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ABSTRACT. We have constructed a series of models for apolipoprotein A-l (apo A-1) bound to discoidal
high-density lipoprotein (HDL) particles, based upon the molecular belt model [Segrest, J. P., et al. (1999)
J. Biol. Chem. 27431755-31758] and helical hairpin models [Rogers, D. P., et al. (188fhemistry

37, 11714-11725], and compared these with picket fence models [Phillips, J. C., et al. (Ba8H)ys

J. 73, 2337-2346]. Molecular belt models for discoidal HDL particles with differing diameters are
presented, illustrating that the belt model can explain the discrete changes in HDL particle size observed
experimentally. Hairpin models are discussed for the binding of apo A-I to discoidal HDL particles with
diameters identical to those for the molecular belt model. Two models are presented for the binding of
three monomers of apo A-l to a 150 A diameter discoidal HDL particle. In one model, two monomers of
apo A-l bind to the exterior of the HDL particle in an antiparallel belt, with a third monomer of apo A-I
bound to the disk in a hairpin conformation. In the second model, all three monomers of apo A-l are
bound to the discoidal HDL particle in a hairpin conformation. Previously published experimental data
for each model are reviewed, with FRET favoring either the belt or hairpin models over the picket fence
models for HDL particles with diameters of 105 A. Naturally occurring mutations appear to favor the belt
model for the 105 A particles, while the 150 A HDL particles favor the presence of at least one hairpin.

Apolipoprotein A-l (apo A-1} is the major protein  levels of HDL particles in the bloodstream have been shown
component of both nascent (discoidal) and circulating to correlate with a reduced risk of atherosclerosis, the leading
(spherical) high-density lipoprotein (HDL) particles. Elevated cause of coronary artery diseade-@). Apo A-l has been

shown to be responsible for a number of the antiatherogenic
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HL 34343). cholesterol acyltransferase (LCAT) and the promotion of
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phosphatidylcholine; FTIR, Fourier transform infrared; FRET, fluo- by exon 3 of the apo A-I gene and a 200-residue lipid-binding
rescence resonance energy transfer; HDL, high-density lipoprotein;

LCAT, lecithin:cholesterol acyltransferase; POPC, palmitoyloleoylphos- domain encoded by exon 4 of the apo A-l gene at the carboxy
phatidylcholine; rHDL, reconstituted high-density lipoprotein. terminus b). The secondary structure of the lipid-binding
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domain is dominated by 10 helical repeats that have beengenerated from the initial 105 A belt model by scaling the
classified as amphipathie-helices. Eight of these repeats radial distribution of all atoms. This method disrupted the
are 22 residues in length, while two repeats are 11 residuesdeal bond lengths, so the final models were subjected to
in length, with most of these amphipathiehelical repeats =~ 3000 steps of conjugate gradient energy minimization in
punctuated by a proline residue at the beginning of the repeatXPLOR (28) using the CHARMMZ22 force fieldZ9). The
(6, 7). 11-mer segments were then modeled on an 11-residue
This review will consider the structure of apo A-l1 bound o-helical sequence of polyalanine having the same pitch and
to discoidal HDL particles. The models for the binding of curvature as the remainder of the belt into which they were
apo A-l to discoidal HDL particles presented to date fall incorporated.
into one of three categories, all of which orient the  The helical hairpin model for apo Aslano Was constructed
hydrophobic moment of the amphipathichelices of the from the previously published molecular belt model for apo
carboxy-terminal lipid-binding domain toward the hydro- A-lyviano (18) by altering the connectivity of the two
phobic hydrocarbon chains of the lipid bilayer that form the monomers near residue Arg-173 using the progran3@. (
core of the HDL patrticle. Picket fence models of apo A-l in  The main chain was broken at Arg-173 in both monomers,
discoidal HDL particles are arranged with the long axes of and rejoined to residue Leu-174 on the opposite monomer.
the amphipathie-helical repeats perpendicular to the plane A disulfide bond was added between the two cysteine
of the lipid bilayer. In these models, proline residues function residues, and the resulting structure was energy minimized
as helix breakers, introducing turns into the secondary in XPLOR as described above.
structure of apo A-l, and connecting the helical repe@ts ( Construction of the 150 A diameter disks proceeds in a
11). In the molecular belt and hairpin models, however, the fashion using all of the techniques described above. For the
long axes of the helical repeats are instead oriented parallelmodel with a single helical hairpin, the molecular belt model
to the plane of the lipid bilayerl(—16). was expanded to have a radius of curvature equal to 150 A.
Previously published models based upon both the picket Two of these monomers were then docked together in an
fence (7) and the molecular beltl®) have been presented antiparallel orientation with a helixhelix registration cor-
in an attempt to explain the observed behavior of a naturally responding to the LL5/5 registration of the molecular belt
occurring mutant of apo A-l, apo Aakano, iIn Which Arg- model. These two antiparallel belts covered two-thirds of
173 has been mutated to a cysteia®)( A molecular belt the circumference needed for a 150 A diameter HDL particle.
model has also been proposed by Klon et al. for a similar The remaining one-third of the circumference was con-
naturally occurring Arg— Cys mutation, apo Agkis Which structed by creating a hairpin from these antiparallel belts
occurs at residue 152@). Structurally, both apo Agfiano that doubled back on itself at residue Gly-129. This hairpin
and apo A-paisare capable of forming both disulfide-linked was then docked into the remaining one-third gap in the
homodimers and heterodimers with apo A-09( 20). circumference so that its helical repeat 10 interacted with
Disulfide-linked homodimers of apo Amlano are capable of  the helical repeat 10 from one of the belt monomers in a
forming discoidal rHDL particles with POPC. These particles manner identical to that of the molecular belt model. The
have similar diameters when compared to rHDL patrticles final structure was then energy minimized as described
containing wild-type apo A-141, 22). Reconstituted HDL above. The 150 A disks that contained three helical hairpins
particles made with either apo Awkno Or apo A-baris were generated by taking three helical hairpins generated as
homodimers have been shown to clear DMPC emulsions anddescribed and docking them so that each of them covered
promote cholesterol efflux activity2(—23), as well as one-third of the circumference of the 150 A diameter disk.
activate LCAT activity, although at a reduced rate compared  The four-helix bundle monomer was constructed from the
to that of rHDL particles containing wild-type apo A2Z%, crystal structure of apa(1—43) A-1 (13) in the following
24). manner. The coordinates for residues—44 of monomer
This review will evaluate the previously proposed models D, 68—129 of monomer A, 138192 of monomer B, and
for the binding of apo A-1 to discoidal HDL particles in light 193—243 of monomer C were extracted from the crystal
of the recent fluorescence resonance energy transfer (FRET structure to form a new model. The breaks in the main chain
and proteolysis data presented by several groBps27). between residues 67 and 68, 129 and 130, and 192 and 193
In addition to the all-atom models of the picket fend®)( were closed by the addition of bonds between those residue
and molecular beltl2, 18) conformations of apo A-l cited  pairs, and the resulting structure was energy minimized.
earlier, new all-atom models for the apo A-l hairpin first
proposed by Rogers et all4, 15) will be presented and  COMPETING MODELS FOR HDL PARTICLES
evaluated in light of the experimental data. Molecular belt
and hairpin models describing HDL particles with different  Picket Fence Model®icket fence models for the binding
diameters will also be discussed. Many of these issues haveof the carboxy-terminal domain of apo A-I to discoidal HDL
also been discussed in the excellent review by Brouillette et particles are based upon the similarity of this region’s

