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Molecular Structure of an Apolipoprotein Determined at 2.5-A Resolution™*
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ABSTRACT: The three-dimensional structure of an apolipoprotein isolated from the African migratory locust
Locusta migratoria has been determined by X-ray analysis to a resolution of 2.5 A. The overall molecular
architecture of this protein consists of five long a-helices connected by short loops. As predicted from amino
acid sequence analyses, these helices are distinctly amphiphilic with the hydrophobic residues pointing in
toward the interior of the protein and the hydrophilic side chains facing outward. The molecule falls into
the general category of up-and-down a-helical bundles as previously observed, for example, in cytochrome
¢’. Although the structure shows the presence of five long amphiphilic a-helices, the a-helical moment and
hydrophobicity of the entire molecule fall into the range found for normal globular proteins. Thus, in order
for the amphiphilic helices to play a role in the binding of the protein to a lipid surface, there must be a
structural reorganization of the protein which exposes the hydrophobic interior to the lipid surface. The
three-dimensional motif of this apolipoprotein is compatible with a model in which the molecule binds to
the lipid surface via a relatively nonpolar end and then spreads on the surface in such a way as to cause
the hydrophobic side chains of the helices to come in contact with the lipid surface, the charged and polar
residues to remain in contact with water, and the overall helical motif of the protein to be maintained.

Lipids serve important structural and functional roles in all
living systems. Consequently, the effective transport of these
water-insoluble molecules within the aqueous milieu of the
organism is of central biochemical importance. In mammalian
systems there exists a diverse array of lipoprotein particles
designed for the transport of hydrophobic materials through
the blood. These large lipoprotein complexes are believed to
be comprised of a nonpolar spherical core of cholesterol esters
and triacylglycerols surrounded by a monolayer of phospho-
lipids and cholesterol and a “coat™ of apolipoproteins. Within
recent years there has been considerable speculation concerning
those structural motifs of the apolipoproteins that allow them
to interact with both a lipid surface and the lipid-free aqueous
environment of the blood. It has been suggested that am-
phiphilic helices play a key role in such protein-lipid inter-
actions (Segrest, 1974) although until now there has been a
lack of high-resolution three-dimensional information con-
cerning apolipoproteins and these putative secondary structural
elements.

Like mammals, insects have also solved the problem of lipid
transport by the use of lipoproteins. Insects, however, have
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only one major lipoprotein complex referred to as lipophorin
(Shapiro et al., 1988). This particle is typically comprised of
60% protein and 40% lipid (Chino et al., 1981). The two
integral protein constituents of lipophorin are apolipophorin
I and apolipophorin II with molecular weights of approxi-
mately 250000 and 80000, respectively (Shapiro et al., 1984;
Kanost et al., 1990). In some insects, such as the African
locust Locusta migratoria and the sphinx moth Manduca
sexta, there is another small apolipoprotein designated as
apolipophorin III (apoLp-IIT) with a typical molecular weight
of 18000-20000 (Kawooya et al., 1984; Van der Horst et al.,
1984; Chino & Yazawa, 1986). The major function of
apoLp-IIT is to assist in the delivery of lipid from the fat body
to flight muscles during prolonged flight. In this process lipid
leaves the fat body and associates with lipophorin in the he-
molymph. ApoLp-III, which exists as a free monomer in the
hemolymph of the resting insect, binds to exposed hydrophobic
patches on the surface of the expanding lipoprotein particle
and permits the loading of additional lipid (Kawooya et al.,
1984, 1986; Wells et al., 1987). On the basis of the observation
that apoLp-III bound to a lipid surface occupies an area which
is more than twice the area which would be predicted from
its molecular dimensions determined from hydrodynamic
measurements, it has been suggested that apoLp-III undergoes
a large conformational change when binding to lipophorin
(Kawooya et al, 1986; Welis et al., 1987).

