
Three-Dimensional Structure of the LDL 
Receptor-Binding Domain of Human 

Apolipoprotein E 

Human apolipoprotein E, a blood plasma protein, medi- 
ates the transport and uptake of cholesterol and lipid by 
way of its high affinity interaction with Merent cellular 
receptors, including the low-density lipoprotein (LDL) 
receptor. The three-dimensional structure of the LDL 
receptor-binding domain of apoE has been determined at 
2.5 angstrom resolution by x-ray crystallography. The 
protein forms an unusually elongated (65 angstroms) 
four-helix bundle, with the helices apparently stabilized 
by a tightly packed hydrophobic core that includes leucine 
zipper-type interactions and by numerous salt bridges on 
the mostly charged surface. Basic amino acids important 
for LDL receptor binding are clustered into a surface 
patch on one long helix. This structure provides the basis 
for understanding the behavior of naturally occurring 
mutants that can lead to atherosclerosis. 

L IPIDS, INCLUDING TRIGLYCERIDES, PHOSPHOLIPIDS, AND 

cholesterol, are sparingly soluble in aqueous solution and are 
thus transported through the body in the form of lipoprotein 

particles. Apolipoproteins, the protein components of these parti- 
cles, take part in stabilizing lipoproteins and directing their metab- 
olism. Two apolipoproteins, apolipoprotein E (apoE) and apolipo- 
protein B (apoB), bind with high affinity to cell surface receptors, 
including the low-density lipoprotein receptor, and thereby mediate 
the cellular uptake of most lipoproteins, namely very low density 
lipoprotein (VLDL), low-density lipoprotein (LDL), and high- 
density lipoprotein (HDL) (1) .  Because plasma cholesterol concen- 
trations and metabolism are unequivocally linked to the develop- 
ment of atherosclerosis and risk of coronary artery disease, it is of 
fundamental importance to characterize the interaction of apoE and 
apoB with the LDL receptor at the molecular level. As a first step, 
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we have pursued high-resolution crystallographic studies of apoE. 
ApoE is a 299-residue protein (relative molecular mass, 34,200 

daltons) that appears to be made up of two independently folded 
domains (2). Digestion with thrombin produces a 22-kD fragment 
(residues 1 to  191) corresponding to the NH2-terminal domain and 
a 10-kD fragment (residues 216 to 299) corresponding to the 
COOH-terminal domain (Fig. 1) (2). Extensive characterization of 
apoE has revealed that the structural domains also define its 
functional domains. While the NH2-terminal region is responsible 
for the binding of apoE to the LDL receptor (3) and binds lipids 
only weakly (4, 5 ) ,  the COOH-terminal region mediates the binding 
of apoE to the surface of lipoproteins (4, 5 ) ,  but does not bind to the 
LDL receptor (3). 

Although the NH,-terminal domain of apoE is related to other 
members of the apolipoprotein gene family (apoAI, apoAIV, 
apoC1, apoC11, and apoCIII), it is fundamentally different in some 
respects. All these proteins contain internal sequence repeats pre- 
dicted to  form amphipathic alpha helices (6, 7), and circular 
dichroism spectroscopy has shown that they all have a high helical 
content (8). However, whereas most apolipoproteins are only 
marginally stable and form aggregates in solution in the absence of 
lipid, the NH2-terminal domain of apoE exists as a monomer in 
solution at high concentrations, and its free energy of stabilization 
(AG,,,, = 10 kcal/mol) is typical of other globular soluble pro- 

22-kD domain I O-kD domain 

Fig. 1. Domain structure of apoE. Residues 1 to 191 define the NH,- 
terminal domain of apoE, known to be important for LDL receptor binding. 
Solid circles indicate proteolyticdy sensitive residues [as determined by 
digestion with thrombin, elastase, trypsin, chymotrypsin, Staphylococcus 
aureus V8, and subtilisin (2)]. The solid bar indicates the region that is 
included in the refined crystal structure of the 22-kD fragment (residues 24 
to 166). The helices (shaded areas) making up the four-helix bundle are 
numbered as follows: H1, residues 24 to 42; H2, 54 to 81; H3,87 to 122; 
and H4, 130 to 164. A connecting helix (Hc, residues 44 to 53) joins helices 
1 and 2. Secondary structure assignments were made by the method of 
Kundrot and hchards (43). The complete apoE sequence includes three 
weakly conserved ll-residue repeats (29-39, 40-50, 51-61) and eight 
22-residue repeats (62-83, 84-105, 106127, 128-149, 150-171, 172- 
193, 194-215, 216237)  (6, 7). 
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teins (2). By contrast, the COOH-terminal domain of apoE exhibits 
properties more typical of the other soluble apolipoproteins; it 
forms a tetramer insolution, and displays a relatively lowfree energy 
of stabilization (AG,,,,, - 3 to 4 kcal/mol). 