al. (12). secondary structural elements to transmembrane proteins.
Becauseo-helices have a rise per residue of 1.5 -A20
MATERIALS AND METHODS residues are required to span the thickness of a lipid bilayer

for transmembrane helices in membrane proteins. Given that
The molecular belt modell@) was used as a starting point  the carboxy-terminal domain of apo A-l contains eight 22-
for construction of the belt models. Molecular belt models mer amphipathiax-helical repeats based upon secondary
of apo A-I representing the protein bound to HDL particles structure prediction?), initial models of apo A-1 bound to
with diameters of differing sizes (110 and 115 A) were discoidal HDL particles were constructed with the logical
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assumption that the long axes of these helical repeats werdghat the picket fence model is correct, there is no plausible
perpendicular to the plane of the lipid bilay&—10). The reason for the preference of one orientation over the other,
picket fence model also has another advantage, in that itand therefore, both might coexist simultaneously in rHDL
suggests a plausible structural role for the presence of prolineparticles.

residues. The eight 22-mer and two 11-mer amphipathic A critical problem with the published picket fence models
o-helical repeats in the I|p|d_-b|nd|n_g domain are_punctug_ted is that they depend on a separation of 15 A between the
at regular intervals by proline residues at the first position centers of adjacent helices to cover the circumference.
in the helical repeat31). In the picket fence model, these  Ajthough the presumption of a 15 A interhelical distance
proline residues are responsible for the introductiof-afms ~  \youid allow for the discrete particle size heterogeneity
that connect consecutive helical repeats in an antiparallel ypserved in rHDL particles, a more realistic value for
orientation. The idea that these amphipathicelical repeats jyternelical distances based upon protein structures deter-
interact with each o_the_r in an ant_|parallel fashion Was mined through X-ray crystallography is closer to 10 A. In
supported by a combination of experimental and theoretical yaticylar, the antiparallet-helices in the crystal structure
work by a number of laboratories. Modeling studies indicated ¢ the 200 carboxy-terminal residues of apo A-l are packed

that this orientation for the helical repeats of apo A-l was \uith a center-to-center distance of 10 . Furthermore
energetically favorable3g, 33), and molecular dynamics 5 15 A interhelical separation leaves much of the hydrophobic

simuIaFions of reconstituted HDL (rHDL) particles containing ¢ ,rface area of the lipid hydrocarbon chains exposed to
18-residue consensus peptides suggested that these modelyent.

systems would be stable in solution out to a time scale of at A Il discoidal rHDL icle with | di f
least 700 ps34). Recent extensions of these simulations small discoidal rtHDL particle with a total diameter o

show the stability of these model rHDL particles beyond 5 105 A ‘.NOUld_ have an i_nterior diameter_ 0f85 A if the
ns (C. J. Sheldahl and S. C. Harvey, unpublished results).pmte'” is omitted. If a thickness of 30 A is assumed for the

