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ABSTRACT: The folding and organization of apolipoprotein A-l1 (apoA-l) in discoidal, high-density
lipoprotein (HDL) complexes with phospholipids are not yet completely resolved. For about 20 years, it
was generally accepted that the amphipathic helices of apoA-I lie parallel to the acyl chains of the
phospholipids (“picket fence” model). However, based on the X-ray crystal structure of a large, lipid-free
fragment of apoA-I, a “belt model” was recently proposed. In this model, the helices of two antiparallel
apoA-lI molecules are extended in a circular arrangement and lie perpendicular to the phospholipid acyl
chains. To obtain conclusive information on the spatial organization of apoA-l in discoidal HDL, we
engineered three separate cysteine mutants of apoA-1 (D9C, A124C, A232C) for specific labeling with
the fluorescence probes ALEXA-488 or ALEXA-546 (fluorescein and rhodamine derivatives). The labeled
apoA-l was reconstituted into well-defined HDL complexes containing two molecules of protein and
dipalmitoylphosphatidylcholine, and the complexes were used in three quantitative fluorescence resonance
energy transfer (FRET) experiments to determine the distances between two specific sites in an HDL
particle. Comparison of the distances measured by FRET{@& nm) with those predicted from the
existing models indicated that neither the picket fence nor the belt model can account for the experimental
results; rather, a hairpin folding of each apoA-I monomer with most helices perpendicular to the
phospholipid acyl chains and a random head-to-tail and head-to-head arrangement of the two apoA-I
molecules in the HDL particles are strongly suggested by the distance and lifetime data.

Apolipoprotein A-l (apoA-I} is the major protein com-  (LCAT), cholesterol ester transfer protein, and phospholipid
ponent of high-density lipoproteins (HDt)t determines the  transfer protein®); finally, apoA-I mediates the delivery of
structure and functions of this lipoprotein class. The well- HDL cholesterol esters to steroidogenic tissues and I8er (
known antiatherogenic properties of HDW)(can be at- The diverse functions of apoA-l depend on its unique
tributed, in part, to their ability to remove cholesterol from structural properties, particularly in the lipid-bound state. The
peripheral tissues for transport to liver and steroidogenic primary sequence of apoA-I contains homologous repeating
tissues for metabolism and excretid?).(Various steps of 11 and 22 amino acid sequences that are known to form
this reverse cholesterol transport process depend on theamphipathic, lipid-binding helice9). These amphipathic
functions of apoA-I: apoA-I binds to cellular recepto® (  helices, together with phospholipids and unesterified cho-
and transportergl] and solubilizes membrane phospholipids lesterol, form the outer shell of HDL, surrounding a neutral
and cholesterol5); in plasma, apoA-lI activates lecithin lipid core in spherical mature particles. In nascent HDL, the
cholesterol acyltransferase (LCAT), resulting in cholesterol lipid core is minimal, so that the phospholipids and choles-
esterification on HDL §); also, apoA-I modulates lipid terol form a bilayer disk stabilized at the edge by a ring of
transfers between lipoproteins as well as HDL rearrange- apoA-I helices. All the amphipathic helices of apoA-I (about
ments due to the actions of lecithin cholesterol acyltransferase
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80% of the sequence) can potentially bind to lipids, but the MATERIALS AND METHODS

first and last helices appear to have the highest affirdi@).( .

It has been proposed that some of the central helices ma}}vlatenals

bind reversibly to lipids depending on the lipid content and ~ Dipalmitoylphosphatidylcholine (DPPC), phenylmethyl-
size of the HDL particles1(l). sulfonyl fluoride (PMSF), and sodium cholate were pur-
chased from Sigma Chemical Co.; ultrapure guanidine
hydrochloride (GndHCI) and dithiothreitol (DTT) were
obtained from Boehringer Mannheim; ALEXA Fluor 488

Aside from the lipid-binding properties of the amphipathic
helices of apoA-I, the fifth helix (repeat 6) of apoA-I

(residues 143165) (12, 13 and specific residues within this Cs maleimide [ALEXA-488, a fluorescein derivative (F)],

sequence (Vall56 and Argl60}4 13 are involved in A/ Fx A Fiyor 546 G maleimide [ALEXA-546, a rhodamine
LCAT activation; and central gnd Q-terml_na! heI|caI.reg|on_s derivative (R)], and tris(2-carboxyethyl)phosphine hydro-
of the sequence have been implicated in interactions with .y 5ride (TCEP) were purchased from Molecular Probes.
cells @, 1. Kanamycin sulfate and IPTG were obtained from CalBio-
To better understand the diverse functions of apoA-l and chem.
its remarkable conformational adaptations, it is essential to
determine the three-dimensional organization of apoA-I in Methods
at least one lipid-bound form. The simplest, and best Site-Directed Mutagenesisluman proapoA-1 cDNA was
characterized HDL are reconstituted HDL (rHDL) particles subcloned into the vector pBluescript KS (Stratagene) and
containing two molecules of apoA-l and a pure phospholipid, usc_ad as a template for the construction of the three single
such as dimyristoylphosphatidylcholine (DMPC), dipalmi- Point mutants of proapoA-l (D9C, A124C, A232C). The
toylphosphatidylcholine (DPPC), or palmitoyloleoylphos- Mutants were constructed using the Qum;kchange method
phatidylcholine (POPC), in a well-defined discoidal particle. (Stratagene). The sequences for the coding strands of the
So far, no X-ray structures of these particles are available, Msmatch primers were the following (mismatch codons are

but two computer molecular models have been proposed forunderlined): DIC, 5N-CCC TGG TGC CGA GTG AAG
: ; GAC CTG GCC ACT GTG TAC-3N; A124C, 5N-TAC

a large fragment of apoA-I (lacking 43 or 47 N-terminal

residues that are thought to adopt a globular structure) on ag_? g CC :‘AG GA:\GG GGGT CG GGCAGG CCGCCG C?ATGG Ai%%_ll—lc‘;zgg\g