The properties of the NH,-terminal domain of apoE made it an 
attractive candidate for crystallographic analysis, and indeed it 
proved possible to grow high-quality crystals (9). In contrast, the 
lack of suitable crystals for any other vertebrate apolipoprotein has 
made it impossible to perform high-resolution structural studies of 
these apolipoproteins. We report here the atomic structure of the 
22-kD NH,-terminal thrombolytlc fragment of human apoE, based 
on the interpretation of an electron density map at 2.5 A. 

Structure determination. Possibly as a result of slight changes in 
the protein purification procedure, we found it difficult to crystallize 
the NH,-terminal domain when we followed our previously report- 
ed procedure (9) and therefore we searched for new crystallization 
conditions. Crystals suitable for x-ray diffraction studies were ob- 
tained with the 22-kD thrombolpc fragment of human apoE3 by 
the hanging drop method; with the use of protein at 10 mg/ml 
[prepared as described in (9), except for the addition of high- 
performance liquid chromatography (HPLC)], 15 percent PEG 400 
(BDH), with 20 mM sodium acetate-acetic acid buffer, 0.2 percent 
P-n-octylglucopyranoside (Calbiochem), and 0.1 percent p-mercap- 

Table 1. Statistics for crystallographic data and refinement. Data were 
collected at liquid nitrogen temperatures with a Rigaku AFC5R 
diffractometer (rotating anode generator operated at 180 mA, 50 kV). 
The native crystals belong to space group P2,2,2, and showed unit cell 
dimensions a = 40.65 A, b = 53.96 A, c = 85.43 A. Native data rep- 
resent the merged observations from three crystals. The isomorphous 
derivative data were obtained by difising dimethyl mercury into fully 
grown crystals for 2 weeks. Isomorphous data were collected from two 
crystals and anomalous data were collected from a single crystal (statistics 
for anomalous data are shown in parentheses). 

Items 

Resolution (A) 2.5 
Diffraction data 

Observations (N) 17,129 
Unique reflections (N) 6,899 
Completeness (percent) 100 
<I>/<u,> 43.48 
RmergeX 0.054 

Phaslng statistics 
Heavy atom sites 
Isomorphous differences 
Anomolous differences 
rms Fdresidualt 
R~ui~is 
rms R,,,S 
<Figure of merit> 
<Figure of merit following solvent flattening> 

X-PLOR refinement statistics 
Protein atoms (non-hydrogens) (N) 1,172 
Water molecules (N) 76 
Rc s t  (over4  0.177 

8.50 A to 3.85 A 0.149 
3.85 A to 3.12 A 0.171 
3.12 A to 2.74 A 0.204 
2.74 A to 2.50 A 0.223 

rms deviations from ideality 
bond lengths (A) 0.017 
bond angles (") 3.2 

*Rmcr = (HHII~(~)  - <I(h)> I)/(HHI (h)) (summations done over all reflections in all 
cryst&.) tRoot-mean-square ~d;esidual = hasing ower where F, = rms heavy 
atom structure factor amolitude  calculated^ ancfresiduaf = rms lack of closure error. 
*Rculli. = (ZIFPH,~, - ~ P H , ~ , ~ ~ / ( H I F P H , ~ ,  - FPI) (for centric reflections only, FPH 
and FP are structure factors for the derivative and native protein, res ectively). 
$Root-mean-square R,,, = rms phase-avera ed anomalous residual divigd by the 
rms observed anomalous difference. R ,vs, =  IF,,^, - Fcd.I)/(HIFobsl). 

toethanol (final concentrations). Crystallization was induced by rais- 
ing the pH of the crystallization reservoir from 4.5 to 5.3 (fully grown 
crystals were stable up to pH 7.2). The detergent p-n-octylglucopy- 
ranoside was not required for crystal growth but was helpful in 
reducing twinning. Using these conditions, we were able to routinely 
grow small perfect prisms. Precession photography showed that, 
although the morphology of these crystals differed significantly from 
those reported (9), they belonged to the same space group 
(P2,2,2,) and had approximately the same unit cell dimensions 
(a = 41.3 A, b = 54.5 A,c = 87.0 A, CY = P = y = 90"). 