ApoLp-III isolated from the sphinx moth has been the most
extensively studied (Kawooya et al., 1984, 1986; Wells et al.,
1987). It is believed to be a prolate ellipsoid with an axial ratio
of approximately 3 based on its hydrodynamic properties and
its behavior during gel permeation chromatography (Kawooya
et al., 1986). The amino acid sequence of the sphinx moth
apoLp-III shows similarity to several mammalian apolipo-
proteins (including apoE, AIV, Al and CI) and is composed
of repeated sequences with amphiphilic helical potential (Cole
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Table I: Intensity Statistics for Native and Derivative Crystals

sodium
potassium tetrachloro-  trimethyllead  triethyllead ammonium
native tetrabromoaurate(I1) aurate(111) acetate acetate bromosmate
Rinerge (%)° 4.2 5.3 45 6.7 6.7 6.7
total reflections measured 15665 14016 14101 18231 11283 11283
independent reflections 3927 3887 3987 4281 3788 3788
maximum resolution (&) 3.0 3.0 3.0 3.0 3.0 3.0
avcrage isomorphous differences (%)° 28.1 282 25.8 39.3 41.7
cell dimensions
aand b (A) 67.4 67.4 67.2 67.1 67.5 68.2
c(A) 153.8 153.8 156.9 158.0 154.5 155.3
R =T ~1/ZI. Rupeye gives the overall agreement between symmetry-related reflections. ®R = Y [|Fn| = |Fyll/ IFnl, where |[Fyl is the native

structure factor amplitude and |Fy| is the derivative structure factor amplitude.

Table II: Refined Heavy-Atom Parameters®

relative
derivative site no.  occupancy x y z B location

potassium tetrabromoaurate(111) 1 1.9833 0.0919 0.8025 0.0235 52.36  side chain of His 111
2 2.0853 0.3578  0.8818  0.0640 34.37  between side chains of Gln 13 and Gln 94
3 3.1052 0.3175 0.8011  0.0758  25.41  side chain of His 24

sodium tetrachloroaurate(I1I) 1 2.2547 0.1002 0.8022  0.0259  35.64  side chain of His 111
2 2.3181 0.3619 0.8796  0.0641 40.62  between side chains of Gln 13 and Gln 94
3 3.2608 0.3212 0.8000 0.0766 33.75  side chain of His 24

trimethyllead acetate 1 2.1000 04754 09143 0.0676 15.07  side chain of Glu 10

triethyllcad acetate 1 1.9452 04736 09029  0.0595  30.50 side chain of Glu 10
2 2.0709 0.5933  0.0000 0.0000 30.94 carbonyl oxygen of Leu 30

ammonium bromosmate 1 4.4803 0.4299 0.8433  0.0675 30.66  between side chains of Glu 28 and His 24

9%, y, and z are the fractional atomic coordinates; B is the thermal factor in A2

et al., 1987). Due to the small size of apoLp-11I and the fact
that during certain metabolic states it exists as a soluble he-
molymph protein, it seemed an ideal apolipoprotein for
crystallization trials. Microcrystals of the apoLp-I11 from the
adult sphinx moth were grown, but all attempts to prepare
larger crystals for an X-ray analysis were unsuccessful
(Holden, unpublished results). However, apoLp-III isolated
from L. migratoria crystallized readily in a form suitable for
a high-resolution structural analysis (Holden et al., 1988), and
the cDNA sequence has been determined (Kanost et al., 1988).
The molecule contains 161 amino acids with no methionine,
tyrosine, or cysteine residues. We describe here the molecular
fold of this apolipoprotein as determined by X-ray diffraction
analysis. This structure determination is of considerable in-
terest since it represents the first direct visualization of an
apolipoprotein.

EXPERIMENTAL PROCEDURES

Crystallization and Preparation of Heavy-Atom Deriva-
tives. Locust apoLp-111 was purified according to the method
of Kanost ct al. (1987). Large single crystals were grown as
described (Holden et al., 1988) with 2.8 M ammonium sulfate
as the precipitant, buffered with 50 mM potassium/sodium
phosphate, pH 7.4. The crystals belong to the space group
P6422 with unit-cell dimensions of a = b = 67.5 A, ¢ = 155.6
A, and onc molecule in the asymmetric unit.