The picket fence model also provides an explanation for lipid bilayer, combined W'_th ®5A O.f hydrophobu_: surfac_e
the experimental observation that apo A-l spontaneously not covered between aQchgnt helical repeats in the picket
forms discretely sized discoidal HDL particles when mixed €nce model, 150 Aof lipid is exposed to solvent. If we
with palmitoyloleoylphosphatidylcholine (POPC) or dimyris- use the value Calcullatg(zi for the hydrophoblc effect by Sharp
toylphosphatidylcholine (DMPC)6, 36). The picket fence et al. of 47 qal 'mcl A2 (37), the resulting free energy of
conformation of apo A-l would be able to accommodate a the System is increased by7 kcal/mol per gap between
change in particle diameter by removal of amphipathic Nelical repeats. With eight gaps per apo A-l monomer, or
a-helical repeats from the lipid phasgs( 36). Such removal 16 gaps per HDL particle, the total increase in energy of the
of the helical repeats from the hydrophobic surface would system '3”11_2 keal/mol. It COU|d_ be argugd, however, that
likely occur two repeats at a time because of the antiparallel (€ assumptions made to arrive at this value are too
orientation of adjacent repeats when bound to lipid. Via conservative. In our molecular dynamics simulations on
removal of two repeats at a time, the adjacent helices couldM0de! rHDL particles, we observe an interhelical distance
interact with one another to bury their hydrophobic surfaces. f ~12.5 A, and the lipid headgroups are able to curve over
Thus, the picket fence model could easily facilitate such the sides of the disk, reducing the hydrophobic thickness to
structural rearrangements by allowing pairs of helical repeats 22 A (A. E. Klon et al., manuscript in preparation).
to swing away from the disk in a hingelike fashion. If a 15 APPlying these more conservative estimates for exposed
A separation is assumed, the removal of two helices would hydrophobic surface area to the picket fence model, one
therefore reduce the circumference of the rHDL particle by &TVes at a value of 6_2-52'&“” the exposed hydrophobic
30 A, thereby reducing the diameter of the rHDL particle surface area. If we again use the above_ value from Honig et
by ~10 A (35, 36). al. for the hydrophobic effect, we optam a penalty-o3

To date, the atomic coordinates for only one published kcal/mol per gap, for a total energetic cost of_ 48 kcal/mol.
structure for the picket fence model of apo A-l have been EVEN using the far more conservative estimate for the
made available. Phillips and co-workers have constructed Ma@gnitude of the hydrophobic effect of 24 cal oA 2
an all-atom model of a discoidal HDL particle with a (38), We obtain a value of-1.5 kcal/mol per gap, or 24 keal/
diameter of 96 A containing two monomers of apo A-I and mol for a single HDL pgrtlcle. Because the stabilization
160 molecules of POPCL(). In this model, eight 22-mer ~ €Nergy of HDL particles is-2—6 kcal/mol 89-42), even
helical repeats were used to span the circumference of thelN® MOSt permissive parameters predict that an unacceptable
disk and a smaller amphipathichelix that was too small gmountlof hydrophobic surface area is exposed to solvent
to span the thickness of the bilayer was placed parallel to N the picket fence model.
the plane of the lipid bilayer. This model presented two  Models with helical repeats that have a 10 A interhelical
different arrangements for the apo A-I monomers around the distance would require more helical repeats to surround the
edge of the disk. The two monomers could interact in a head- circumference of the HDL particle. This would require an
to-head orientation, placing helix 1 from one molecule and additional monomer of apo A-I to bind to the rHDL particle.
helix 1 from the other adjacent to one another in an Since the stoichiometry of rHDL particles is well-established
antiparallel fashion. Alternatively, in the head-to-tail orienta- (43), such a model would disagree with current experimental
tion, helix 1 from one monomer would be antiparallel and data. In addition, the model for discrete particle sizes brought
adjacent to helix 8 of the other monomer. These two alternateabout via the removal of the amphipathic helices from the
conformations were presented because the experimentaparticle would no longer hold. Removing two helical repeats
evidence available at the time was unable to differentiate from the rHDL particle would reduce the circumference by
between the two conformations. Furthermore, if we assumeonly 20 A, with a corresponding decrease~8.7 A in the
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diameter rather than10 A as observed experimentall§5 A
36).

A picket fence model of apo Awlano has also been
presentedl(7). In this model of a disulfide-linked homodimer
of apo A-luiane, the terminal 70 residues from Cys-173 to
Glu-243 do not associate with the lipid, but rather “loop out
of the HDL surface” 17). This model has been used to
invoke the experimentally observed restricted particle size
heterogeneity of rHDL particles containing disulfide-linked
homodimers of apo Asliano (21). This model shares a
number of deficiencies common to the picket fence models g
discussed previously. In particular, it relies on the require-
ment that adjacent amphipathichelical repeats have an
interhelical distance of 15 A. In addition, helical repeats
8—10 in this model do not associate with the lipid in rHDL
particles. This is in contrast to experimental data indicating
that helical repeats 1 and 10 have the highest lipid affinity
of any of the amphipathic repeats in the carboxy-terminal
domain of apo A-l 44). The picket fence model of apo
A-lvilano bound to discoidal rHDL particles does not agree
with experimental data for the binding of amphipathic helices
to lipid or the helix-helix distances observed in known
protein structures.