Data were collected with a RIGAKU AFC5R diffractometer 
equipped with a graphite monochromator and a 600-mm detector 
arm. Early experiments indicated that the crystals were extremely 
susceptible to radiation decay. Crystals were rapidly frozen in a 
stream of boiling liquid nitrogen, and data were collected at - 160°C 
with a low-temperature apparatus (MSC; College Station, Texas). 
Freezing resulted in a slight shrinkage of the unit cell (a = 40.7 
A, b = 54.0 A, c = 85.4 A), as has been seen in most other 
low-temperature protein crystallography experiments (10). Freezing 
reduced radiation decay, making it possible to collect data for up to 
2 weeks on a single crystal (Table 1). 

A Patterson map was calculated from the native data to 4 A 
resolution. The map contained a number of strong peaks (corre- 
sponding to overlapping interatomic vectors), which suggested the 
presence of a four-helix bundle. Standard molecular replacement 
;echniques (II) ,  with an idealized four-helix bundle as a search 
model indicated two possible configurations. Although rigid body 
refinement of either a four-helix bundle or a six-helix bundle (made 
up by two overlapping four-helix bundles) caused a reduction in the 
overall R factor (10 to 4 A data) to 44 to 48 percent (12), we were 
unable to identi@ portions of the molecule missing from the search 
model. This was most likely due to our incorrect assumption that the 
helices were 16  to 18 residues long. 

u 

We screened approximately 40 different ionic heavy-atom com- 
pounds by diffractometry, none of which yielded a suitable isomor- 
phous derivative. Although apoE3 contains a single free cysteine 
(residue 112), none of the reactive mercurials tested were successful. 
However, equilibrating crystals with dimethyl mercury (a small, 
nonreactive, nonionic compound) did produce a useful derivative. 
Heavy atom refinement with the TCTREF program (13) indicated 
two high-occupancy sites. Two long helices were easily identified in 
a map calculated with the heavy atom phases. Density modification 
(by solvent flattening) was carried out with the programs of Wang 
(14) and, while noise in the map was significantly reduced, the 
electron density remained too ambiguous to allow modeling of the 
structure (Fig. 2A). To improve the phase estimates,. we collected 
accurate anomalous data o n  the m e r c G  derivative for those reflec- 
tions predicted to have the strongest anomalous scattering signal 
(Table 1). Combined phase estimates together with density modi- 
fication resulted in an easily interpretable map (Fig. 2B). 

A model containing residues 23  to 164 was constructed, and three 
cycles of X-PLOR (15) refinement and manual rebuildin8 reduced 
the crystallographic R factor for all data in the 8 to 2.5 A range to 
23.0 percent.   he heavy atoms were found to occupy a hydrophobic 
pocket on the surface formed by Trp34 and three neighboring 
leucines. The addition of 76 bound solvent molecules and residues 
165-166 further reduced the R factor to 17.7 percent. Individual 
isotropic B factors were refined for all atoms in the model. The 
electron density was calculated with phases based on the refined 
model and 2Fo-F, coefficients (Fig. 2C). The root-mean-square 
(rms) deviation of bond lengths (0.017 A) and bond angles (3.2") 
for the refined model are typical of well-determined protein struc- 
tures. All backbone dihedral angles (+-9 pairs) fall within allowed 
regions of the Ramachandran map, except for glycines at 127 and 
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Flg. 2. Elexron density calculated at various stages of phase refinement. The the dimethyl mercury derivative, after extensive solvent flattening. (B) Map 
region surrounding Cys112, site of the mutation in the apoE4 isoform is calculated with SIR plus anomalous phases, also after solvent flattening. (C) 
shown. (A) Electron density map calculated with the use of SIR phases from 2F,-F, map calculated with the final a, phases. 

165. Of all side chains, 92 percent can be classified as rotamers in the 
Ponder and Richards library (16). Most of the non-rotamer side 
chains are glutamate and methionine residues, which are poorly 
sampled in the Ponder and Richards data set. 