POPC disk. In the first model, known as the “picket fence” EN-AAG GTC AGC TTC CTG AGC TGT CTC GAG GAG,

model 17, 19, the amphipathic r_le_llces of an apoA- TAC ACT AAG-3N. The mutations were confirmed by DNA

monomer are antiparallel and are joined to each other by

. sequencing at the Biotechnology Center (University of
sharp turns. The axes of the helices are roughly parallel tolllir?ois Urgana—Champaign). 9y ( y

the acyl chains of the phospholipids. Relative to each other, Overexpression and Purificatiohe mutants and the WT

the two apoA-I monomers can be arranged head_-to-tail O hroapoA-1 cDNAs were subcloned into the pET-30a expres-
head-to-head1@), on the periphery of the rHDL disk. In  sjon plasmid, directly downstream of a histidine tag sequence,
the second, more recent model known as the bglt mode] » and transformed into BL-21(DEJ. coli cells (Novagen).
the apoA-1 monomers are extended and almost circular with An overnight culture was used to inoculate multiple 250 mL
the second monomer antiparallel and overlapping at the |_uria—Bertani (LB) cultures supplemented with 3@/mL
C-terminal end to form a belt of two apoA-lI molecules, kanamycin. Cells were grown at 3T to anAsgo nmof 0.5—
whose helix axes are perpendicular to the phospholipid acyl 0.6, and protein synthesis was induced by incubation with
chains (9). 0.8 mM IPTG for 2 h. Cells were harvested and stored
The objective of this work was to obtain definitive Overnight at—80 °C. The pellet was resuspended in buffer
experimental evidence so that a distinction could be made ¢ontaining 0.1 M potassium phosphate, 0.15 M NaCl, 0.1
between the two models of apoA-l organization in rHDL MM PMSF, 0.1 mM sodiunm-bisulfite, and 6.5 mM DTT,
particles or to provide the basis for alternative models. Our PH 7'8'f The cells vr\:ere :yf)?d b|3|’ sonication é’mﬁ spun at
approach was to use fluorescence resonance energy transfe’lrsoo.(g or 15 min. .T € soluble ce contents an .t e protgm
(FRET) to determine distances between two specific sites obtained from the inclusion bodies, after solubilization with

of apoA-I reconstituted into rHDL. To specifically label 6 M (_E-ndHCI, were applied to a H'S'b'r_‘d'”g column
apoA-1 with a fluorescence donor or acceptor, we introduced (Boehringer-Mannheim), and eluted according to manufac-
P ptor, -~ turer’s instructions. His-tagged proteins were dialyzed into

Cys residues into the sequence. While this work was in 10 mM Tris, 150 mM NaCl. 1 mM Nahl and 0.01% EDTA,
progress, Li, Sorci-Thomas, and colleague) (published ,,g 5 (TsB), prior to reconstitution into rHDL (see below).
a S|r_n|Iar st_udy and concluded that their results Were The His tag was removed by digesting the rHDL particles
consistent with the belt model of rHDL. In contrast to their it enterokinase (Boehringer-Mannheim) (025/mg of
approach, our study uses three different mutants of apoA-I protein), at room temperature for 12 h. A second run through
and three quantitative FRET techniques to obtain well- the His-binding column yielded WT and proapoA-I variants
defined distances between at least two sites in apoA-l andthat were>95% pure (Figure 1A). The lipid-bound proteins
to arrive at the conclusion that neither the picket fence nor jn rHDL were dialyzed against 5 mM ammonium bicarbonate
the belt model represent the organization of apoA-I molecules and lyophilized. Lipids were extracted with cold ethanol/
on rHDL. Rather, we propose head-to-head and head-to-taildiethyl ether (3:2) and hexane/2-propanol (3:2).

hairpin folding of apoA-I, not only to explain the current Labeling of the Mutants with Fluorescence Proba&s.it
results but also to explain previous data on the properties ofis well-known that the structural and functional properties
rHDL particles. of plasma apoA-I and recombinant proapoA-I are identical
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in vitro (21), no distinction will be made between these forms molecule (A), without emission of a photon. The efficiency
of apoA-I in the remainder of this article. Mutants of apoA-I of energy transferE) is related toRy,, the Faster radius,
(typically 1-2 mg) in degassed TSB at pH 7.1 were andR, the distance between donor and acceptor, by the
incubated with the sulfhydryl-specific probes fbh atroom equation:

temperature in the presence of 0.4 mM TCEP. The probes

(dissolved in the same buffer) were added in small volumes E= F@/(Rg + R6) ()
while stirring in the dark. ALEXA-488 was added to a final

molar ratio of 30:1, probe to protein. A molar excess of 5:1, Rorepresents the distance where the transfer is 50% efficient
probe to protein, and 0.1% sodium cholate were used for and is calculated (in centimeters) as follov@®(31):

the specific labeling with ALEXA-546. Labeled proteins

were separated from unbound probe by elution through PD- RS = (8.79x 10 )[n *QKJ(1)] 2)

10 columns (Pharmacia) and dialysis overnight into TSB

buffer for further purification. ApoA-l was reacted alongside In eq 2,n is the refractive index (taken as 1.4),is the

the mutants to detect nonspecific labeling. The efficiency quantum yield of the donor in the absence of acceptor, and
of labeling was determined from the molar extinction k?is the orientation factor (assumed to be 2/3 for randomly
coefficients [for ALEXA-488,e49,= 67 100 cmi* M1, and oriented, mobile D and A)I(1), the overlap integral between
for ALEXA-546, €55, = 90 300 cn* M~ (Molecular Probes ~ donor emission and acceptor absorption, is calculated from

specifications); and.gso = 37 500 cn M1 for proapoA-I the spectral data by
variants]. All three mutants were labeled specifically (molar .
ratio 0.9 to 1.1 probe to protein). The nonspecific labeling JA) = fo [ea(2)-Af5 (1) dA 3

detected with apoA-l1 was10%.