Isomorphous heavy-atom derivatives were prepared by
soaking native crystals for 3~5 days in 3.0 M ammonium
sulfate solutions containing either 1 mM potassium tetra-
bromoaurate (I11), I mM sodium tetrachloroaurate (I11), 20
mM trimethyllead acetate, 2 mM triethyllead acetate, or 5
mM ammonium bromosmate.

X-ray Data Collection and Processing. X-ray data to 3.0-A
resolution were collected from the native crystals and from
the heavy-atom derivatives using the Siemens area detector
system and the data processing package BUDDHA (Blum et al.,
1987). The X-ray source was nickel-filtered copper Ko ra-
diation from a Rigaku RU200 X-ray generator operated at

50 kV and 50 mA. Relevant data collection statistics may be
found in Table I. Derivative data sets were scaled to the native
data in shells of equal volume in reciprocal space on the basis
of resolution.

Higher resolution native X-ray data to 2.4 A were collected
by use of synchrotron radiation and oscillation photography
at The National Synchrotron Light Source, Brookhaven Na-
tional Laboratory. For this X-ray data set an oscillation angle
of 1° per film pack was used, and the crystals were rotated
about the ¢ axis through a net rotation of 60°. The typical
exposure time was 2 min per film pack with a crystal-to-film
distance of 100 mm. Two crystals were required to collect the
X-ray data set which contains 94% of the theoretical number
of observations to 2.4-A resolution. The X-ray films were
digitized with an Optronics film scanner and subsequently
processed with a set of programs developed by Rossmann
(1979) and modified by Schmid et al. (1981). For this native
X-ray data set, the average R, was 3.7%, the average R,
was 3.6%, and Ry, Was 8.9%, where R = 3|1 -1}/ L1, Ry,
measures the agreement between symmetry-related reflections
on the same film, R, measures the agreement between re-
flections recorded on successive films in a given film pack, and
Riyerge gives the overall agreement between intensities measured
on different films and from different crystals.

Computational Methods. The positions of the heavy-atom
binding sites were determined by inspection of the respective
difference Patterson maps and placed on a common origin by
use of appropriate difference Fourier maps. The origin-re-
moved Patterson function correlation method (Rossmann,
1960; Terwilliger & Eisenberg, 1983) was used to refine the
positions, occupancies, and isotropic temperature factors of
the heavy-atom sites at 3.0-A resolution as presented in Table
I1. Protein phases were calculated by the method of multiple
isomorphous replacement. Relevant phase calculation statistics
may be found in Table III.

An initial electron density map, using centroid protein phases
based on the five heavy-atom derivatives and a structure factor
weighting scheme based on the figure of merit, was calculated
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Table [1I: Phase Calculation Statistics®
resolution range

© to 10.92 6.84 5.34 4.53 3.99 3.61 3.33 3.00
no. of reflections 242 411 495 576 643 702 749 804
figurc of merit 0.77 0.70 0.70 0.64 0.58 0.57 0.51 0.47
phasing power [potassium tetrabromoaurate(II1)] 2.74 2.83 29 2.13 2.23 1.76 1.64 1.45
phasing power [sodium tetrachloroaurate(I1I)] 2.33 2.71 2.78 2.14 2.32 1.75 1.58 1.50
phasing power (trimethyllead acetate) 0.97 1.22 1.13 0.88 0.91 0.89 0.80 0.79
phasing power (tricthyllead acetate) 1.09 .11 1.06 0.78 0.73 0.88 0.75 0.71
phasing power (ammonium bromosmate) 1.80 1.59 1.46 1.01 0.94 0.97 0.92 1.06

“Phasing power is the ratio of the root-mean-square heavy-atom scattering factor amplitude to the root-mean-square lack of closure error (cal-

culated for acentric reflections).