Molecular Belt ModelsBelt models for the 200-residue
carboxy-terminal lipid-binding domain of apo A-l in dis-
coidal rHDL particles are oriented with the long axes of the
helical repeats parallel to the plane of the lipid bilayEet-

15). The resulting structure for the apo A-l monomer
resembles a torus bound to the circumference of the disk,
with the hydrophobic faces of the amphipathic helical repeats

. . - : Ficure 1: Molecular belt models for discoidal rHDL particles with
oriented toward the interior of the disk. Such a curvature of three different diameters. (A) The 200-residue lipid-binding domain

amphipathic repeats toward the hydrophobic environment is of apo A-I forms a disk with a diameter of 105 A. (B) The addition
observed in high-resolution crystal structures of large of an 11-mer repeat (red) from the N-terminal 43-residue domain
globular proteins 45, 46). It has been argued that the increases the particle size to 110 A (C) The addition of two 11-
backbone carbonyl atoms that form hydrogen bonds to sideMer repeats ){rom the N-terminal domain (red) increases the particle
chain atoms and water molecules cause the helical tilt anglez'hzgv\tg ﬁ]lgre'er'?_ rc_:_l;}r;;a Sﬂgtjr:fr‘ép\’,vgg tgg:]ee:gteegn\:vmmgn;gﬂeats are
to become more pronounced, decreasing the length of
backbone hydrogen bonds in the hydrophobic environmentrepeat from the amino-terminal domain of apo A-l would
while increasing the length of backbone hydrogen bonds in increase the diameter of the resulting rHDL particle to 115
the hydrophilic environmen®§). For the smaller discoidal A (Figure 1).
HDL particles with diameters 0f100 A, 200 residues is The belt model could further accommodate the smaller
enough to cover the circumference if the ideal rise per residuediameter discoidal HDL particles by the removal of one or
of 1.5 A for ano-helix is assumed. The stoichiometry of more helical repeats from each monomer in a manner similar
rHDL particles of this size has been well established to be to one proposed previously for the picket fence model. The
two monomers of apo A-l per particldd). Consistent with molecular belt model published by Segrest et al. predicts
these data, our molecular belt model has been constructedhat the helix 5-helix 5 interaction would be the weakest,
with two monomers of apo A-I for a discoidal HDL particle  based upon the consideration of interhelical salt bridg2s (
105 A in diameter 13, 18). 13). Indeed a 1 nsmolecular dynamics simulation carried
The molecular belt model can also provide an explanation out recently by this laboratory on a discoidal HDL particle
for the experimentally observed discretely sized rHDL containing 160 molecules of POPC and two monomers of
particles. An analysis of the entire 243-residue length of apo apo A-l shows that the interhelical distance between helix 5
A-l by the LOCATE program 47) suggests that there are and helix 5 is substantially wider than the interhelical
as many as three additional 11-mer amphipathicelical distances for the rest of the repeats (A. E. Klon et al.,
repeats in the amino-terminal 43-residue domain of apo A-I manuscript in preparation). If the 22 residues of the helical
(7). In the belt model, the carboxy-terminal 200 residues repeat 5 pair were displaced from the outside of the disk so
would be enough to cover the circumference of a 105 A that they no longer interacted with the lipid, this would
discoidal rHDL particle, assuming no gap between the constitute a loss of another 33 A from the circumference of
amino- and carboxy-terminal ends of the protein. The the disk. The diameter of the disk is then reduced~N#0
addition of an 11-mer amphipathic helical repeat spanning A, resulting in a diameter of 95 A for the smaller rHDL
residues 3343 of the amino-terminal domain could accom- particles in the molecular belt model. This model for the
modate a discoidal rHDL particle with a diameter of 110 A removal of one or more amphipathic repeats from the
(Figure 1). Similarly, the addition of another 11-mer helical circumference of the rHDL particle has been proposed as a
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Ficure 2: Hypothetical structure-based lipid binding mechanism for human apo A-I. (A) Proposed tertiary structural model of lipid-free
apo A-l depicting a folded helical bundle. (B) Elongated monomeric helical hairpin derived via analytical ultracentrifujdtiorhe

purple shaded regions represent those deleted in the mutants studied 5n efices are numbered according to the repeating sequence
homology ¥, 11, 50). (C) Initial lipid-binding step of lipid-free apo A-lI mediated through a largely unfolded and uncooperative carboxy-
terminal domain. Binding of these residues is associated with an increase in the aveeditity of the protein. (D) Later intermediate
produced following a conformational switch of residuesAB which unmasks a latent lipid-binding domain, most likely represented by the
residues of helix 1 (amino acids 445). Final products are depicted here as discoidal lipoproteins containing two apo A-I molecules. The
perpendicular orientation relative to the acyl chains of the lipids is suggested by the crystal structureA¢f-apd) A-1 (13) and other
biophysical studies1, 25, 51, 52). This figure was adapted from r&6 and was kindly provided by C. G. Brouillette.