Preparation of rHDL ParticlesReconstituted discoidal ~ whereea(4) is in cnm* M~* units andfp is the fluorescence
HDL particles (tHDL) were prepared by the sodium cholate intensity of the donor at wavelength
dialysis method 22, 23. A starting DPPC:protein:sodium

cholate molar ratio of 100:1:150 was selected in order to fwa(l) di=1 (4)
obtain relatively pure rHDL, 96 A in diameter, containing 0
two apoA-I per complex 34, 23. Labeled or unlabeled Homo-FRET MeasurementSluorophores which exhibit

apoA-| variants (+2 mg) were used for different experi-  sma)| Stokes shifts, such as fluorescein (or its ALEXA-488
ments. Protein concentration was determined by a modified geriyative), can effectively undergo self-transfer which can
Lowry method @6€). The desired amount of DPPC in CHCI e detected by the resulting depolarization of the emission
was dried under N Lipids were dispersed in TSB, and (32). The efficiency of energy transfer can be calculated from
sodium cholate was added and incubated atG@ntil the  the measurement of the polarization (or anisotropy) in the
preparation was completely clear. Proteins were then addedypsence and the presence of energy transfer. The expression

and incubated with the mixed micelles at room temperature oy the efficiency of energy transfeE) in terms of anisotropy
for 1 h. The mixture was dialyzed extensively in the dark at (1) i (33)

4 °C against TSB. To isolate homogeneous 96 A rHDL

particles and remove traces of free fluorescence probes, all E=2(r,— @0, (5)
preparations were passed through a Superdex 200 HR 10/

30 column (Pharmacia FPLC System) equilibrated with TSB. wherer, andiCare the observed anisotropies in the absence
The homogeneity of the rHDL particles and their diameters and presence of energy transfer, respectively. In this study,
were confirmed by native-825% PAGGE (Pharmacia Phast the ALEXA-488 (F) probe was chosen for the homo-FRET
System). measurements.

Far-UV Circular Dichroism MeasurementsAverage For each apoA-lI mutant tested, two different preparations
o-helical contents, as well as free energies of unfolding of of rHDL were necessary: (a) rHDL having all the protein
the labeled mutants in solution, were measured in order tomolecules labeled (to measuri); and (b) rHDL in which
determine whether the labeling had perturbed the protein the labeled variants represented only 10% of the total protein
structure. Spectra between 250 and 200 nm were recordecontent [to determine anisotropy in the absence of ho-
at room temperature on a Jasco-720 spectropolarimetemotransfer p)]. A third preparation, having only unlabeled
equipped with a PFD-3505 titrator. Proteins at an initial apoA-I, was reconstituted and used as a control. Steady-state
concentration of 0.1 mg/mL in 0.1 M phosphate buffer, pH anisotropy measurements were carried out using an ISS PC1
8.0, were titrated with a stock solution of GndHCI to a final photon counting spectrofluorometer. ALEXA-488 adducts
concentration b4 M GndHCI, allowing 10 min for equili- with the apoA-l mutants were excited at 475 nm, and
bration between each addition. The percent-tielix content emission was recorded through long-pass filters, OG 550 and
of the proteins was calculated from the minimum value of HOYA 58. Two slits of 0.1 nm in the excitation beam and
ellipticity at 222 nm R7). The free energies of unfolding two slits of 0.5 nm in the emission beam were used in order
were calculated from the dependence of the ellipticity values to eliminate scattered light. Protein concentrations ranged
on the concentration of GndHC28, 29. from 0.01 to 0.075 mg/mL. The rHDL in TBS were diluted

Fluorescence Resonance Energy Transfer (FRET) Mea-into 90% glycerol, and were measured-& °C to minimize
surements.Fluorescence resonance energy transfer is adepolarization due to rotational diffusion. Previous controls
distance-dependent interaction between the electronic excitedshowed that the incubation of rHDL with glycerol-a8 °C
states of two fluorescent molecules, in which excitation is during the time necessary for the experiment$ min) does
transferred from a donor molecule (D) to an acceptor not alter particle size and mobility on native PAGGE.
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Background due to sample scatter was corrected with controlangle conditions. ALEXA-488 was excited at 460 nm, and
rHDL reconstituted with plasma apoA-I at the same con- the emission was recorded between 470 and 600 nm. Direct
centration as the labeled samples. excitation of ALEXA-546 was achieved at 530 nm, and the
Hetero-FRET Measurements/hen the donor and accep- emission was recorded between 540 and 600 nm. Protein
tor probes in FRET experiments are chemically different, concentrations were 0.04 mg/mL in all the experiments.
FRET can be detected by: (a) the increase of the fluorescence (b) Measurement of the Decrease in the Fluorescence
intensity of the acceptor; (b) the decrease of the fluorescencelifetimes of the DonorEfficiency (E) of FRET is related to
intensity of the donor; or (c) the decrease in the fluorescencethe lifetime of the donor by30)
lifetime of the donor 81). For these experiments, ALEXA-

488 (F) and ALEXA-546 (R) were chosen as donor and E=1- (r4ft0) (8)
acceptor, respectively; and methods (a) and (c) were selected
for the determination of FRET efficiencies afivalues. whererg, andzy are the fluorescence lifetimes of the donor

For each apoA-I mutant tested, three preparations of rHDL in the presence and in the absence of acceptor, respectively.
were made differing in the contents of the labeled variants ~Fluorescence lifetimes of ALEXA-488 were measured
(F and R) and unlabeled apoA-I: (a) F/apoA-I (molar ratio, using the multifrequency phase and modulation method.
1:1); (b) F/R (molar ratio, 1:1); and (c) apoA-I/R (molar ratio, EXcitation was achieved using the 488 nm line of an argon

1:1). ion laser, passed through a 488 nm band-pass filter to avoid
(a) Determination of the Enhancement of the Acceptor Scattered light. Emission was detected through OG 550 and
Fluorescence Emissioi&fficiency of FRET E) was calcu- ~ Corion 520 P10 long-pass filters using magic angle condi-

lated from spectral data as described by Gohlke et34). ( tions. Fluorescein (lifetime 4.0 ns) was used as a lifetime
This approach allows the calculation & from three reference. Phase and modulation data were collected at 20
fluorescence spectra and corrects for the concentration of C across a harmonic range of-1P00 MHz. Analyses were
labeled apoA-I and for errors in the percentage of acceptor performed using the GLOBAL Unlimited software with a
labeling. The fluorescence emission spectrum of rHDL constant error of 0:2for the phase and 0.004 for the
containing F/RF(460, en) (excited at 460 nm), is fitted to ~ modulation. A model of two discrete lifetime components
the weighted sum of two spectral components: (a) a standardvas used, and the goodness of fit was judged by the value
emission spectrum of an rHDL labeled only with donor, Of the reduced chi-squarg?.