FIGURE |: Representative portion of the electron density map. The electron density map shown was calculated using X-ray data from 30-
to 3.0-A resolution. Starting from the left, the first amino acid residue shown is Thr 107 followed by Asn, Val, Gly, His, Gin, Trp, Gln Thr,
Ser, Gln, and Pro 118. Phe 78 can also be seen in the figure. There are only two tryptophan and two phenylalanine residues in the locust
primary sequence, and consequently, these provided ideal “markers” for initiating the fitting of the amino acid sequence into the electron density.

with X-ray data from 30.0 to 3.0 A. This map was plotted
on transparencies and then stacked on thin Plexiglas sheets.
The molecular boundaries of the molecule within the crystalline
lattice were immediately obvious, and the two tryptophan
residues were readily identifiable. Also, the initial map con-
firmed that the correct space group was indeed P6522 rather
than P6,22 in that the o-helices were right-handed. With the
two tryptophan residues serving as a starting position, a mo-
lecular model was fitted to the electron density map by use
of an Evans and Sutherland computer graphics system and
the molecular modeling program FRODO (Jones, 1985). Several
cycles of restrained least-squares refinement of this model first
to a nominal resolution of 3.0 A and then to 2.5 A have been
carried out with the refinement package TNT (Tronrud et al.,
1987). The current R factor is 25.0% for all X-ray data
between 6.5 and 2.5 A with root-mean-square deviations from
“ideal” geometry of 0.015 A for bond lengths, 3.1° for bond
angles, and 0.007 A for groups of atoms expected to be co-
planar. Details of the refinement will be presented elsewhere
upon completion at 2.5-A resolution.

RESULTS AND DISCUSSION

A representative portion of the electron density map cal-
culated to 3.0-A resolution is shown in Figure 1 and a Ra-
machandran plot of the main-chain dihedral angles shown in
Figure 2. The electron density map was of sufficient quality
to allow complete tracing of amino acid residues 7-156. The
first six N-terminal and the last five C-terminal amino acid
residues appear to be disordered at this stage of the structural
analysis. Both Asn 16 and Asn 83, the NH,-linked glyco-
sylation sites predicted from the cDNA sequence, have rather
elongated side-chain densities, making it possible to model into
the electron density one N-acetylglucosamine for each residue.
The conformation of the five major helices was unambiguous
in the original electron density map, but the loops linking these
helices were not as well-defined. Consequently, the dihedral
angles of the loops will be subject to change as the least-squares
refinement of the model is completed to 2.5-A resolution.
However, even at the present stage of model building and
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FIGURE 2: Plot of the main-chain dihedra! angles. A Ramachandran
plot of all non-glycinyl main-chain dihedral angles for the apoLp-III
model is shown. Fully allowed ¢, values are enclosed by dashed lines;
those only partially allowed are enclosed by solid lines. As can be
seen from consideration of just ¢,y values alone, the apoLp-III
structure is almost entirely a-helical.

refinement, there are many interesting features of the molecule
that may be described.

Perhaps one of the most striking aspects of the apoLp-111
structure is its elongated appearance, as had been predicted
from hydrodynamic studies (Kawooya et al., 1986). The
molecule has an overall length of approximately 53 A and a
width of 22 A. As can be seen from Figure 3, the overall
molecular fold of apoLp-III is quite easy to describe. It
consists of five long a-helices connected by rather short loops.
Those amino acids found in a-helical conformations include
residues 7-32 (helix 1), 35-66 (helix 2), 70-86 (helix 3),
95-121 (helix 4), and 129-156 (helix §). The amino acid
sequence determined by Kanost et al. (1988) may be found
in Figure 4. This apolipoprotein falls into the category of
simple up-and-down helical bundles as described by Rich-
ardson (1981). Other members in this category include, for
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FIGURE 3: Stereoviews of the apoLp-I1I structure. (a) An a-carbon trace of the apoLp-111 model is shown in stereo along with the charged
amino acid side chains (His, Glu, Asp, Lys, and Arg). Several of the Co positions are labeled to aid the reader in following the course of
the polypeptide chain. The model begins at Asn 7 and ends at Val 156. The missing residues at the N- and C-termini are not visible at the
present stage of the structural analysis. (b) An a-carbon trace of the apoLp-III model is shown in the same orientation as in (a) but with
the nonpolar amino acid side chains illustrated (Trp, Phe, Leu, lle, and Val).

example, myohemerythrin (Hendrickson & Ward, 1977),
cytochrome bs¢, (Mathews et al., 1972), and cytochrome ¢’
(Weber et al., 1980).