Our final model lacks amino acid residues 1 to 22 and 167 to 191. 
At both ends of the modeled region, density is well determined but 
quickly disappears outside the model. Electrophoresis of the crys- 
tallized protein demonstrated that the complete 22-kD fragment 
was present; that is, the missing regions were not absent as a result 
of proteolysis. We believe residues 1 to 22 and 167 to 191 are 
disordered in the crystal and are not missing because of systematic 
phasing errors: (i) Digestion of apoE with a battery of proteases 
shows that amino acids 1 to 20 and 165 to 191 are susceptible to 
proteolysis and thus likely to be unstructured (Fig. 1) (2). (ii) The 
original SIR-SAS map, which is unbiased by the model, shows that 
there is no significant density remaining outside the modeled region. 
(iii) A difference map calculated between the bacterially expressed 
human protein and the native plasma-derived human protein fails to 
show a peak corresponding to the additional NH2-terminal methio- 
nine present in the bacterial protein, even at low resolution. (iv) The 
R factor is unlikely to drop to less than 18 percent with excellent 
stereochemistry if the missing residues contribute sigdcantly to the 
scattering. 

ApoE: An unusually elongated four-helix bundle. The NH,- 
terminal domain of apoE contains five helices comprising more than 
80 percent of the modeled residues (Fig. 3). Four of the helices, 
containing 19, 28, 36, and 35 amino acids each, are arranged to 
form a 2 by 2 bundle. Four-helix bundles are the most common 
tertiary fold in a-helical proteins and are found in at least 18 other 
protein crystal structures (17). The average length for bundle helices 
in these structures is 18 residues, roughly half the helix length found 
for apoE. Comparison to the core of myohemerythnn (18), a typical 
four-helix bundle, indicates that the spacing between helices and the 
interhelical angles are similar for the two proteins. 

Each helix in the apoE bundle lies antiparallel to the helices 
adjacent to it [this up-down topology is found in all other bundles 

except cytochrome P-450,- (17)l. The connection between the first 
two helices of the bundle (residues 24 to 42 and 54 to 81) is a short 
helix (residues 4-4 to 53). The turn between helix 2 and helix 3 of the 
bundle (residues 82 to 86) is poorly defined in the electron density 
map and in the refined model. The average crystallographic B factor 
for atoms in this loop is more than 60 A2; completely omitting them 
causes an insimcant increase in the overall R factor. The residues 
in this loop have been included in the final model for completeness, 
but their coordinates may be somewhat in error. Helix 3 (residues 
87 to 122) is kinked at Gly'05 but maintains main chain hydrogen 
bonding through this region. Helix 4 (residues 130 to 164), 
containing residues known to be important in LDL receptor 
binding, is well ordered throughout. 

Internal sequence repeats and apolipoprotein evolution. As 
mentioned earlier, ApoE shares a gene structure common to most 
other apolipoproteins (apoAI, apoAIV, apoCI, apoCII, and 
apoCIII) (6, 7, 19). In all of these proteins, the coding region of the 
mature peptide is split between exons three and four. Exon 3 
includes three consecutive ll-amino acid repeats while exon 4 
contains 1 to 12 copies of a 22amino acid repeat (6, 7). The protein 
sequence identity between the apoE repeats is relatively low com- 
pared with that in other apolipoproteins and is barely detectable in 
the nudeotide coding sequence. Figure 3 shows a clear structural 
role for these repeats as the basis for the long helices in the bundle. 
Helix 1 and the connecting helix are defined by the first two 
1 l-residue repeats of exon 3. Helix 2 contains the third 1 l-residue 
repeat and one 22-residue repeat, while helices 3 and 4 are each 
made up of two 22-residue repeats. The apparently disordered 
COOH-terminal residues (167 to 191) correspond to parts of the 
fifth and sixth 22-residue repeats. Multiple copies of short internal 
repeats have been detected in several different protein sequences [for 
example, the insect protein apolipophorin 111 (20), the leucine-rich 
a,-glycoprotein protein of human serum (21), and the tau and 
MAP2 microtubule-binding proteins (22, 23)]. The crystal structure 
of apoE provides clear evidence that repeats such as these can 
function as structural building blocks within a single domain. 
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The boundaries between internal repeats appear to have two 
alternative functions in the folded structure. At residues 40,51,84, 
and 128, the junctions form turns, placing neighboring repeats into 
separate helices. At residues 62, 106, and 150, the junctions adopt 
a helical conformation and maintain the two adjacent repeats in a 
single helix. The helix built up by the third and fourth 22-amino 
acid repeats (helix 3) is strongly kinked at the repeat junction 
(residues 105 to 106). None of the turns in the structure correspond 
to the middle of a repeat. This suggests that, while the ends of the 
repeats are not limited to one specific conformation, the cores of the 
repeats are inherently helical. In a simple model for the structure and 
evolution of apolipoproteins, the internal repeats correspond to 
stable helices that can pack well with their helical axes antiparallel to 
one another. Whether adjacent sequence repeats exist in the same or 
in separate helices is likely to be determined by the intervening 
junction sequences. An understanding of the sequence-dependence 
of stability is needed to predict the topology of other apolipopro- 
teins. 