FP(460, Zen), and (b) a spectrum of the rHDL containing To account for the presence of rHDL containing two

F/R, F(530,em) (eXcited at 530 nm where only the acceptor donors, a correction is applied. For a random distribution of
absorbs): D and Ain a 1:1 mixture, 25% of the rHDL would contain

two molecules of D, implying that the lifetime of 50% of
F(460,1,,) = [a-FP(460,1 )] + [(ratio),-F(530,A,,)] the donor molecules is not affected by FRET, but rather has
€ € € 6) the same value as that measured in the absence @§A
Homotransfer between D molecules does not affect lifetimes.
The coefficientsa and (ratio) are the fitted fractional ~ The corrected average lifetinié.Jwas obtained from the

contributions of the two spectral components; (ratig)the measured valuéiq by
acceptor fluorescence signal due to FRET from the donor,
normalized byF(530, 1em) as given by Gohlke et al34): (gL = 0.5 LH 0.5 (©)

SN — ra.eD Contribution of the Probe Dimensions to the Effeeti
(ratio), = {F(460,2¢n) — [a-F"(460,A¢)1}/F (530, A¢p) Distance in Molecular Models of rHDLDimensions of the

(ratio), = {E[eD(460)/eA(53O)]+ GA(460)/€A(530)} @) probes_, fr_om the Cys attachment site to the center of the
aromatic rings, were estimated at 1.5 nm (Weblab Software).

Movements of the probes were taken into account due to
the flexibility of the linker chain connecting the fluorescent
ring to the protein in estimating the efficiency of FREH) (

L andR predicted from the molecular models of rHDL. The
average contribution of the probes to the distariRewas
estimated by a Monte Carlo simulation, considering a local
rotation of the probe around the covalent lirik,(6.), and

In eq 7,eP ande” are the molar absorption coefficients of
F(D) and R(A) at the given wavelengths, respectively;
€P(460)£~(530) ande”(460)kA(530) were determined from
the excitation spectra of D and A in singly labeled rHD
preparations (F/apoA-l and apoA-1/R). Since labeled apoA-I
exists as “dimers” in rHDL (rHDLs have two molecules of

apoA-l), the possible species that are present in the F/R rHDL !
preparation are DD, AA, and AD. Because 1:1 molar ratios a movement of the molecule in the plane of the r_H%,(
of DIA were used in the F/R rHDL preparation, the ¢2). TheE averaged over 100 000 poiriE[was estimated

probability of DD and AA is 25% and of AD is 50%. The as follows:

rHDL species containing AA or DD would be twice as 6,6 5 . .

fluorescent as an rHDL containing only one acceptor- or [ElL= [RY(R; + R)= Rgsm [6,] sin [6,)/

donor-labeled monomer. With this consideration in mind,  {[(asin [6,] cos [p,] — asin [6,] cos [p,] + b)% +

in the calculation of (ratig), we assumed the direct emission . . o . 2

of the acceptor (excited at 460 or 530 nm) to be double of (@sin [0,] sin [¢,] — asin [0;] sin [¢])” +

the experimental values. (acos ;] — acos p,))4%+ R} (10)
Steady-state fluorescence spectra were recorded at room

temperature on the same equipment used for fluorescencavhereR, is the Faster radius (taken as 5.0 nm) aRds the

anisotropy, but measurements were performed under magicvariable distance between the Cys residues in rHBIls
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A Table 1: Spectral Properties and Stabilities of Lipid-Free ApoA-I
12 3 45 Cysteine Mutants Labeled with ALEXA-488 (F) or ALEXA-546
(R) Probes
protein ~ WMF Trg (nm) a-helix? (%) AG° denat (kcal/mol)
bs. s ol apoA-| 334+ 2 57+7 2.5+0.3
D9C-F ND 56 25
Al124C-F 336 59 2.8
A232C-F 336 53 3.0
D9C-R 336 48 2.2
B Al124C-R 335 46 2.2
12345678 9101112 A232C-R ND 49 ND

aWavelength of maximum fluorescence (WMF) is the average for
the 5 Trp residues in the mutant forms of proapoA-I, or the average of
4 Trp for plasma apoA-IP The a-helix content was calculated from
CD measurements at 222 nm using the expression of Chen &7pl. (
Protein concentrations were determined by the Markwell et al. method
(26). ¢ Free energy of denaturation determined from CD molar ellipticity
values, measured at equilibrium as a function of GndHCI concentrations,
and fitted to the equation fohG® of denaturationZ8, 29.

Ficure 1: Panel A: SDS PAGE showing the high purity=95%)
of the recombinant proapoA-I Cys mutants. Lane 1, plasma apoA-

I; lane 2, D9C mutant prior to removal of the his-tag; lane 3, D9C properties and stability to denaturation in the lipid-free state.

proapoA-I mutant; lane 4, A124C mutant; lane 5, A232C mutant. A hown in Table 1. the WME of the Trp resi r
Panel B: Native polyacrylamide gradient gels-@%) of rHDL S Sho able 1, the of the Trp residues are

containing POPC/proapo mutants with ALEXA-488 (F) and/or comparable f_or all the labeled proteins, suggesting that the
ALEXA-546 (R) probes made with initial POPC:protein molar ~average environment of the Trp residues and the three-
ratios of 100:1 and purified as described under Materials and dimensional structure in the N-terminal half of the molecules
Methods. Lanes from 1 to 11 represent various combinations of gre similar to the control apoA-l. The contents whelix
labeled and unlabeled apoA-I rHDL; lane 6 contains protein size are also comparable, although the ALEXA-546 (R) conju-
markers; and lane 12 represents a control rHDL with unlabeled ! :
apoA-I. gates may have a slightly decreasedhelix content com-

pared to the apoA-I control. The free energies of unfolding
the dimension of the probe (1.5 nm), abds the distance  are similar (within experimental error) for all the apoA-|
between the Cys residues estimated from the coordinates oforms.

the molecular modelslg, 19. Previous experiments with Cys mutants of apoA-I, labeled
RESULTS with the acrylodan probeg), showed that small differences

