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ABSTRACT: Apolipoprotein E (apoE) is an exchangeable apolipoprotein that plays an important role in
lipid/lipoprotein metabolism and cardiovascular diseases. Recent evidence indicates that apoE is also critical
in several other important biological processes, including Alzheimer's disease, cognitive function,
immunoregulation, cell signaling, and infectious diseases. Although the X-ray crystal structure of the
apoE N-terminal domain was solved in 1991, the structural study of full-length apoE is hindered by
apoE’s oligomerization property. Using protein-engineering techniques, we generated a monomeric,
biologically active, full-length apoE. Cross-linking experiments indicate that this mutant is nearly 95
100% monomeric even at 20 mg/mL. CD spectroscopy and guanidine hydrochloride denaturation
demonstrate that the structure and stability of the monomeric mutant are identical to wild-type apoE.
Monomeric and wild-type apoE display similar lipid-binding activities in dimyristoylphosphatidylcholine
clearance assays and formation of reconstituted high-density lipoproteins. Furthermore, the monomeric
and wild-type apoE proteins display an identical LDL receptor binding activity. Availability of this
monomeric, biologically active, full-length apoE allows us to collect high quality NMR data for structural
determination. Our initial NMR data of lipid-free apoE demonstrates that the N-terminal domain in the
full-length apoE adopts a nearly identical structure as the isolated N-terminal domain, whereas the
C-terminal domain appears to become more structured than the isolated C-terminal domain fragment,
suggesting a weak domaiaomain interaction. This interaction is confirmed by NMR examination of a
segmental labeled apoE, in which the N-terminal domain is deuterated and the C-terminal domain is
double-labeled. NMR titration experiments further suggest that the hinge region (residue&15y2hat
connects apoE’s N- and C-terminal domains may play an important role in mediating this domain
domain interaction.

Human apoE is a 299-residue plasma exchangeable apoliapoE-containing lipoprotein particles for endocytosis and
poprotein that functions to transport and deliver lipids from intracellular degradatiori-3). As a component of a subclass
one tissue or cell type to anothen its interaction with the  of high-density lipoproteins (HDL) (HDL with apoE), apoE
cell surface receptors of the LDleceptor superfamilyl( influences both cholesterol efflux and influx, thus playing
2). This high-affinity binding of apoE to the receptors targets an important role in reverse cholesterol transpdyt ApoE

also plays an important role in neurological disea€®s (
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Three major isoforms of apoE have been identified: further define the structural basis of the apoE domain
ApoE3 has a cysteine at 112 and an arginine at 158, while domain interaction.
apoE2 has cysteines and apoE4 has arginines at both We recently reported the generation of a monomeric,
positions 6, 7). These differences result in profound biologically active apoE C-terminal domaif3). Using the
functional differences. ApoE2 binds to the LDL receptor same mutations, we report here a full-length apoE3 mutant
defectively and is associated with type IIl hyperlipoproteine- that is monomeric at high concentrations. Most importantly,
mia (8). Although apoE4 binds normally to LDL receptors, this monomeric apoE3 maintains the same structure and
it is associated with elevated plasma cholesterol levels andstability as the wild-type apoE3 and displays equal lipid-
a modest increase in cardiovascular dise8s&®. ApoE4 binding and LDL-receptor-binding activities. With this
is the major genetic risk factor for late onset familial and monomeric, biologically active apoE3, high quality NMR
sporadic Alzheimer’s disease, as well as other forms of data has been collected, providing the opportunity for NMR

neurodegenerative dise.asleL(—laj). _ structural determination of this important protein. In the
ApoE is a two-domain protein that contains a 22 kDa present study, we also prepared a segmental labeled apoE3,
N-terminal domain (residues-1191) and a 10 kDa C-termi-  in which the N-terminal domain is deuterated and the

nal domain (residues 2+&99), linked by a protease sensi- C-terminal is®N/3C double-labeled. The NMR data of this
tive hinge region 1). Experimental evidence indicates that segmental labeled apoE3 demonstrates that the structure of
these two domains fold independently and have distinct N-terminal domain is unaffected by the presence of the
functions. While the N-terminal domain is responsible for C-terminal domain, whereas the C-terminal domain in the
LDL-receptor binding, the C-terminal domain binds to intact protein adopts a more defined structure than it does
lipoproteins with a high affinity I). The N-terminal domain  as an isolated C-terminal domain fragment. This observation
of apoE is monomeric and its X-ray crystal structure in the provides the NMR confirmation of domaitdomain interac-