As predicted from analysis of apolipoprotein sequences (24), the 
helices of apoE are strongly amphipathic. The four long helices of 
the bundle are arranged such that their hydrophobic residues are 
completely sequestered inside the protein while their hydrophilic 
faces are solvent exposed (Fig. 4). Leucine side chains occurring 
about every seven residues appear to stabilize the interfaces between 
helix 1 and helix 4 and between helix 2 and helix 3 (Fig. 5). The 
organization of leucine interactions on adjacent antiparallel helices is 
similar to the leucine zipper model of Landschulz et at. (25), 
predicted for the dimerization domain of C/EBP-type transcription 
factors. Although subsequent experimental work has shown that 
transcription factor dirnerization is probably not based on antipar- 
allel helices (26), the crystal structure of apoE indicates that the 
original leucine zipper model is an energetically feasible way of 
stabilizing pairs of helices. 

More than a third of the NH2-terminal domain residues are 
charged. The crystal structure includes atomic coordinates for 24 
acidic and 24 basic residues. These amino acids almost completely 
cover the surface of the bundle (Fig. 4), and most participate in 
either intramolecular or intermolecular salt bridges in the crystal 

structure. Of the intramolecular salt bridges, eleven are formed by 
pairs of amino acids lying in the same helix. Surprisingly, more than 
halfof these salt bridges are oriented to interact unfavorably with the 
macrodipole of the helix to which they belong. Seven salt bridges are 
formed be-tween pairs of helices in the bundle. These strong 
elemstatic interactions may help to bind the helices together and 
further stabilize the folded structure. The combination of tight 
hydrophobic paclung and numerous electrostatic interactions would 
seem to account for the high free energy of stabilization for this 
domain, setting it apart from most other apolipoproteins. 

An electrostatic potential map was calculated for the 22-kD 
fragment with the DELPHI program (Fig. 6) (27). The DELPHI 
algorithm solves the Poisson-Boltzmann equation with the use of 
the formal charge distribution indicated by the crystal structure. 
Because most charged residues are paired to form a t  bridges, the 
net electrostatic potential is close to zero for most of the region 
surrounding the protein. The only sigmficant feature of this map is 
a large re@& of -positive en~ompassing the ~ ~ , - t e r & a l  
half of helix four (residues 136 to 150). The possible role of this 
electrostatic feature in LDL receptor bin- is discussed below. 

Basis for LDL receptor binding and lipid binding. One of 
apoE's major functions is in mediating the cellular uptake of 
lipoprotein particles (1 ) . Lipoprotein-associated apoE binds with 
high aftinity to LDL receptors on the surface of target cells. Upon 
aklipoprotein binding, these receptors cluster in clathrin-coated 
membrane pits, which subsequently pinch off to internalize the 
lipoprotein particle. This process eventually results in the degrada- 
tion of the lipoprotein particle and the release of its lipids for cellular 
use. ApoE also functions in the uptake of chylomicron remnants by 
liver cells via an apoE-specific receptor-possibly LRP, the LDL 
receptor-related protein (28). 

Low-density lipoprotein receptor binding is localized in the 
NH,-terminal domain of apoE (3). Genetic analysis of point 
mutations in apoE, in combination with site-directed mutagenesis 
and antibody competition studies, have shown that residues 136 to 
150 are necessary for this function (3, 29). Electron density for all of 
these residues, found to lie on helix 4 of the bundle, is well 
determined. The NH2-terminal portion of helix 4 is unusually rich 

Flg. 3 (left). Ribbon 
diagram of the NH,- 
terminal domain 
based on the crystal 
structure. Internal se- 
quence repeats are 
used to color code 
the a helices. The 
three 11-residue re- 
peats are colored 
blue and cyan, while 
the five 22-residue 
repeats are colored 
red and yellow. 
Flg. 4 (rlgM). Stereo 
view of the refined 
atomic model of the 
LDL receptor-bid- 
ing domain. Hydro- 
phobic residues 
(green) line the bur- 
ied faces of the bun- 
dle helices and form a 
well-packed core. 
Charged amino acids 
(red) cover most of 
the surface. 