Properties of the ApoA-I Variants Labeled with Fluores- in th_e _structure of the lipid-free proteins are minimiz_ed in
cence ProbesApoA-I and proapoA-I do not contain Cys Fhe I!pld—bound rHDL state. In fact, all the apoA—I \{a_nants
residues in their sequences; therefore, Cys residues werdn this study formed rHDL complexes with high efficiency
introduced into specific positions (D9C, A124C, A232C) as and identical 96 A (9.6 nm) diameters as shown in Figure
sites for subsequent labeling with Cys-specific fluorescence 1B- Thus, itis safe to assume that the overall conformation
probes suitable for FRET measurements. The expression an@ the apoA-I variants is the same as that of control apoA-|
purification procedures used in this study gave high yields N the rHDL particles that were employed in subsequent
of pure proteins (Figure 1A). The apoA-I mutants were then FRET éxperiments.
labeled specifically and stoichiometrically (1 probe per Determination of Distances by Homo-FREThe R,
protein) with ALEXA-488 (F), as the donor, and ALEXA-  distance measured for ALEXA-488, using egs4 in rHDL
546 (R), as the acceptor probes. These probes were selectegonjugates was 5.0 nm. Under the experimental conditions
because their fluorescence properties are very similar to those?f low protein concentration, low temperature, and high
of fluorescein and rhodamine, respectively, a well-known Viscosity, depolarization of fluorescence occurs by energy
and thoroughly tested pair of fluorescence probes in FRET transfer between ALEXA-488 probes on the same rHDL
measurement£0, 31, 34. Furthermore, the ALEXA probes ~ particle, and depolarization due to rotational diffusion is
are water soluble, which facilitates specific and stoichiometric minimized @2). To confirm that energy transfer occurs
labeling of the individual Cys residues in the apoA-I mutants. between probes on the same rHDL particle, rHDL prepara-
The positions for the introduction of the Cys residues were tions containing 10, 25, 40, and 100% labeled apoA-I were
selected to be in the N-terminus (D9C), C-terminus (A232C), examined. The fluorescence anisotropy decreased with
and center of the apoA-lI sequence. From the molecular increasing proportion of label, as expected, and confirmed
models of rHDL (8, 19, the A124C and A232C positions that essentially no energy transfer occurs in the 10% labeled
are in distinct locations in the circumference of the rHDL sample.

(see Figure 5) and should be easily distinguished experi- Table 2 shows the anisotropy valuég,andr,, obtained
mentally. The D9C position, although not modeled by for the various labeled variants of apoA-I in rHDL. The
computer, can serve as an additional point of reference invalues (0.34) are all similar due to the immobilized probes
examining the validity of existing models and in predicting and the absence of energy transfer. The differenag far
the location of the globular N-terminal region of apoA-l the free ALEXA-488 probe probably reflects the protein and
relative to the rest of the molecule. lipid environments of the probe in the rHDL particles, in

Prior to the FRET experiments, the fluorescent-labeled addition to the 90% glycerol solution. THé[lvalues, in

apoA-lI mutants were characterized for their structural contrast tor,, vary between 0.24 and 0.31 for the rHDL
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Table 2: Fluorescence Anisotropy Parameters for FRET Analysis of 25000

Homotransfer between ALEXA-488 (F) Probes Attached to Specific

Cys Residues of ApoA-I Mutants (D9C, A124C, A232C) > 20000

Reconstituted into rHDL Particles, Each Containing 2 ApoA-I ‘@

Molecules £

ALEXA-488 (F) labeling positions  [i3 roP E°  R°(nm) g 150001
9-9 0.311 0.349 0.21 6.2 g
124-124 0.268 0.346 045 5.2 g 100001
232-232 0.244 0.341 0.56 4.8 i
9-232 0.283 0.340 0.34 5.6 £ 5000 4
free ALEXA-488 probe 0.361 §

@ Fluorescence anisotropy measured-8t°C in 90% glycerol at a
475 nm wavelength of excitation for rHDL containing 100% labeled
apoA-l, i.e., 2 probe molecules per rHDLFluorescence anisotropy T T T T T T T T
measured under the same conditions®sbut on rHDL particles 460 480 500 520 540 560 580 600 620 640 660
containing 10% labeled apoA-l and 90% unlabeled apoA-I to minimize
homotransfer” E, efficiency of FRET; R, experimental distance  Figyre 2: Fluorescence emission spectra for rHDL preparations
between the probe molecules on an rHDL particle determined using containing the apoA-I ALEXA-488 (F) donor and/or ALEXA-546
egs 5 and 1. (R) acceptor probes. The sample spectra are for apoA-I labeled
with F or R at position 232. The spectra correspond tovIH:A-I
. rHDL i 460 nm; 2@) F:R rHDL i 460 nm;
samples and reflect the distances between the ALEXA-488 @) A_ﬁg':ﬁ%ﬁtexi(i)ted at 4%)0 nm; 4<) E?(Stﬁ_?DT ef(;(?ited :at?)

probes. The calculated values®findR are listed in Table 530 nm. All samples contained 0.04 mg/mL protein.
2. Similar results were obtained when the anisotropy
measurements were performed at ambient temperature and .., |
in the absence of glycerol, but rotational motions of the 2
probes resulted in much lower anisotropy values and less & 1.0e+7 4 ﬁ
accurate data. 1

Determination of Distances from the Enhancement of
Acceptor Fluorescenceélhe R, distance for 50% energy
transfer from the ALEXA-488 (F) donor to the ALEXA- o
546 (R) acceptor in rHDL particles was calculated to be 5.7 :‘;:
nm. 2.0e+6 s

Figure 2 shows a typical set of fluorescence spectra _,j
obtained for the rHDL prepared with apoA-I labeled with F 00 +
(donor) or R (acceptor) at a specific position. Samples of . . ‘
rHDL containing only F or only R were used as controls. 450 500 550 600
When the donor (F) is excited in the double-labeled sample Wavelength (nm)
(F/R), a decrease in the intensity of donor (F) emission is g5 ge 3: Fluorescence emission spectra for an rHDL labeled in
observed, accompanied by an increase in the emission ofposition 232-F and position 9-R, excited at 460 nm. Spectrum 1
the acceptor (R) due to FRET. Spectra for rHDL samples (®) shows FRET by the emission peak at 570 nm; spectrum)2 (

containing only donor (F) or acceptor (R) were measured Shows the elimination of FRET when 0.3% SDS is added to the
rHDL sample. The donor intensity increases at 515 nm, and the

under the same conditions. A small contribution to the ! LS : y

intensity due to direct excitation of the acceptor (R) at 460 acceptor intensity is essentially eliminated at 570 nm.

nm is observed, and subtracted in subsequent calculations, +ibution valuesfj for ALEXA-488 in the presence and
_The addition of detergent (0.3% SDS) results in the ghence of the ALEXA-546 acceptor on the same rHDL

disappearance of.t_he peak corresponding to th_e acceDtO[barticle. Table 4 also shows the efficiendy) (of energy

fluorescence fsens!tlzed by FRET. As SDS SO'.Ub'I'ZeS DL {ranster calculated from lifetime values using eq 8 and the

components in mixed micelles, the separation of apoA-| corresponding distanceB)(using eq 1

molecules abolishes the FRET process (Figure 3). ) o o
The major fluorescence lifetime contribution 90%) for