There are seven proline residues present in the apoLp-111
amino acid sequence. Pro 33 is in a loop region, and Pro 159
is not visible in the present electron density map. Three other
prolines, namely, residues 35, 95, and 129, serve to delineate
the N-termini of helices 2, 4, and 5. Also, in helix 4 there are
two prolines residues at positions 118 and 120 with dihedral
angles of ¢ = -59°, ¢y = -51° and ¢ = -54°, ¢ = -37°,
respectively. These ¢,y angles are within the range typical
for residues adopting a-helical conformations, and while it is
uncommon for prolines to be found in such configurations, it
is not without precedence as observed, for example, in lactate

dehydrogenase (Abad-Zapatero et al., 1987). The distribution
of charged and nonpolar amino acid residues in apoLp-III is
shown in Figure 3. Clearly, the helices are amphiphilic with
the charged residues facing outward and the hydrophobic
residues generally facing toward the interior of the protein.
There are several hydrophobic residues, however, pointing
toward the solvent (residues 20, 30, and 122). These are
located on the same general side of the molecule and may be
important for binding to the lipophorin complex.

In the absence of three-dimensional structures for apo-
lipoproteins, several investigators have attempted to use amino
acid sequence information to predict how the proteins might
bind to a lipid interface (Segrest et al., 1974; Eisenberg et al.,
1989). One approach has been to calculate the hydrophobic
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FIGURE 4: Amino acid sequence of apoLp-III from L. migratoria.
The amino acid sequence shown was taken from Kanost et al. (1988).
(**) at Asn 16 and Asn 83 mark the NH,-linked glycosylation sites.
Those residues found in a-helical conformations are indicated below
the one-letter code for the amino acids. All other amino acid residues
are located in turns.

Table [V: Helical Moments

helix residue average hydrophobic
no. no. hydrophobicity moment

1 7-32 0.18 0.40

2 35-66 -0.10 0.36

3 70-86 -0.18 0.71

4 95-121 -0.12 0.30

5 129-156 -0.03 0.40

moment and the hydrophobicity for putative helical segments
in apolipoproteins in order to determine whether they might
have the potential to bind to a lipid surface. We have cal-
culated the hydrophobic moments and the average hydro-
phobicity for each of the helices in apoLp-IIT using the pro-
gram MOMENT (Eisenberg et al., 1989), and the results are
given in Table IV. Helix 3, containing residues 7086, has
the highest helical moment and falls into the category of
surface-seeking peptides (Eisenberg et al., 1989). While this
helix may have a large hydrophobic moment, it is not a sin-
gular entity unto itself but rather associated with four other
helices. Consequently, calculation of the individual hydro-
phobic moments for each helix may not be physically relevant
in regard to the biological function of the molecule as a whole.
With respect to the entire molecule, however, the « hydro-
phobic moment is 0.36 with an average hydrophobicity of
-0.04, thus placing this protein into the range normally ob-
served for globular proteins.

The molecular fold of apoLp-III described here demon-
strates the topological relationship of the a-helical segments
and as such provides a structural framework for understanding
its biological function as an apolipoprotein. Such information
is not available from studies of single synthetic amphiphilic
peptides. Given the structure of apoLp-II1, it is appropriate
to speculate about the mode of interaction of this apolipo-
protein with lipophorin. Biophysical studies clearly indicate
that apoLp-I1T unfolds as it forms a monolayer at an air—water
interface (Kawooya et al., 1986). Thus, the molecular model
described here strengthens the conclusion from previous work
(Kawooya et al., 1986; Wells et al., 1987) that apoLp-III must
undergo a significant structural change when binding to the
lipid surface, since the area occupied by the protein on a lipid
surface, estimated to be approximately 3400 A2, is considerably
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greater than the area the molecule would occupy if it was lying
on its long axis (approximately 1200 A2 based on the crystal
structure).