SCIENCE, VOL. 252 



in basic residues, including 4'-, ArgA6, Hisla, &IU, Lys'", 
Arg'", Lys14, Argl*', and ArglS0. Because most of these amino 
acids are solventqxxed and not involved in intramolecular salt 
bridges, their excess positive charge combines to produce a large 
region of positive electrostatic potential extending 15 A out of the 
protein (Fig. 6). Naturally occurring variants are known for posi- 
tions 136, 142, 145, and 146 in which the basic amino acid is 
substituted by a neutral (3,25) or in one case by an acidic amino acid 
(30). All of these variants display defective binding to the LDL 
receptor (20 to 40 percent of nonnal binding). Site-directcd muta- 
genesis of other basic residues in the helix 4 cluster, Lys'43 or 
Arg150, also reduces receptor binding to 10 to 50 percent of normal 
levels (31). 

The fact that no s i d e  substitution results in comvlete abolition 
of binding activity &gats that there are multipie interactions 
between apoE and the receptor and that the basic residues may 
cootxrate the bindine &on. That these basic residues are n6t 
i n d m  in salt bridges kthin the structure supports the hypothesis 
that they are fiee to interact with the receptor. 
The LDL receptor recognizes both a p o ~  and apoB, with compa- 

rable m t y  (32). While there is essentially no sequence similarity 
between these two ligands, apoB contains a region rich in basic 
residues that has a pattern of charged and neutral amino acids similar 
to that in the receptor-binding helix of apE .  Several studies have 
indicated that this region may play a role in receptor binding (33). 
It is possible that a positively charged helix is used by both proteins 
to spacify LDL receptor binding. Because of apB's insolubility and ' 

large size (more than 500 kD), crystallographic solution of the 
saucture of this medically relevant protein may not be available in 
the near future. Thdore,  the saucture of apoEYs receptor-binding 
helix may provide a useful starting point for modeling the interac- 
tion ofthis other important ligand with the LDL receptor. 

Although the binding of apoE to lipoprotein particles appears to 
be mediated by the COOH-terminal domain (residues 216 to 299) 
(4, 5), the NH2-terminal domain docs associate in vim with 
phospholipid to form discoidal particles (3). In the lipid-bound 
form apoE is able to bind with very high e t y  to the LDL 
receptor (& = 1.2 x lo-'' M) (34); recent work suggests that the 
binding &ty of lipid-fiee protein is about 500 times lower than 
that of the lipid-compld protein (35). Several studies had sug- 
gested that helices in the NH2-terminal domain (especially helix 4) 
may insert into phospholipid membranes. In support of this, short 
synthetic peptides comsponding to helix 4 have bccn shown to have 
lipid b i  activity (36). By contrast, the crystal struaure does not 
indicate a special lipid binding role for helix 4 or any of the other 
helices. Hydrophobic amino acids in the 136 to 150 e o n  are all 
buried and well packed, interacting with the hydrophobic residues 
of helices 1 and 3. In addition, the a-helical hydrophobic moments 
for all ofthe core helices fall in the same range as those for the Mices 
in other four-helix bundle proteins, none of which have significant 
lipid binding activity. 

The lack of hydrophobic patches on the protein surface and the 
stability of the globular structure suggest scveral other possible 
explanations for lipid binding. For example, lipid binding may 

ma. 5 (MI. C- 
saction through a 
spacc-.p% =F=- 
scntatlon of the 
NH,-lrmid do- 
main. Leudncs on 
hclix 1 (midues 30, 
37, 43; yellow) and 
hdix 4 (miducs 
133, 141, 148, 155; 
red)==w@to  
fwma%pper"ma 
manncr similar to 

that *d by 
xanddlulz u af. 
(21) for the C/EBP- 
type mmaiption 
factors. Flg. 6 
(rlgM). Fkctmtatic 
potcntul map of 
apoE. The DELPHI 