To confirm that FRET occurs between probes within the ) .
same rHDL and that there is no energy transfer between@!l the ALEXA-488 adducts comes from a species with a

probes located in different particles, we measured the spectrdifétime between 3.68 and 4.15 ns; a minor contribution
of particles containing only donor or only acceptor after (<10%) comes from a short-lifetime component (6692
exciting at 460 nm (Figure 4A). The arithmetic sum of these NS). Rather than a separate probe population, the short
spectra is indistinguishable from the spectra obtained for bothlifetime could represent a distinct conformation of the probe.
samples, mixed together (Figure 4B). This is clear evidence However, for all practical purposes, a single, uniform
that there is no interparticle energy transfer. Table 3 gives population of fluorescence donors can be assumed for each
the (ratio) and the efficiency ) of FRET obtained from rHDL species. For the samples containing both, donor and
the spectral data, and the distand@sdalculated fromeq 1  acceptor, the average lifetimes are decreased as a result of
for various rHDL samples containing donor (F) and acceptor FRET. After a correction is applied (eq 9) to account for
(R) probes in different positions. the distribution of donor molecules in the rHDL samples
Lifetimes of the ALEXA-488 (F) Donofable 4 displays  containing both probesi.[values are obtained and are used
the lifetimes (fractional and average), as well as the fractional for the calculation ofE and R values using eq 8 and eq 1.
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Ficure 4: Additivity of fluorescence emission spectra for separate rHDL particles labeled with 232-F or 9-R. Panel A shows the spectra

T T T T T T T T T
430 500 520 540 560 580 600 620 640 660

Wavelength (nm)

of the individual samples excited at 460 nm. Panel B shows the experimental spectrum for a mixture of both-+ibing, Superimposed
(-++), the sum of the spectra from panel A. The total protein concentration in both panels is 0.04 mg/mL.

Table 3: Measurement of FRET Efficiencieg) (@nd DistancesR)

from the Enhancement of Acceptor (ALEXA-546) Fluorescence
When Donor (ALEXA-488) Is Excited in rHDL Particles

Containing both Donor and Acceptor Molecules at Specific Sites on
ApoA-I

donor (F) and acceptor

(R) positions (ratiog? EP Re (nm)
9(F)-9(R) 0.20 0.35 6.3
124(F)-124(R) 0.36 0.75 47
232(F)-232(R) 0.31 0.64 5.3
9(F)-232(R) 0.28 0.53 5.6

aThe (ratio) was obtained from experimental emission spectra using
eq 6 as explained under Materials and Methdds. the efficiency of
FRET, was determined from (ratip)and the appropriate excitation
spectra using eq 7.R, the experimental distances, were calculated using
E values and eq 1.

Distances from Computer Models and Corrections for the
Dimensions and Flexibility of the ProbeBhe distances from
the computer-generated models of rHDL, between positions
124—-124 and 232232 in the apoA-I sequences, are listed
in Table 5 and illustrated in Figure 5. The dimensions and
flexibility of the probe (e.g., ALEXA-488) were also
considered, because the probe length (1.5 nm) is not
negligible compared to the outer diameter of the rHDL, 9.6
nm (18), or distances between the Cyscarbons, obtained
from the computer models (1=8.3 nm) (8, 19. Table 5

protein and lipid surface. Both probes are on the same side
of the rHDL plane; therefore, a reasonable approximation is
that of two hemispheres of radius 1.5 nm on the same plane,
separated by a distanek In the belt model 19), residue
124 is in position 4 on the R face of the corresponding helix,
pointing toward the solvent and the lipid headgroups. A
planar surface of protein and lipid can also be assumed, with
thea = 1.5 nm hemispheres separated by a distahee

2.3 nm.

In the 232-232 case, in both models, the 232 residue is
near the middle of a helical segment, facing toward the lipid.
Thus, for both models, the flexible linker of the probe must
“snorkel” between protein helices or through lipid to expose
the negatively charged fluorescent groups to solvent. In each
situation, botha andd are adjusted by about 4.0 nm.

Regardless of the geometry used to account for the probe
length and flexibility, it is evident that the corrected average
distances are not greatly affected witkis large compared
to a (as in the case of the picket fence model in the head-
to-tail configuration). However, the correction can be quite
large whend is relatively small as in the case of the belt
model.

DISCUSSION

The issue of the orientation of apoA-I helices in rHDL or

gives the averagdE[values and average corrected distances nascent HDL (parallel or perpendicular to the phospholipid
R, assuming that the probe moves in a hemisphere with aacyl chains) has considerable importance for the elucidation
maximum radiusa = 1.5 nm, and is separated from the of the mechanism of assembly and functions of these
second probe by the distance) (determined from the  lipoproteins. It is known that after binding to the surface of
computer models. The orientation of the two hemispheres, DMPC vesicles, apoA-| penetrates and lyses the bilayers to
swept by the probes, relative to each other was based on thajive rise to discoidal rHDL36). The orientation of apoA-I
location of the labeled amino acid residue in the correspond-on the rHDL products may indicate either a perpendicular
ing modeled helix and its expected orientation with respect insertion of helices into the phospholipid bilayer or a more

to the protein and lipid in the rHDL.

For example, in the 124124 situation for the head-to-
tail picket fence model (Figure 5A), residue 124 is the first
residue in helix 4 (or repeat 5) opposite helixIB), Because
many of the polar faces of apoA-I helices have a negatively
charged central ridge9), it is likely that the negatively
charged probes will extend into solution, away from the

complex mechanism of apoA-I interaction with an abstraction
of membrane phospholipids. Also, the orientation of apoA-I
on nascent HDL would affect significantly the possible
modes of interaction between apoA-I molecules on the same
particle, and with lipid-free apolipoproteins and other plasma
proteins. Finally, the orientation of apoA-1 on discoidal HDL
would affect the nature of the structural rearrangements that
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Table 4: Fluorescence Lifetimes of the ALEXA-488 (F) Donor Probe in Specific Sites of ApoA-I Mutants Reconstituted into rHDL Particles
(2 ApoA-I Molecules/rHDL). FRET Analysis of Heterotransfer between F and R Probes Based on Donor Lifetime Values

