundle. The participation
of other apoAI repeats in such membrane-inserting bundle is
discarded by the fact that only the 3-4 repeat pair (residues
87-112) was labeled by the photoactivable 125I-TID/PC reagent

incorporated into the membrane (11). However, it was shown
that apoAI forms dimers or tetramers in the membrane-bound
state while membrane-bound monomers are undetected (12).
Thus, it is likely that two pairs of 3-4 repeats would interact
together to form an intermolecular bundle as shown in the
hypothetical model in Figure 4. Both repeats are shown totally in
an R-helical structure as they are found in the crystal of Δ1-43
apoAI (4). Figure 4 remarks the distribution of charged residues,
indicating that salt bridges could help to stabilize the membrane-
inserted helix bundle with the total neutralization of free charges.
Each repeat contains two positively charged (K94 and K96 in
repeat 3 and K106 and K107 in repeat 4) and two negatively
charged (E91 and E92 in repeat 3 andD102 andD103 in repeat 4)
residues. In an R-helical configuration, the spatial charge dis-
tribution allows the formation of eight salt bridges, with each one
of the helical repeats 3 bound through two saline bridges with
each one of the repeats 4 (E91-K106 and K94-D102 bridges
with one partner and E92-K107 and K96-D103 with the
another). In this way, the total neutralization of charges would
be possible.

Since this putative bundle is too short to span the lipid bilayer,
a second question concerning the turn in the membrane interior
should be considered. In such hydrophobic environment, all of
the polar groups in the turn should be paired by hydrogen bonds
in order to avoid an increase in the free energy. It is very likely
that proline 99 plays a key role in the turn since it has no free NH
group to form the conventional intrahelical NH 3OdC hydrogen
bond. It is well-known that proline residues induce kinks in
membrane R-helices, and it was proposed that nonconventional
C-H 3O bonds would satisfy the hydrogen bond forming
potential of carbonyl groups (29), which would otherwise be
unfavorably exposed to hydrophobic surroundings.At both sides
of Pro99 there are two residues with hydrogen bond forming
groups in the lateral chain (Q98 and Y100). The hydrogen bond
forming potential of these groups should also be satisfied in the
hydrophobic environment, and they could play an important role
in forming this turn in the membrane interior.

The present results also give strong evidence that the central
class Y helical repeat pair 3-4 participates in the oligomerization
of apoAI in aqueous solution. Intermolecular distances between
homologous residues are short enough in the lipid-free oligomers
to result in tryptophan fluorescence homoquenching and homo-
transfer, in particular for W@93 and W@104. From the homo-
transfer efficiency, these intermolecular distances were estimated
to be shorter than 5 Å for residues 93 and 104 and about 12 Å for
residues 108. It is to note that, in the monomeric apoAI, the
hydrophobic helix faces where these residues are located would
point toward the interior of the protein as suggested by the
fluorescence properties of these single tryptophan mutants (in
particular for W@93 and W@108). The short intermolecular
distances observed in dimers would need some rearrangement or
reorientation of theseR-helices in the protein/protein contact region.

These intermolecular distances could not be estimated in the
membrane-bound state. However, it can be concluded that
W-W interactions leading to homoquenching are absent in
membrane-bound oligomers of W@104 and W@108, and they
occur with very low efficiency, if any, in the case ofW@93. These
facts indicate a considerable rearrangement of the 3-4 repeat
pair between oligomers in aqueous solution compared with the
membrane-bound ones. A possibility is that in lipid-free oligo-
mers the Y helical 3-4 repeat pairs would interact with each
other through the hydrophobic helix faces as outlined inFigure 5.

Table 4: Calculation of Membrane Insertion Depth for W Residues of

ApoAI Mutants

Fixed Parameters: Distance from Bilayer Center (Lc, in Å) for the Paramagnetic

Group of Spin-Labeled Phospholipidsa

tempo-PC 5-doxyl-PC 10-doxyl-PC 14-doxyl-PC

19.5 12.15 7.65 4.05

Parameters Estimated by Nonlinear Regression

mutant C (molecules/Å2) Zc (Å) (Rc2 - X2)b(Å2) Rcc(Å) Xd(Å)

W@93 0.0037( 0.0004 13.45( 0.31 102.9( 7.3 10.1 6.4

W@104 10.46( 0.33 122.4( 9.1 11.1 4.6

W@108 15.71( 0.58 124.3( 12.8 11.1 4.4

aThe values of Lc for 5- and 10-doxyl-PC were taken from ref 22. The
value corresponding to tempo-PC was from ref 28. The value for 14-doxyl-
PC was estimated considering that the distance from the bilayer center
decreases by 0.9 Å for each C atom in the phospholipid fatty acyl chain as
reported by the same authors (22). bCalculated directly from the regres-
sion. cThese values of Rc were obtained assuming X = 0, meaning no
restriction for the lateral accessibility of quenchers to the W residues. dThe
given values for X were obtained assuming for Rc a value of 12 Å as
reported for these quenchers (22).
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This would result in a very short distance between homologous
residues belonging to the nonpolar helix face, making possible
W-Wcollisions leading to homoquenching. In the inserted helix
bundle, on the other hand, helix-helix interactions would occur
through the polar helix faces laying the nonpolar faces out
toward the lipid environment (Figure 4), precluding W-W
collisions or interactions that lead to homoquenching.