variation of the hinged domain model for changes in rHDL similarity explains the experimental observations that par-
size for the picket fence2{) and molecular belt models (L.  ticles containing apo Adiano are capable of LCAT activa-
Li and J. P. Segrest, manuscript in preparation). tion, clearing DMPC emulsions, and promoting cholesterol
In the picket fence model, proline residues introduce turns efflux (21, 24).
between helical repeats, but they serve a different function Helical Hairpin Models.Hairpin models for the binding
in the molecular belt model. The proline residues in the belt of apo A-l to discoidal HDL particles provide three
model are hypothesized to introduce regular kinks in the advantages: an attractive explanation for the mechanism of
sequence of the lipid-binding domain to properly orient the lipid binding, preservation of the interhelical interactions
hydrophobic face of the amphipathic helical repeats for observed in the crystal structure of Borhani et &B)( and
proper lipid binding 12, 13). In the apo A-l crystal structure, a model for discoidal rHDL particles containing three
the kinks introduced by the proline residues are observed tomonomers of apo A-l.
have a mean kink angle of 4@vith a standard deviation of Rogers et al.14, 15) have argued that the helical hairpin
17° (13). The molecular belt model places these proline offers the simplest explanation for the transition from lipid-
residues on the outside of the helical torus to force the helical free to lipid-bound apo A-l. The crystal structure of lipid-
repeats into a circular, planar structut@) This is observed  free apo A-l revealed a tetramer in which the helical repeats
in the crystal structurel@) and is consistent with other of apo A-lI formed a four-helix bundlel@). Rogers et al.
protein structures in which the proline residues are on the proposed that in solution apo A-l is present as a four-helix
hydrophilic face of the helix, causing the helix to curve bundle that is in equilibrium with a helical hairpin conforma-
toward the hydrophobic facel§, 48). tion that binds to lipid to form discoidal HDL particles
We have previously proposed a molecular belt model for (Figure 2). They proposed that the four-helix bundle mono-
apo A-lviiano (18). This model is based upon experimentally mer could be generated from the X-ray crystal structure of
observed data for rHDL particle sizes containing a single apoA(1—43) A-l (13) by changing the connectivity of the
disulfide-linked homodimer of apo Aalano and DMPC. The amino acid residues (Figures 3 and 4). Where two residues
previously published molecular belt models offer an attractive on antiparallel chains are juxtaposed in the crystal structure,
explanation for the presence of an intermolecular disulfide the main chain was made to double back on itself. The
bond, because the monomers only need to rotate relative tocoordinates for the bulk of the atoms were unchanged, with
one another until Cys-173 on each chain is juxtaposed with the exception of those residues at the ends of the helices
its equivalent on the opposite chain. The molecular belt that are now participating in turns. The resulting four-helix
model for apo A-liano IS thus structurally similar to rHDL ~ bundle monomer shown in Figure 4 contains helices from
particles containing wild-type apo A-l. This structural all four monomers in the apa(1—43) A-l crystal structure.
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Ficure 3: Schematic diagram of how a four-helix bundle monomer (right) can be extracted from the crystal structuré@f-a4®) A-1
reported by Borhani et al1@) (left). Four such four-helix bundles are found in the crystal structure, each one containing the complete
200-residue carboxy-terminal domain of apo A-1 (residues243). This figure is courtesy of C. G. Brouillette.

Both the helical hairpin and molecular belt models assume doubles back on itself with a turn at Gly-129. It is interesting
that the driving force behind lipid binding is the hydrophobic to note that helix 5 is predicted by the belt model to have
effect, and rHDL particles with diameters of 105, 110, and the poorest interhelical interactions. Because the héledix
115 A can be formed with both models using the same registrations are predicted to be identical in the two models,
experimentally determined stoichiometry of apo A-l to the interhelical salt bridges are also predicted to be identical,
POPC. In these models, two monomers of apo A-l wrap with the difference being that these salt bridges in the helical
around the circumference of the disk with their helical axes hairpin would be intramolecular, as opposed to the inter-
parallel to the lipid bilayer. In the helical hairpin model, the molecular salt bridges proposed in the molecular belt model.
monomers fold back on themselves in the middle of helix In the helical hairpin, the hydrophobic face of the amphi-
5, causing helical repeats-# to be oriented in an antiparallel  pathica-helical repeats curves toward the lipid for the same
fashion with repeats-610 of the same monomer rather than reasons previously argued in the molecular belt moti2l (
with the other monomer as in the belt model. In the belt 45). Proline punctuation serves the same function in the
model, Gly-129 from one monomer is juxtaposed with Gly- helical hairpin model as it does in the molecular belt model,
129 from the other monomer; the helical hairpin model introducing kinks at regular intervals along the length of the
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Ficure 5: Two different models for the discoidal 150 A rHDL
particle. (A) Two monomers of apo A-l associate in an antiparallel
fashion (red and green), while a third monomer is present as a
helical hairpin (red). (B) Three monomers in the helical hairpin
conformation forming the same size particle. This figure was
generated with Ribbon<19).