donor (F) and acceptor (R) positions 73,2 ns (f1)? 72,2 ns ()2 ZadandZqM(ns) y2C z0(ns) E® R (nm)
9(F)-9(R) 3.68(0.93)  0.87 (0.07) 3.48 0.95 3.23 0.13 7.8
9(F)-A-l 3.85 (0.96) 0.79 (0.04) 3.73 0.72
124(F)-124(R) 3.95 (0.94) 0.71(0.06) 3.76 1.17 3.45 0.15 7.6
124(F)-A-l 4.10 (0.99) 0.82 (0.01) 4.07 0.10
232(F)-232(R) 3.99 (0.94) 0.65 (0.06) 3.79 0.97 3.50 0.14 7.7
232(F)-A-l 4.15 (0.98) 0.50 (0.02) 4.08 0.66
9(F)-232(R) 3.75 (0.92) 0.92 (0.08) 3.52 0.92 331 0.11 8.1

aLifetimes (@1, 72) and fractional contributionsfy( f;) from two-exponential analysis of time-resolved phase and modulation measurements.
b Average lifetimes calculated from= 7.f; + 7.f2; [#4[J donor alone{zq.[) donor and acceptor present on the rHPReduced chi-square value
for the fit of two discrete exponentials assuming errors of @ad 0.004 for the phase and modulation data, respectiV@lyerage lifetimes
corrected according to eq 9Efficiency of FRET calculated from eq 8, using the correctedllifetimes.f Distance between probes calculated
from eq 1.

B

Uil

Table 5: Distances from Molecular Models of ApoA-I Organization
in rHDL Particles and Corrections Due to Probe Dimensions and
Motions

simulated average corrected
model and labeled residualistancé (nm) [EM  distancé (nm)

picket fence model

124-124 8.3 0.063 7.8

232—23Z 7.8 0.032 8.8

232-23Z 7.8 0.066 7.8
belt model

124-124 2.3 0.92 3.4

232-23Z 1.2 0.96 2.9

232-23Z 1.2 0.98 2.7

a Distances obtained from the coordinates of the published computer
molecular models of rHDL particled8, 19. The picket fence model
is in the head-to-tail conformation. The distances are between the
o-carbons of the residues at positions 124 or 232 in the 2 apoA-I
molecules on the same rHDL partickCalculated average FRET
efficiencies,[E[] and corrected average distances accounting for probe
dimensions and motions, as described under Materials and Methods
and eq 10. The average corrected distances are calculatedHom
and eq 1°For each model, two distinct orientations for the flexible
linker of the probe at (232232) relative to the proteinlipid interface
are possible. Both were modeled and used in the avellagend
corrected distance calculations.

Ficure 5: Diagrams of rHDL models showing the positions of
the labels in the sequences of the two apoA-I molecules. The
approximate positions of the Cys residues in the apoA-I mutants

_ ; ; . ; are shown for A124CHl) and A232C (closed star in open star); N
apoA-| undergoes with changing lipid and protein contents and C designate the N-terminus and C-terminus of each apoA-I

and. comp(?sitions du'ring metabolism. molecule. A: Head-to-tail picket fence moddigj; the distances
Since high-resolution structures of HDL are not yet between positions 124124 and 232232 are given in Table 5. B:

available, the determination of distances between specific Head-to-head picket fence mod#Bf; estimated distances between

points on apoA-1, in well-defined rHDL particles, can provide positions 124124 and 232232 are 8.0 and 1.5 nm, respectively.

. . . C: Belt model 19); the distances between positions ¥2424 and
valuable information on the overall fold of the protein and 535535 are given in Table 5. D: Proposed hairpin model in the

its relationship to the other apoA-I molecules on the rHDL head-to-tail configuration; estimated distances between positions
and can discriminate between the alternative models of 124-124 and 232232 are 8.0 and 8.0 nm, respectively. E:
apoA-| orientation in rHDL {8, 19. FRET, a well- Proposed hairpin model in the head-to-head configuration; estimated
established method for the determination of distances in diStances between positions 12#24 and 232232 are 2.4 and

. . . 3.5 nm, respectively.
macromolecules3(1—34), is especially suitable for these