lipid free state reveals a globular up-and-down four-helix tion in lipid-free apoE and the effect of the N-terminal
bundle (4). Lipid-free full-length apoE forms oligomers at  domain on the C-terminal structure. NMR titration experi-

a very low concentration, and the C-terminal domain is ments further suggest that the hinge region between residues
responsible for oligomerizationl). The oligiomerization 192-215 may play an important role in positioning the
property hinders structural studies of lipid-free apoE using domains for interaction.

either X-ray crystallography or NMR techniques. Recently,

crystallization of apoE bound to dipalmitoylphosphatidyl- MATERIALS AND METHODS

choline (DPPC) has been reported and the apoE molecular

envelope determined to a 10 A resolutidtb) Based on High-Level Expressions of Human ApoEwc_) expressipn
this work, a model of apoE on DPPC particles has been vectors were used to subclone apoE. One is an engineered

proposed, suggesting that each apoE molecule is folded intgP E T'30aF) vector (Noyagen) ".1 Whic_h 'Fh.e long his-tag was
a helical hairpin with the binding region for the LDL receptor '€Placed by a short his-tag (eight histidines), and the other

at its apex 15). is a pTYB vector (New England BioLab) with an intein
The hinge region (residues 19215) is unstructured, and fusign protein.at the ap.oE.C-terminus. The express.ior)s were
its role in maintaining apoE’s structure and contribution to carried out usingescherichia colBL-21(DES3) cells, similar

apoE functions is not knownl). Although apoE'’s two to the apoE C-terminal domain2?). The purification

domains fold independently, domaidomain interactions procedu_res essentially follow _the manuals. Using these
are observed that are suggested to regulate apoE’s biolo-£XPression vectors, we can routinely prodtc20—60 mg/L

gical functions 1). Using X-ray crystallography and site- of purified apoE. Isotope-labeling of apoE was achieved by

directed mutagenesis, it was demonstrated that, in a 0E4expre§sing t_he protein in minimum medium made with 99%
9 P D,0, in which NH,CI was replaced by**NH,CI| or/and

with arginine at position 112, arginine 61 extends out from | laced b | Usi |
the four-helix bundle and forms a potential salt bridge with glucose was repiace %’B.C'g ucose-G. Using severa
auxotrophic bacterial strains, we also prepared several

| i id 255. 1 E2 E ith i o . .
glutamic acid 255. In apoE2 and apoEs with cysteine at specific’®N-amino acid labeled apoE, such'&s-Arg apoE-

112, the arginine 61 is in a different position where it is .
predicted not to interact with glutamic acid 255 to the same (1-183) (23)'. Mass spectroscopy confirmed the correct
molecular weight of apoE.

extent as apoE416—18). This salt bridge between the two ) i o )
domains in apoE4 was hypothesized to change the overall Site-Directed MutagenesiSite-directed mutagenesis was
conformation of apoE4 for its known VLDL binding prefer- ~ carried out using the QuickChange mutagenesis kit (Strat-
ence and association with disea$®, @0); apoE2 and apoE3 ~ a@gene, CA). The mutations were confirmed by DNA
do not display this domain interaction to the same extent as S€duencing.