(Biosym, 
San Dicgo, Califor- 
nia) was used to cal- 
culate an approxi- 
mate solution to the . . 
llnGuwd Poisson- 
Bolrunann equation. 
Thc diclccaic ofthe 
protcin region (not 
ind*baundwa- 
m moikulcs) was 
set to 2, whik the ' 
solvent diclccuic was 
set to 80. An ionic 
sacogth of 150 mM 
W a s a s S U m C d a n d  
only formal protein charges war  indudcd in the ahlation. Positive (yellow) d 
mgativc (red) contours in the paccntial arc evaluated at +2 and -2 kT/c-, rcspcctivcfy, 
and arc shown together with a spacefilling model of the entire NH+cmid domain 
(blue). Rcsiducs in the rcaptor-bdmg region (13&150) arc colored cyan. 
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involve a major conformational change whereby the hydrophobic 
face of one or more helices would become accessible for interaction 
with nonpolar phospholipid tails. Alternatively, lipid binding could 
result from the interaction of charged surface amino acids and 
phospholipid head groups. Finally, it is possible that the missing 
disordered residues (1 to 22 and 167 to 191) become structured in 
the presence of lipid and mediate lipid binding. Previous biophysical 
studies have indicated that the 22-kD fragment of apoE does not 
undergo a detectable conformational change on lipid binding (2); a 
result that does not support the first hypothesis. Furthermore, we 
have found that the linker between the NH2- and COOH-terminal 
domains becomes less protease-sensitive upon lipid binding (37). 
Although these data support a model in which lipids interact with 
the COOH-terminal region of the 22-kD domain and order it, 
further crystallographic and spectroscopic studies are required to 
elucidate the mechanism of lipid binding and its role in activating 
the binding of apoE to the LDL receptor. 

Genetic variability in apoE. Three major isoforms of apoE have 
been characterized; these are apoE2, E3, and E4. Functional 
differences between these proteins appear to lead to quantitative 
changes in both plasma cholesterol and in the likelihood of coronary 
heart disease (38). Apolipoprotein-E3, the protein used for our 
study, is the most common isoform. The replacement of arginine by 
cysteine at position 158 (corresponding to the most common apoE2 
isoform) results in defective LDL receptor binding (39) and is 
strongly linked to type I11 hyperlipoproteinemia, a genetic disorder 
associated with premature atherosclerosis. The mutation of Cys112 
to Arg (apoE4) is associated with increased plasma cholesterol and 
LDL despite normal LDL receptor binding (39). In the absence of 
refined structures for these mutant proteins, we can attempt to use 
the structure of apoE3 to provide an understanding of the functional 
defects. 

Arginine-158, site of the E2 mutation, is located near the 
COOH-terminal end of helix 4, well removed (>15 A) from the 
other residues implicated in LDL receptor binding. The guanidin- 
iurn group of Arg15' does not contribute directly to the large 
positive electrostatic potential surrounding the receptor-binding 
helix. Instead, it forms salt bridges with the acidic side chains of 
G ~ u ~ ~  and AsplS4, and as such may help to stabilize the pairing of 
helices 3 and 4. Previous experiments have suggested that the E2 
mutation may induce a significant conformational change that 
reduces receptor binding (40). The finding that residue 158 lies far 
from the basic region of residues 136 to 150 yet has a dramatic effect 
on receptor binding is consistent with this hypothesis. 

The Cys112 to Arg mutant (the apoE4 isoform) has full LDL 
receptor binding (39) but altered lipoprotein binding (strongly 
favoring VLDL over HDL) (41). This effect is surprising since the 
mutation occurs in the NH2-terminal domain, yet lipoprotein 
binding is largely mediated by the COOH-terminal domain. The 
Cys112 is partially buried between helices 2 and 3, well isolated from 
the receptor-binding helix (Fig. 2C). Model building based on the 
apoE3 structure suggests that an arginine at this position could be 
easily accommodated by filling the solvent region surrounding the 
helix pair. In doing so, the arginine side chain may disrupt a specific 
interaction between the NH2-terminal domain and the COOH- 
terminal domain, altering the structure or accessibility of the lipid 
binding determinants directly. Further crystallographic studies of 
the E2 and E4 isoforms should make it possible to test these 
hypotheses. 

Note added in proof: Crystallographic studies of the Locust migra- 
toria protein apolipophorin I11 have been reported since the submis- 
sion d o u r  manuscript (42). The structure of this protein is similar 
to that for apoE, suggesting that the elongated helical bundle may 
be a common structural motif for apolipoproteins. We have recently 
extended the resolution of the  DOE data to 2.25 A: coordinates foi 
the newly refined structure will be deposited with the Brookhaven 
Protein Data Bank. 
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