purposes. charge, resulting in stoichiometric highly specific labeling
Fluorescein and rhodamine is a widely used denor of apoA-l. In addition, the ALEXA dyes have higher
acceptor pair for FRET measurements. Faalistance for extinction coefficients and quantum yields and are more
this pair of fluorophores is around 5.7 nm, which makes it photostable than the parent compounds.
appropriate for many structural studies in protei28, (37 A recent study by Li, Sorci-Thomas, and colleagu2g) (
as well as in nucleic acids3{, 39. However, due to the used a qualitative FRET approach to help discriminate
affinity of these fluorophores for the hydrophobic regions between the two current models for the orientation of apoA-I
of some proteins, in particular apoA-I (unpublished results, in rHDL (18, 19. With fluorescein and rhodamine as the
Tricerri and Jonas, 1999), specific labeling is difficult to donor-acceptor pair, attached to a Cys engineered into
attain. In contrast, the homologues of fluorescein and position 132 of apoA-l, they observed energy transfer
rhodamine, the ALEXA-488 and ALEXA-546 dyes, respec- between the two probes when the labeled apoA-l1 were
tively, are much more water soluble, due to a high negative reconstituted into rHDL disks having 100 A diameters. These
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authors predicted that the separation of the probes in thesensitized by energy transfer, is normalized by the acceptor
picket fence model~{10 nm) would be too great to observe fluorescence excited where the donor does not absorb (530
energy transfer, whereas the 16 A separation in the belt modelnm), thus removing protein concentration effects, quantum
would result in very efficient energy transfer. Even though yield of the acceptor, and even incomplete labeling by the
only a 40% efficiency of transfer was observed, the authors acceptor probe, as factors affecting fluorescence intensity.
attributed the result to an uneven distribution of the donor This method gives the results shown in Table 3. Compared
and acceptor probes and increased proportion of acceptor to the results of Table 2, the agreement is quite good, lending
acceptor rHDL, and selected the belt model as the preferredstrong support to the validity of the distance measurements
apoA-I| orientation. They mentioned an alternative, hairpin by both FRET methods.
conformation, but did not explore further such a model. The  The lifetimes of the donor were measured in the absence
experimentally observed efficiency of energy transfer by Li and presence of acceptor in the rHDL (see Table 4). The
et al. R0) of 40% agrees reasonably well with our results decrease in the donor lifetimes in the presence of acceptor
for the apoA-I labeled at Cys-124, on the same helix as Cys- and the calculated efficiencies were much less than expected
132 (Tables 2 and 3), which leads to calculated distancesfrom the FRET results shown in Tables 2 and 3. A similar
from 4.7 to 5.2 nm between the probes, clearly intermediate observation was also made by Li et a20), and may be
between the distances predicted by the two models (Tableexplained by the presence of two populations of denor
5). acceptor pairs: one in which the donors and acceptors are
In view of the reported rhodamine dimer20Q], we very close so that the extremely short lifetimes are not
reexamined the excitation spectra of ALEXA-546 in rHDL measurable and do not contribute to the average lifetBe (
and in solution and found a shoulder at 515 nm, that may and another population, where the donacceptor pairs are
be analogous to the nonfluorescent dimer feature describedar enough apart so that the lifetime change is small
by Li et al. 20). However, excitation of ALEXA-546 at 530 compared to the lifetime of donor alone, and giWs of
nm (used in energy transfer measurements) or at 560 nmapproximately 7.7 nm. Also, the fact that a single population
(near the maximum excitation wavelength) gave fluorescenceof ALEXA-488 probes is observed (928% fractional
intensities proportional to the extinction coefficients at 530 contribution) attests to the complete and specific labeling of
and 560 nm, indicating that a single fluorescent species isapoA-I with this probe, and most likely with the ALEXA-
excited in the 536560 nm spectral range. Furthermore, 546 probe as well.
examination of literature reference88( and Molecular Our conclusion from the FRET measurements is that
Probes data39) indicated that a shoulder around 51520 neither the picket fence nor the belt model of apoA-I in rHDL
nm occurs in the excitation spectra of monomeric rhodamine is supported by our results; rather, both models are excluded.
dyes, and is very similar to our observation for apoA-l A possible alternative is a hairpin configuration of apoA-I
labeled with ALEXA-546 and reconstituted into rHDL in an approximately equal distribution between a head-to-
particles. Therefore, considering these facts, plus the repul-tail and head-to-head arrangement of the two apoA-I
sion expected between negatively charged ALEXA-546 molecules (Figure 5, D and E). Since fluorescence intensities
moieties opposing dimer formation, we believe that the and anisotropies are additive, half of the particle population
putative dimers of rhodamine reported by Li et &0) are undergoing FRET with very high efficiency (for distances
irrelevant for our experimental system. less than 3.0 nm) and the other half undergoing little or no
In this study, we used two quantitative FRET methods to FRET (for distances around 8.0 nm) would give intermediate
determine experimentally the distances between selectedE andR values. For the case of donor fluorescence lifetimes,
positions of two apoA-I molecules in rHDL complexes (see very high efficiency of transfer eliminates the contribution
Figure 5). The distance ranges that can be examined by usingrom the very short distances, and leaves an apparently
ALEXA-488 homotransfer or ALEXA-488 to ALEXA-546 ~ homogeneous population with only slightly decreased life-
heterotransfer depend on thérster distancedx, = 5.0 or times corresponding to distances around 7.7 nm. Thus, the
5.7 nm, respectively, and th€& dependence of eq 1. Given hairpin models (in about 50:50 proportion), shown in Figure
that experimental errors are around 5%, tBaralues below 5, do fulfill the requirements for the observed FRET results.
5% or above 95% cannot be discriminated; therefore, the A hairpin arrangement of the apoA-I in rHDL has been
effective range of distances that can be measured bysuggested previously by Rogers et 40)( Support for such
homotransfer is 3:28.2 nm, and by heterotransfer is 3.5 a model comes from a number of experimental sources.
9.3 nm. There is mounting evidence that some, if not all, of the
The method of homotransfer between two ALEXA-488 a-helices of apoA-I in discoidal rHDL are arranged perpen-
probes is the simplest, and has the great advantage thatlicular to the phospholipid acyl chaindl| 49. Also, in
fluorescence anisotropy values are independent of thethese particles, the Trp residues (Trp-50, Trp-72, Trp-108)
concentration of fluorescent molecule®?). Furthermore, are far apart from each other, so that the energy transfer
homotransfer does not result in lifetime or fluorescence effects seen in the helix bundle arrangement of the lipid-
intensity changes because the spectral properties of the donofree apoA-I are eliminated, suggesting that helices 1, 2, and
and acceptor species are identical. The results shown in Table8 of apoA-I are extended in rHDL rather than antiparallel to
2 indicate measurable efficiencies of energy transfer and each other43) as predicted by the picket fence model.
distances between 4.8 and 6.2 nm between the various Discoidal rHDL particles can be prepared to contain two,

labeled pairs. three, or four apoA-lI molecules on the edge of each disk
Another complementary FRET method is based on the (24, 44. The hairpin model, but not the belt model, can
enhancement of acceptor fluorescensg, (34. This ap- account readily for the existence of all these particles.

proach has the advantage that the acceptor fluorescencef-urthermore, apoA-Iin rHDL is known to undergo structural
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rearrangements in the central region of the molecule upon 15. Cho, K.-Y., Durbin, D. M., and Jonas, A. (200Q1L)Lipid Res.
loss of phospholipidslé, 24, 45 or binding of apoA-I1 @5). 42, 379-389.

. . 16. Luchoomun, J., Theret, N., Clavey, Y., Duchateau, P., Ros-
Such structural changes can be envisioned to occur in the seneu. M., Brasseur, R., Denefle. P.. Fruchart, J.-C.. and

hairpin arrangement of apoA-I, but are difficult to explain Castro, G. R. (1994Biochim. Biophys. Acta 121319-326.
in the belt model constrained by extensive salt bridges and 17. Brasseur, R., Lins, L., Vanloo, B., Ruysschaert, J. M., and
a precise register of the two apoA-l molecules. However, if Rosseneu, M. (1992Proteins: Struct., Funct., Genel3,

the apoA-I molecules were allowed to slide relative to each 246-257.

g 18. Phillips, J. C., Wriggers, W., Li, Z., Jonas, A., and Schulten,
other @6), then the belt model would be more versatile in K. (1997) Biophys. J73, 23372346,

explaining some, but not all, of the experimental observa- 19 Segrest, J. P., Jones, M. K., Klon, A. E., Sheldahl, C. J.,
tions. Hellinger, M., DeLoof, H., and Harvey, S. C. (1999)Biol.
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