Physiologically, apoLp-I1II exists in an equilibrium between
a soluble monomer and a bound lipoprotein form (Wells et
al., 1987). Consequently, it must readily convert from one
state to another to carry out its biological function. Thus
despite a large change in conformation, the structures of the
soluble and bound proteins must be thermodynamically very
similar. Therefore any change in the conformation of the
protein, such as changes in hydrophobic interactions or hy-
drogen-bonding patterns, must be accompanied by compen-
satory effects upon binding to the lipoproteins. The hydro-
phobic interactions as seen in the interior of the soluble mo-
nomer could be compensated for by interactions with lipids.
However, any major adjustment to the dihedral angles of the
protein backbone would be accompanied by major energetic
changes. For this reason it is unlikely that the protein adopts
a completely different structure but rather retains most of its
secondary structural elements in the same relative orientation
with respect to one another.

Previously, we had proposed that the protein initially binds
to the lipid surface via one of its ends and then spreads on the
surface (Kawooya et al., 1986). The current structure has
features which are consistent with this model. As stated above,
nearly all the hydrophobic residues are buried between the five
helices except for Val 20, Leu 30, and Val 122. In particular,
Leu 30 resides in the loop formed between helices 1 and 2.
This loop has the sequence TLGLPTP and contains no charged
amino acids. It is worth noting that a leucine residue in
approximately this position and in the center of a sequence
of uncharged amino acids is found in all eight apoLp-III
molecules for which complete or partial amino acid sequence
data are available (Kanost, unpublished data). In addition,
the loop formed between helices 3 and 4 has the sequence
AATSAQN and is also uncharged. Thus, this end of the
protein is relatively nonpolar and has enough hydrophobic
character to be attracted to the lipid surface. As shown
schematically in Figure 5, we propose that the protein spreads
on the surface by the movement of helices 1, 2, and 5 in one
direction and helices 3 and 4 in the other direction around
“hinges” located in the loops between helices 2 and 3 (residues
67-69) and between helices 4 and 5 (residues 122-128). This
causes the hydrophobic side chains of the helices to come in
contact with the lipid surface, the charged and polar residues
to remain in contact with water, and the overall helical motif
of the protein to be maintained. The surface area for this
unfolded form would be at a minimum 2200 A2, The role of
Val 20, Leu 30, and Val 122 in the binding of apoLp-III to
a lipid surface can be tested by converting them to polar or
charged amino acid residues via site-directed mutagenesis, and
the role of the proposed conformational change can be tested
by locking the protein in the closed conformation via a disulfide
bond; these studies are in progress.

Evidence for the conformational flexibility has been provided
by the observation that small changes in temperature (10-15
deg above room temperature) lead to large changes in the CD
spectrum (N. MacKenzie, personal communication). While
these thermal changes may not be relevant to the structural
changes attendant to binding to the lipid surface, they do show
that apoLp-III has considerable secondary structural flexibility,
most likely at the hinge regions.

As previously noted, the amino acid sequence of apoLp-III
has many regions with a high potential to form amphipathic
helices, a property which it shares with several of the water-
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FIGURE 5: Ribbon drawings of the apoLp-III structure in folded and
unfolded form. (a) A ribbon drawing representing the apoLp-II1
structure as seen in the crystalline state is shown. Each helix is labeled
by number according to the nomenclature described in the text. (b)
A ribbon drawing of the putative unfolded form of the apoLp-IIIT
structure as it binds to the lipophorin particle is shown. Again, each
helix is labeled as described.

soluble mammalian apolipoproteins (Cole et al., 1987; Kanost
et al., 1988). In addition, the insect and mammalian proteins
all have CD spectra which are consistent with a high content
of a-helix (Boguski et al., 1986). If these mammalian proteins
have tertiary structures similar to that of apoLp-III, i.e., with
the hydrophobic residues sequestered in the interior of helical
bundles, then the model proposed here for the binding of the
insect protein to lipid surfaces may well apply to the mam-
malian proteins. One difference between the insect and
mammalian apolipoproteins, however, is the presence of proline
repeats every 22 amino acids in many of the mammalian
molecules. It may mean that either the lengths of the helical
regions are significantly shorter in the mammalian proteins
or rather may simply reflect an insertion of a proline residue
in an otherwise helical segment as seen in helix 4 of the locust
apoLp-III. Regardless of the positions of the prolines in the
mammalian proteins, the general principle of a water-soluble
apolipoprotein unfolding on the lipid surface to expose its
hydrophobic interior is still applicable.
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