two cysteine residues close enough to form a disulfide bridge
(18). To form the disulfide-linked homodimers of apo
A-lvitano OF ap0 A-baris the hairpins would have to double
back on themselves at residue Cys-173 or Cys-151, respec-
tively. This contrasts with the hairpin model with the same
interhelical interactions as in the crystal structut8)(and
FiGURE 4: Ribbons ¢9) model of the four-helix bundle proposed the molecular belt modell@), where the turn is centered at
by Rogers et al.15). The model was generated by cutting a piece Gly-129. The molecular belt model was an attractive
out of the apoA(1-43) A-l tetramer from the crystal structure gy yanation for the formation of disulfide-linked homodimers
reported by Borhani et al18) as shown in Figure 3. The helices .
from the four monomers were then connected. in the mutant HDLs, because the monomers can be rotated
such that the/-sulfur atoms can be brought within covalent
helices to properly orient the hydrophobic face of the helices bonding distance without either distorting the local helical
for lipid binding (12). structure or changing the 10 A interhelical distance between
On the basis of the helical hairpin, two different models the two monomers. In the helical hairpin, however, introduc-
for 150 A diameter discoidal HDL particles with three ing a turn at residue 173 or 151 and positioning the cysteine
monomers of apo A-l per disk can be constructed (Figure residues such that their side chains would be able to form a
5). In the first model (Figure 5A), two monomers of apo disulfide bond without further distortion of the local second-
A-l interact with one another in an antiparallel fashion as in ary structure of apo A-I require a very precise, but feasible,
the molecular belt model, but with an increased radius of placement of the turn (Figure 6). Alternatively, the hairpins
curvature, allowing them to cover two-thirds of the circum- could double back on themselves at approximately residue
ference of the disk. The final one-third of the circumference 28 in the middle of helical repeat 2 (apo Amino) Or at
of the disk is covered by a helical hairpin as described above,approximately residue 6 in the middle of helical repeat 1
but with a corresponding increase in the radius of curvature. (apo A-lkarid. It seems unlikely that interhelical interactions
The second model (Figure 5B) consists of three helical would be able to stabilize such short helical hairpin
hairpins, each spanning one-third of the circumference of structures.
the HDL particle. In both of these models, the interhelical In contrast to the hairpin model with the interhelical
interactions, intermolecular as well as intramolecular, are interactions discussed above, the intramolecular antiparallel
identical to those predicted in the molecular belt model. It arrangement of the-helices in the Milano hairpin model is
is important to note that at least one helical hairpin is required no longer continuous due to the introduction of a turn around
for any disk containing three apo A-l1 molecules. residue 173. This leaves helical repeats31to form
Helical hairpin models can also be constructed for the apo intermolecular interactions with helical repeats3Lof the
A-lviilano @nd apo A-pais mutations. In the molecular belt  opposite monomer (Figure 6), suggesting that the mutant apo
models for these mutations, the monomers were rotatedA-I monomers first bind to discoidal HDL particles in the
relative to one another until residue Cys-173 (apawinb) helical hairpin conformation proposed by Rogers et®),(
or Cys-151 (apo Adaig was juxtaposed, thus bringing the helix—helix registration. This would require the intra-
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Table 1: Comparison of Calculated Distances between Fluorescence
Donors and Acceptors with Previously Published Data
Experimentally Determined from FRET Measurements Reported by
Tricerri et al. (1) and Li et al. (2)

calculated distance (A)

hairpin, hairpin, ~ measured
donor-acceptor belt picket headto headto _distance A)
positions model fence head tail exptl corrected

9-9 - - - - 63 78
124-124 23 83 29 93 47 76
132-132 16 104 31 97 B -

232-232 12 74 10 100 53 "
9—-232 - - - - 56 81!

aCorrected distances were calculated by Li et al. from corrected
fluorescence lifetimes to compensate for the presence of two donor
molecules in a single rHDL particle.