apoE4 and preferably bind to HDL17). The spatial Cross-Linking Experiment&poE (5-20 mg/mL) in 50
proximity of the two domains of apoE was probed using the MM phosphate buffer, pH 7.5 was treated with 5 mM DTT
fluorescence resonance energy transfer (FRET) and electrorpvernight at 4°C and then incubated for 30 min with bis-
paramagnetic resonance spectroscopy (EPR) techniques anggulfosuccinimidyl)suberate (BSPierce, final concentration
demonstrated that the two domains are closer in both 0.5 mM). The cross-linking reaction mixture was quenched
lipid-free and phospholipid-bound apoE4 than in apoE3, by adding 1.0 M Tris-HCl ad 5 X SDS-PAGE sample buf-
supporting the concept of domain interactidt)( How- fer, and then loaded on a44% gradient SDSPAGE gel.
ever, both the FRET and EPR data indicated that the DMPC Clearance Assayl0 mg of DMPC (Avanti, AL)
C-terminal domain of apoE3 also showed a weak interaction was dissolved in a mixture of chloroform and methanol
with the N-terminal domain2l, 35). Nevertheless, a high-  (3:1 v/v) and dried using nitrogen gas and placed under
resolution structure of the full-length apoE is required to vacuum for several hours. Prewarmed buffer (1 mL contain-
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ing 10 mM Tris-HCI, pH 7.2, 150 mM NaCl, 0.5 mM  3C/*N. Factor Xa was used to remove the long his-tag from
EDTA) was added to make a final lipid concentration of 10 apoE(C215-299)-J5. However, we observed a nonspecific
mg/mL and vortexed several times. Using a 200 nm filter, Factor Xa cleavage site at position of R217, which repre-
unilamellar vesicles were prepared by extrusi@f).(Vesicles sented the major cleavage site. This nonspecific cleavage
(100 ug) and apoE (10Q«g) in buffer were added into a removed the N-terminal Cys of apoE(C21899), making
thermostated 1 mL cuvette and mixed for B0 s at 24°C, native chemical ligation impossible. To solve this problem,
and clearance of the solution was monitored using a Perkin-we prepared a R217S mutation of apoE(C2299) that
Elmer spectrophotometer (model Lambda 3B) at 490 nm ascompletely eliminated this nonspecific cleavage. We opti-

a function of time 25). All solutions were preincubated at
24 °C before the reaction.
Preparation of Reconstituted Discoidal HDTLhe rHDL

mized the bacterial expression level of apoERL4)-intein-
CBD, and these optimizations significantly enhanced the final
yield of apoE(+-214)-intein-CBD. For apoE(1214)/pTYB1

particles were prepared using the sodium cholate dialysisexpression, glycerol stock was added into 300 mL of LB

method 26, 27) with palmitoyloleoylphosphatidylcholine

with 1 mM ampicillin. The expression grew at 3T until

(POPC), apoE, and sodium cholate in a molar ratio of 100: ODggreached 2.53.0. The bacteria were gently spun down

1:135. POPC was dissolved in CHCand dried under

and transferred into 300 mL of M9 medium that contained

nitrogen, then resuspended in Tris buffer, and vortexed 1% glucose, 1/100 x Vitamin, pH8.0. The expression was
thoroughly. Sodium cholate was added into the POPC carried out at 20C for 1.5 h, and 0.5 mM IPTG was then
solution, and the mixture was vortexed again for another 3 added to induce protein expression. The protein expression
min. The dispersion was incubated at 37 and vortexed  was further carried out at 20C for another 22 h before
every 15 min until completely clear. ApoE was added, and harvesting the cells. We purified apoE{214)-intein-CBD
the mixture was incubated fd. h at 37°C. The sodium based on the manual and left the purified apoE fusion protein
cholate was removed by exhaustive dialysis. bound to the column. We then added apoE(C2299)-J5
LDL Receptor Binding AssaypoE proteins were com-  at a 5:1 molar ratio between apoE(C21Z89) and apoE-
plexed with DMPC and isolated by KBr gradient centrifuga- (1—214)-intein-CBD. A thiol reagent, thiol phenol, was also
tion (28). The apoEDMPC complexes were characterized added for ligation in the presence of TCEP for-I®! h at
using electron microscopy, and it was found that the room temperature. The ligation product was purified using
complexes formed by the monomeric apoE3 were the samea heparin column, CL-6B. The purified segmental labeled
size as wild-type apoE3. The receptor binding activities of apoE was dialyzed in water with 25 mM ammonium
the apoEDMPC complexes were determined in a competi- bicarbonate and then lyophilized. This on-column ligation
tion assay witi?3-labeled human LDL and human primary method allows us to produce a large yield of segmental triple-

fibroblasts in culture, as previously describ&®)(
Electron Microscopy The apoEDMPC complexes and

labeled apoE-J5 (2530 mg/L, ?H-apoE(1-214)-+3C/*5N-
apoE(C215-299)-J5). The details of this method will be

rHDL were sized using negative staining electron micros- published elsewhere.