Another observation arising from this work is the red-shifted
emission ofW@93 in the membrane-bound state compared with
the lipid-free state, indicating that residue 93 is in a more polar
environment in the membrane-bound state. Thus, the inter-
molecular helix-helix interaction through the nonpolar faces
effectively shields this residue from exposure to water. In the
membrane-inserted state, however, this residue located near the
interface between the polar and nonpolar helix faces would be

more exposed to water or near other polar residues of the helix
bundle. This vision agrees with the additional observation that
this residue seems to be less accessible to the spin-labeled lipids.

As previously reported (11, 12), some programs (30) predict a
structural analogy of the central apoAI repeats with ectatomin.
Ectatomin is a dimer of two similar subunits forming a four-helix
bundle. It is very soluble in aqueous solutions, though it inserts
into lipid membranes forming an ion pore after considerable
rearrangement of their amphipathic helices (31, 32). A synthetic
peptide with the sequence of the central apoAI region (AI
77-120) has been shown to have some structural and functional
independence (12). It has a considerable helical content in
aqueous solution that does not change when it binds to mem-
branes where it is labeled by the photoactivable 125I-TID/PC
reagent with similar extension to that of apoAI. Similarly to

FIGURE 4: Hypothetical model for the membrane insertion of the central 3-4 repeat pair. Diagram illustrating an intermolecular four-helix
bundle formed by two 3-4 repeat pairs inserted into the membrane with the long helix axes perpendicular to the membrane surface. The position
ofR-carbon atoms is shownby colored balls: green for hydrophobic, red for positively charged, blue for negatively charged, and yellow for neutral
aminoacyl residues. Putative saline bridges are indicated by brown bars.
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apoAI, this peptide promotes cholesterol efflux from cells and its
desorption from artificial membranes (12). As observed here, the
spin-labeled cholesterol analogue doxylcholestane was unable to
evoke quenching of the W emission of W@93, W@104, and
W@108. This fact indicates that this analoguewould be excluded
from the lipid environment of the central apoAI domain, and
thus, it is possibly related with the ability of this domain to
facilitate membrane cholesterol desorption.

The best known lipid-bound state of apoAI is when it forms
discoidal HDL complexes (dHDL) containing two apoAI mole-
cules. According to the currently accepted model of dHDL (33),
two helical ring-shaped apoAImolecules wrap around a leaflet of a
disk-like patch of lipid bilayer in an antiparallel orientation and
rotationally aligned by interhelical salt bridges at helix 5 as in the
crystal structure ofΔ1-43 apoAI (4). This arrangement, known as
LL5/5 extended double belt configuration, has been supported by
several experimental (15, 34-38) and computational (39-41) stud-
ies, although several deviations from the basic arrangement were
detected by distance constraint determinations using FRET mea-
surements or lysine chemical cross-link and mass spectroscopy.
Suchdeviationswere attributed to thepresence of (a)more thanone
coexisting rotational registry (37, 42, 43) or (b) some helical regions
folding back to form hairpin structures (44-46) and/or looping out
from the dHDL surface (47-49). With minor variations, the
general structural organization of apoAI was detected to be similar
in discoidal or sphericalHDL irrespective of the size and number of
apoAI in the complex (42-45, 50). Thus, it is to be expected that the
general characteristics of the belt model should also apply to the
present case of apoAI bound to lipid vesicles, in spite of a higher
curvature radius of the vesicle surface in comparison with HDL.

The proposed intermolecular bundle of the central 3-4 helix
pair will require a close intermolecular approximation of these
helices, which is not possible in the LL5/5 extended conforma-
tion. Thus, some variation of this configuration should be present
in the vesicle-bound state. The intermolecular approximation of
helices 3-4 was detected here in lipid-free oligomers, and it was
also revealed in discoidal and spherical HDL by the detection of
several intermolecular lysine-lysine cross-links that do not fit the

LL5/5 conformation (35, 37, 43-45). Then, the configuration of
apoAI in the vesicle-bound state could be similar to one of those
proposed in HDL to explain these cross-links, as the alternative
LL5/2 registry (37, 43) or the folding back of some helical regions
to form a hairpin (44-46).

In spite of the expected conformational similarities, a striking
difference between vesicle- and dHDL-bound apoAI is the
different interaction with the lipid phase displayed by the central
region where the 3-4 helix pair is present. As detected by
hydrophobic photoactivable reagents, this is the unique apoAI
region that deeply inserts into the lipid bilayer when the protein is
bound to phospholipid vesicles, but it seems loosely bound to the
lipids in dHDL complexes (11). Then, it is possible that in dHDL
the intermolecular 3-4 helix pair bundle would acquire a
conformation similar to that shown in Figure 5 with the helices
interacting through their hydrophobic faces and thus avoiding its
interaction with the HDL lipids.

It is worth noting that discoidal HDL can also bind to
phospholipidmembranes with variable affinity depending on their
size and composition (9). Also in this case, the photoactivable 125I-
TID/PC reagent incorporated into the membrane reacts exclu-
sively with the region corresponding to the 3-4 Y helical repeat
pair (11). Thus, this region could act as a membrane-anchoring
domain facilitating lipid exchange between membranes and
dHDLs (11, 51). Since the size and cholesterol content of dHDL
affect the conformation and exposure degree of the central apoAI
domain (52), these factors could modulate the formation of the
putative membrane-inserting helix bundle and thus control its
membrane affinity and lipid exchange ability.

In summary, we have shown in this work that the central Y
helical apoAI repeats insert into the membrane with the long
helix axis almost perpendicular to the membrane surface, thus
explaining why this region is exclusively labeled by photoacti-
vable reagents deeply located in the membrane lipid bilayer (11).
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