efficiency was only 45%. The authors attributed the differ-
= SRt ences in expected transfer efficiency to an uneven distribution
containing two disulfide-linked monomers of apo Awho. Panel . .
Ais a belt model, while panel B contains two helical hairpins. The ©f @P0 A-l monomers with doneracceptor probes in the
hairpins differ from those in Figure 2 in the location of the reverse Same rHDL particle. In contrast, Tricerri et akg) also
turn. This figure was generated with Ribbo9) reported the FRET distances that included the correction
o ) factor described above. They have argued that a transfer
molecular helical interactions to break apart as the loop walks efficiency of 40% for the Cys-132 mutant observed by Li et
through the sequence and then form new intramolecular or 5| actually correlates well with their observed transfer
intermolecular helical interactions once the loop has passedef‘ficiency for the Cys-124 mutant, which has a value of 45%.
through the sequence until the cysteines are brought intoyging the Tricerri model for FRET distances, a distance of
sufficient proximity in the loop region to form a disulfide 4550 A is obtained from the Cys-124 mutant. On the basis
bond. This mechanism would further require that the 100p f these data, Tricerri et al. argued that neither the picket
walk along the sequence of the protein in the same directionsapce nor the belt model was supported by the data, but
gnd at the same rate in both monomers. If this mechanlsmrather, the FRET distances agreed with the presence of two
is correct, it suggests that for the wild-type apo A-l, hairpins in a rHDL particle, distributed equally between the
alternative helical registrations are possible. head-to-head and head-to-tail conformations. The fact that
EXPERIMENTAL EVALUATION OF COMPETING two differen't laboratories hav<_a carri_ed out essent!ally the
MODELS same experiment and yet obtained different values md;cates
that the results of FRET measurements should be viewed
FRET Studiesln principle, distance measurements from with caution.
fluorescence resonance energy transfer (FRET) experiments A possible solution, however, is that the monomers may
should be able to distinguish between the various modelsrotate relative to one another about the circumference of the
for apo A-1 bound to discoidal HDL particles. Here we show rHDL particle, resulting in different helixhelix registrations.
that recent FRET measuremen?$,(26) appear to rule out It was hypothesized on the basis of a heuristic salt bridge
the picket fence model of apo A-l but are unable to scoring function that, although the LL5/5 rotamer was the
distinguish between the molecular belt and helical hairpin preferred conformation, different hetbhelix registrations
models. These experiments in both laboratories were carriedcould result in favorable rotamers with slightly higher salt-
out on rHDL particles containing two monomers of apo A-l bridging scoresi?). Indeed, recent cross-linking studies have
and either DMPC or POPC. The distances measured fromsuggested that rHDL particles may favor the LL5/6 rotamer,
the FRET data reported by these two groups are presentedvhile the previously published LL5/5 rotamer, and to a lesser
in Table 1, along with the predicted distances for each of extent the LL5/4 rotamer, are also highly favored registra-
the models. In addition to the experimentally determined tions (L. Li and J. P. Segrest, manuscript submitted for
distances, Tricerri et al. also reported corrected FRET publication). The observed transfer efficiencies could there-
distances to compensate for the possibility that two donor fore be explained by either the molecular belt or the helical
fluorescence probes would be present in 25% of the rHDL hairpin model. In the helical hairpin model, the transfer
particles, assuming a random distribution of apo A-l mono- efficiencies would be a result of a mixture of rHDL particles
mers. evenly divided between hairpins interacting with each other
Li et al. (25) reported a FRET distancd 6 A between by a head-to-head orientation or via a head-to-tail orientation,
donor-acceptor pairs at position 132 of apo A-l. This as proposed by Tricerri et al. Since transfer efficiencies are
strongly supports the molecular belt model, which has a additive, the rotation of one monomer with respect to the
predicted distance of 16 A between thecarbons of these  other in the belt model would give rise to an ensemble of
two residues, compared to distances of 31 A for the head-rHDL particles with different helix helix registrations and
to-head helical hairpin and distances~af00 A for the tail- could result in similar transfer efficiencies.
to-tail helical hairpin and the picket fence models. Even  Proteolysis DataRecently, proteolysis experiments were
though a distance of 16 A should result in greatly increased carried out on small (78 A) discoidal rHDL particles
transfer efficiency, approaching 100%, the observed transfercontaining POPC and either wild-type apo A-l or disulfide-

Ficure 6: Two different models for discoidal rHDL particles
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FiGure 7: Location of salt bridges predicted in the wild-type (A) and Milano (B) rotamers. Acidic residues are red, and basic residues are
blue. Salt bridges are green, while charge appositions between like charges are red. The residues marking the location of trypsin cleavage
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sites are black. The locations of the R173C mutations for apgi\l are violet, and the corresponding disulfide bond between them is

black.

linked homodimers of apo Agliano (27). Trypsin cleavage
sites for small discoidal rHDL particles containing two
monomers of wild-type apo A-l occurred at residues Lys-
94, Lys-118, Arg-160, Arg-188, Lys-195, and Arg-215, with
50% of the protein being cleaved after incubation for 6 h.
In contrast, the smaller discoidal rHDL particles containing
a single disulfide-linked homodimer of apo Awhno Were
found to be 50% cleaved after incubation for only 10 min
with trypsin. The trypsin cleavage sites for apovsho were
similar to those in the wild type, with cleavage sites located
at residues Lys-94, Lys-123, Arg-160, Arg-188, Lys-195,
and Arg-215.

Figure 7 shows the location of the predicted interhelical

salt bridges for the wild-type apo A-l and apo #wno
registrations for the molecular belt model2( 18). Also

Arg-188, Lys-195, and Arg-215, followed by cleavage after
Lys-94. Cleavage was also observed to occur more quickly
in the rHDL particles containing apo Awilano, With 50%
cleavage observed after 10 min, as oppose@ hh for 50%
cleavage in rHDL particles containing wild-type apo A-I.
The location of the proteolysis sites and the rates of
proteolysis in the two forms of apo A-l are quite striking
and illustrate a clear structural difference between the LL5/5
and Milano molecular belt models. In the LL5/5 belt model,
three of the residues cleaved are participating in interhelical
salt bridges: Lys-118, Arg-188, and Lys-195. Of the
remaining residues that were cleaved, two of them (Lys-94
and Arg-160) are flanked by side chains which are partici-
pating in interhelical salt bridges. The remaining cleavage
site at Lys-215 is some distance away from any interhelical

shown are the locations of the trypsin cleavage sites reportedsalt bridges. In the case of the apo zho belt model,

by Calabresi et al.Z7). In rHDL particles containing wild-

however, three of the cleavage sites cleaved first (Arg-160,

type apo A-l, proteolysis was immediately observed after Arg-188, and Lys-195) bracket a region22 residues in

residues Arg-215, Lys-195, and Lys-118, followed by
cleavage at Arg-188, Arg-160, and Lys-94. Proteolysis in
rHDL particles containing disulfide-linked homodimers of
apo A-lviano first occurs after residues Arg-123, Arg-160,