copy. The particles were adsorbed to hydrophilic, carbon,

NMR MethodsNMR samples contained 0-3.0 mM?2H-

and Formvar-coated grids. Samples were negatively stained(99%)~N/*3C-labeled apoE in 95%}0/5%D,0, 25 mM

for 20 s with 2% phosphotungstic acid, pH 6.7. Digital

images were taken using a Philips CM-12 electron micro-

phosphate buffer containing 25 mM NaCl (pH 6.9), 0.25 mM
NaN;, 10 mM DTT and 10 mM EDTA. The chemical shift

scope operated at 80 keV accelerating voltage. At least 10was referenced using DSS at 0 ppm. All NMR experiments
arbitrarily selected fields were chosen for measurementwere performed at 30C on a VARIAN INOVA 600

(>200 particles per condition).
CD Spectroscopy and Stability Measureme@2 mea-

spectrometer equipped with a triple-resonazeis gradient
cold probe. The 2BH—N HSQC collected was a sensitiv-

surements were carried out on an AVIV model 62DS CD ity-enhanced experiment with 1024 points at the proton
spectrometer (AVIV). The secondary structure contents of dimension and 256 complex points at tH&l dimension.
apoE and mutants were calculated from CD data based onThe acquisition times for both dimensions were 64 ms. The
Morrow et al. 86). For chemical denaturation, data was NMR titration experiments were carried out and the spectral
collected at a single wavelength for 100 s using time changes were monitored using 2B—1N HSQC spectra.
constants of 5 to 10 s. Guanidine hydrochloride denaturation The NMR data processing was achieved using nmrPipe
was performed as described9 and monitored by CD at  software 80).

220 nmin a 0.1 cm cuvette. Individual 0.4 mL samples were

prepared by weight for each denaturant concentration. TheRESULTS AND DISCUSSION
concentrations of protein and denaturant were determined High-Level Expression of Human ApoE3Jsing our

using the density formulas given by Pageal. (29).
Preparation of a Segmental Labeled Apake developed

expression vectors, we successfully produced high yields of
apoE (26-60 mg/L) (Figure 1, panel A). The expressed his-

an on-column ligation method to prepare segmental labeledtag apoE3 contains only eight histidines. For production of

apoE. Two DNA constructs, apoEf214)/pTYB1 and apoE-
(C215-299)-J5/pET30a, were generated. In the apoE(€215

apoE3 without a tag, we used a pTYB vector, in which the
intein fusion protein was placed at the C-terminus of apoE3.

299)-J5/pET30a, we engineered the pET30a expressionWe noticed that the expression yield of the monomeric apoE3
vector to include a Factor Xa cleavage site between the his-(50—60 mg/L) is higher than that of the wild-type apoE3

tag and apoE(C215299)-J5. Bacterial expression produced
two apoE domains: apoE{R214)-intein-CBD and his-tag-
apoE(C215-299)-J5. ApoE(+214) was perdeuterated, and
his-tag-apoE(C215299)-J5 was double-labeled with

(20—30 mg/L). Nevertheless, these two high-level expression
vectors allowed us to produce sufficient amounts of apoE
proteins for biophysical and biochemical characterization of
this protein. More importantly, we were able to produce a
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Ficure 1: Panel A. A SDS PAGE of the purified apoE3 and mutants. M. Bench marker. 1. ApoE3-WT. 2. ApoE3-J4. 3. ApoE3-J5. Panel
B: A 4—14% gradient SDSPAGE of cross-linking results of full-length apoE3. M. Bench Marker. 1. ApoE3-J4 mutant with cross-linker.
2. ApoE3-J4 mutant without cross-linker. 3. ApoE3-J5 mutant with cross-linker. 4. ApoE3-J5 mutant without cross-linker. 5. ApoE3-WT
with cross-linker. 6. ApoE3-WT without cross-linker. Cross-linker: BS3. ApoE3-J4 and apoE3-J5: 20 mg/mL. ApoE3 wild-type: 5 mg/
mL. Arrows: dimer, trimer, tetramer, and higher oligomers.

large amount of triple-labeledH/*3C/**N) apoE3, leading  structural information of a protein. The CD spectra clearly
to a low cost NMR study of this protein. demonstrated that the monomeric apoE3 mutants, both
A Monomeric, Full-Length ApoE®reviously, we reported  apoE3-J4 and apoE3-J5, adopt an identical secondary and
a monomeric apoE C-terminal domain that is biologically tertiary structure as the wild-type apoE3 (Figure 2, panel
active @2). Using the same strategy, we also prepared a A). The far-UV CD spectra indicated that the helix content
monomeric, biologically active mouse apoAl mutaBt) of the monomeric apoE mutants, including apoE-J4 (62%)
These successes encouraged us to attempt the preparaticend apoE-J5 (60%), is nearly identical to the wild-type apoE3
of a monomeric, full-length apoE that is biologically active. (61%). The minor spectral difference in the near UV region
In addition, our NMR data on the isolated apoE N-terminal is due to the mutation of W264R in the apoE3-J5 mutant,
domain also suggested that this domain is monomeric evenhowever, the overall near UV CD spectra show a similar
at 1 mM concentration3@). Using the same mutations, we spectral curve, suggesting that the tertiary structure of apoE3
prepared a full-length apoE3 mutant, apoE3-J5 (F257A/ was not altered by the mutations in apoE3-J5. Using CD
W264R/V269A/L279Q/V287E), and another mutant apoE3- spectroscopy, GdnHCI denaturation comparisons were per-
J4, containing four mutations (F257A/W264R/L279Q/ formed. As shown in Figure 2, panel B, the denaturation
V287E). Cross-linking results (Figure 1, panel 8early curves of the monomeric apoE3-J5 and apoE3-WT, indicate
demonstrate that while the wild-type apoE adopts a mixture that both proteins have identical stabilities. The denaturation
of monomer (40%), dimer (20%), trimer (15%), tetramer curves display transitions with midpoints at 0.9 and 2.5 M
(10%), and other higher oligomers (15%) at 5 mg/mL, GdnHCI. Previously, it was demonstrated that these transi-
apoE3-J4 and apoE3-J5 are predominantly monomerictions represented the denaturation of the C- and N-terminal
(>95%) with a minor species of dimerxg%) at 20 mg/ domains of apoE3, respectivel$3). This is a characteristic
mL. When comparing apoE3-J4 to apoE3-J5, no major property of apoE3, and the mutations in apoE3-J5 preserve
difference was observed. The fact that the same mutationsthis property. The identical transitions in the apoE3-J5 curve
in the monomeric apoE C-terminal domain also result in a strongly indicate that it maintains the same tertiary structure
monomeric full-length apoE3 confirms that the C-terminal and stability as the apoE3-WT.
domain of apoE is responsible for apoE’s oligiomerization.  To further confirm the structural integrity of monomeric,
In addition, this data also demonstrates that the following full-length apoE3, we triple-labeled apoE3-J5 and performed
four residues are critical for apoE’s oligiomerization: F257, NMR analysis. Figure 3 showd1—°N HSQC spectra of
W264, L279, and V287. The remaining question is: Do the the triple-labeled, monomeric apoE3 (panel A), an isolated
mutations of these four residues affect the structural and apoE3 N-terminal domain fragment (panel B) and an isolated
functional integrity of apoE? apoE C-terminal domain fragment (panel C). The spectral
The Monomeric ApoE Maintains ApoE’s Structure and assignment of the apoE3 N-terminal domain is reported
Stability. We next characterized the structure and stability elsewhere 32). The data clearly demonstrates that apoE3-
of the monomeric apoE3 mutants and compared to wild- J5 produces a high quality spectrum that can be used for a
type apoE3. Far-UV CD spectra provide secondary structural complete spectral assignment. Indeed, a two-dimensional
information of a protein, and near-UV CD spectra identify *H-'H NOESY spectrum of 50% deuterated apoE3-J5 shows
the microenvironment of aromatic residues, providing tertiary a large amount of NOEs, including many HIRIN NOEs
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Ficure 2: Panel A. Far-UV CD spectra of apoE3-WT (dotted), apoE3-J5 (gray), and apoE3-J4 (black). Inset: Near-UV CD spectra of
apoE3-WT and apoE3-J5. Panel B. GdnHCI denaturation of apoE3-WT (diamond) and apoE3-J5 (square). Protein concentrations are 0.25
mg/mL. Both apoE3-WT and apoE3-J5 show two transitions in the denaturation curves.