either direction along the sequence from the disulfide bond
at residue Cys-173. It is also interesting to note that none of
the residues cleaved by trypsin in the rHDL particles
containing apo Aqliano are predicted by the belt model to
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be participating in interhelical salt bridges, and that there of small discoidal rHDL particles with wild-type apo A-l.
are predicted to be fewer interhelical salt bridges in the apo As pointed out by Tricerri et al., the apo Amkno belt model
A-lviiano model than in the wild-type apo A-l belt model. does not explain the presence of rHDL particles with
There is a strong inverse correlation between the strengthdiameters of 78 A made with POPC. To our knowledge, there
of interhelical interactions predicted in the belt modER)( has been no direct comparison of rHDL diameters for wild-
and the rate of proteolysi2(). The data presented by type and mutant apo A-I constructed with POPC and DMPC.
Calabresi et al. therefore support one of the central hypoth- Neither the picket fence, helical hairpin, nor belt model
eses of the molecular belt model, that is, that while the explains the apparent reason for structural changes between
hydrophobic effect provides the driving force for the structure rHDL particles with different lipid compositions, though it
of apo A-l when it is bound to lipid in rHDL particles, the s likely due to both shorter chain length and saturation of
interhelical salt bridges are vital to stabilizing interhelical the myristoyl chains.

interactions between the monomet£)( The helical hairpin model for apo A-l in rHDL particles
is also able to explain a number of experimental observations,
CONCLUSIONS and it holds some advantages over the molecular belt model.

The helical hairpin could in principle explain the discrete

particle size heterogeneity observed in rHDL particles, but
the pathway for the transition between these rHDL particles
with different diameters is less clear. One of the advantages

We have presented several new models for apo A-l bound
to rHDL particles with different diameters in addition to the
previously reported 105 A diameter molecular belt model

(12). All-atom molecular belt madels now exist for rHDL of the helical hairpin is that it does provide a model for 150
particles with diameters of 110 and 115 A. Two separate A discoidal rHDFI)_ particles consrt)ructed using DMPC,

rT;odet:s for an rHDtLdpartche vr\]/]tr;]a dlattmetetrv\?f 150 A have Tbecause we can easily accommodate an uneven number of
also Aeleir:1 prebsel? N r;fo?r?wvri Ir? ﬁgn imsm rc]) r:]norrlor?ers 0apo A-l hairpin monomers around such a disk. We have
apo A- a beit conformation and one monomer of apo presented two separate models for the 150 A discoidal

A'hl.'?] a hf“.cal tfrw]alrpln co:flormatlon, and”a_\ sr?clpnoll r:n_od_el particles, and in both of them, the helical hairpin plays a
which contains thre€ apo A-1 monomers, all In helical hairpin key structural role. If these models are correct, it suggests

conformations. We have also evaluated the previously that the helical hairpin could be present in smaller rHDL

Egﬁ“i}gg a"\_,aiﬁmﬂrﬂ:ielig\r,t?ﬁop&gfst {snﬁekﬁn%;n?éiceﬂ?r particles, perhaps in conjunction with the molecular belt
9 9 conformations.

experimental evidence. ) ) The recent FRET dat&$9, 26) appear to be incompatible
The advantages of the picket fence model are that it canyyith the picket fence model for HDL binding. The data do
explain the presence of proline residues in the sequence ofyo apnear to distinguish between the molecular belt model
the lipid-binding domain at regular intervals and that it also g4 the helical hairpin model for two reasons. The two
suggests a mechanism for transitions between discoidal rHDLgroups examined what was essentially the same apo A-l

particles with discrete diameters. However, the picket fence iant with fluorescence probes, Q132C and A124C. Despite
model is incompatible W't’g theoretical arguments and e proximity of these two residues to one another, the two
experimental data. The 15 A distance between the centersy oy ps reached different conclusions regarding the lipid-
of adjacent helices in the model is larger than that observedy, ,nd structure of apo A-l. While Li et al. suggested that
in protein crystal structures, partic'ularly the lipid-free crystal ihe transfer efficiency measured for the Q132C mutant was
structure of the\43 mutant £3). This leaves a large amount  ¢,ngistent with the molecular belt, Tricerri et al. argued that
of hydrophobic surface area on the lipid hydrocarbon chains ihe transfer efficiency observed for the A124C mutant
exposed to solvent. In addition to the X-ray crystal structure, supported the helical hairpin model. What neither group

Fourier transform infrared (FTIR) spectroscopy and FRET .qnsidered was that, while the molecular belt model has a
measurements both indicate that the axes of the he"caldistinct preference for a specific hefikelix registration,

repeats lie perpendicular to the normal of the lipid bilayer ere might be other favorable rotamers. The belt model

(16, 25, 26), which is inconsistent with picket fence models.  ,eqicts that these rotamers would be less favorable than the
The molecular belt model for apo A-l bound to discoidal one observed in the crystal structure /43 apo A-l, but

rHDL particles is able to explain a number of experimental some fraction of these less favorable apo A-I rotamers would

observations. Most directly, the X-ray crystal structure of nevertheless be present.

the A43 mutant of apo A-1 13) and recent FTIR data of

rHDL particles containing full-length apo A-IL§) strongly ACKNOWLEDGMENT

suggest an arrangement in which the long axes of the
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