(data not shown), suggesting the likelihood for a complete domain, the identical spectral pattern shown in panels A and
structural determination. Panel A also indicates that apoE3-B confirms that the monomeric apoE3-J5 maintains the
J5 properly folds to adopt a well-defined helix-bundle structural integrity of apoE3-WT, at least in the N-terminal
structure, since the backbone amide proton chemical shiftdomain.

dispersion is about 3.2 ppm. In comparison with panel B, The Monomeric ApoE3-J5 Maintains Full Lipid-Binding
we observed that part of the spectral pattern of full-length Activity of ApoE3-WTTo examine if the monomeric apoE3-
apoE3-J5 is nearly identical to the pattern of the isolated J5 is functional, we first tested its lipid-binding activity
apoE3 N-terminal domain, apoE3(183), especially for because it is essential for apoE’s LDL receptor binding
those well-dispersed cross-peaks. This suggests that theactivity. Two lipid-binding assays were used: a DMPC
N-terminal domain structure does not undergo a significant clearance assay and formation of reconstituted discoidal HDL
structural change between an isolated apoE N-terminal particles using the cholate dialysis method. The DMPC
domain and this domain in the full-length apoE3. Indeed, binding assay is widely used to characterize the lipid-binding
the identical cross-peak positions between panels A and Bactivity of exchangeable apolipoproteins. To our surprise,
allow us to assign many cross-peaks in apoE3-J5. Since thehe wild-type apoE3 displays a slower clearance rate than
apoE3(1-183) in panel B is a wild-type apoE N-terminal that of the two monomeric apoE3 mutants under the
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containing 10 mM EDTA, 20 mM DTT, pH 6.8. Panel GH—1N HSQC spectrum of the monomeric apoE3-J5(2209) in 100 mM
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Ficure 4: DMPC clearance assay. DMPC vesicles were incubated
at 24°C in the absence®) and presence of apoE3-WH), apoE3-

J4 (a) and apoE3-J5X) in 10 mM Tris-HCI, pH 7.2, 150 mM
NaCl, 0.5 mM EDTA. Vesicle clearance as a function of time was
followed by measuring OD at 490 nm.

conditions that were used (1Qay of DMPC/100ug of
protein, pH 7.2) (Figure 4). However, all three proteins
display a nearly equal turbidity at 60 min, indicating that
they share an equal ability of transforming large DMPC
vesicles into smaller apoEH3MPC patrticles. To confirm this

confirmed the previous finding, indicating that the wild-type
apoE3 indeed displayed a slower clearance rate than the
monomeric mutants. The slower clearance rate by the wild-
type apoE3 may be due to the oligomeric states of this
protein. To transform large DMPC vesicles into smaller
apoE3DMPC particles, oligomeric wild-type apoE3 may
have to go through a structural reorganization process to form
discoidal particles. In contrast, the monomeric apoEs do not
need to go through this process, thus displaying a faster
clearance rate. To verify that the monomeric apoE3 proteins
generate HDL particles with DMPC, we examined the final
products of the DMPC assay on native gels. The data indicate
that both apoE3-J5 and wild-type apoE3 generate HDL
particles with no lipid-free and lipid-poor particles observed
(Figure 5, panel D, inset). There were no size differences
among the HDL particles generated using different apoE3
proteins. This is confirmed by negative staining electron
microscopy (Figure 5, panels C and D). The afio®@PC
particles show an average diameter of 1-£.8.0 nm. Using

a cholate dialysis method, we also prepared rHDL particles
with POPC and characterized these rHDL using native gel
and electron microscopy. Since apoE has an ability to prepare
HDL particlesin vivo (34), this assay is also often used to
access apokE'’s lipid-binding activity. In addition, POPC is a
physiological phospholipid, and this assay serves as an
alternative assay of mimicking thie vivo lipid-binding
activity of apoE. The native gel indicates no major difference
between the rHDLs prepared with either apoE3-J5 or wild-

result, we carried out this assay under different conditions type apoE3 (Figure 5, panel A, inset). These rHDLs have a

(250 ug of DMPC/200ug of apoE3, pH 6.5). The result

homogeneous size 6§10.5+ 2.5 nm, and no lipid-poor or
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Ficure 5: Electron microscopy and gel electrophoresis of the HDL particles prepared using apoE3 proteins with either POPC or DMPC.
Panel A: Human apoE3-WT with POPC. Panel B: The monomeric apoE3-J5 with POPC. Panel C: Human apoE3-WT with DMPC.
Panel D: The monomeric apoE3-J5 with DMPC. The white bars shown in panels A, B, C, and D are 50 nm. The inset in panel A is a
4—15% gradient native PAGE of the discoidal HDL particles prepared using apoE3-WT (lane A) and apoE3-J5 (lane B) with POPC.
The inset in panel D is a-415% gradient native PAGE of the HDL particles prepared using apoE3-WT (lane A) and apoE3-J5
(lane B) with DMPC. The particle sizes of apoE/POPC are at a diamete 05+ 2.0 nm and apoE/DMPC are at a diameterdfl.5

+ 4.0 nm.

lipid-free apoE3 are observed. This result is also confirmed that they share an identical binding activity to the LDL
by electron microscopic data (Figure 5, panels A and B), receptor (Figure 6).
suggesting an identical morphology and size of the rHDLs  Lipid-Free ApoE3 Displays a Weak DomaiBomain
(10.5 nm). In addition, CD spectroscopic data indicated that Interaction. Previous FRET/EPR data indicate that the
both the wild-type apoE3 (72% helix) and the monomeric C-terminal domain of apoE3 is also in a close proximity to
apoE3-J5 (73% helix) shared a nearly identical alpha-helical the N-terminal domain21). This raises a question about
content on POPC particles. Based on the above results, wedomain-domain interaction in apoE3. Does the close
conclude that the monomeric apoE3-J5 maintains the lipid- proximity of the two domains in apoE3 have a structural
binding activity of apoE3. consequence? To answer this question, we performed two
The Monomeric ApoE3-J5 Displays Full LDL-Receptor NMR studies of apoE3. In the first study, a segmental labeled
Binding Actiity of ApoE3 Another important biological  full-length apoE3-J5, in which the N-terminal domain is
function of apoE is its LDL-receptor-binding activity. To deuterated whereas the C-terminal domaii@g'>N double-
examine if the monomeric apoE3-J5 binds to the LDL- labeled {H-apoE3(1214)+3C/°N-(215-299)-J5), was ex-
receptor, we performed a LDL-receptor-binding assay. The amined. In the second study an isolated double-labeled apoE
results demonstrate that the monomeric apoE3 mutants/C-terminal domain C/**°N-apoE3(215-299)-J5) was ex-
DMPC and wild-type apoE3/DMPC displayed an identical amined. The*N—!H HSQC spectra for both samples were
ability of competing with humart?3-LDL for binding to collected. The>N—H HSQC spectrum of a segmental
the LDL receptor on normal human fibroblasts, suggesting labeled apoE is shown in Figure 7, panel A, and the spectrum
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Ficure 6: Plot showing the ability of apoBMPC particles to
compete with humaf?-LDL for binding to the LDL receptor on
normal human fibroblasts. Two sources of apoE3 wild-type proteins
are used in this experiment as controls: apoE3-WT1, the wild-
type apoE3 generated from Wang'’s laboratory; apoE3-WT2, the
wild-type apoE3 generated from Weisgraber's laboratory. Data
presented are from four experimeris. ApoE3-WT1/DMPC.@:
ApoE3-WT2/DMPC.A: ApoE3-J5/DMPCy¥: ApoE3-J4/DMPC.

00 0.1 0.4

of the isolated apoE C-terminal domain is shown in panel
B. Since the N-terminal domaiiH-apoE3(%+214)) of this

Biochemistry, Vol. 46, No. 37, 200710729

A careful comparison between these two spectra in Figure
7 revealed several spectral differences. Although the chemical
shift dispersion of the backbone amide proton of these two
spectra is very similar, they display a different spectral
pattern, highlighted by arrows and boxed regions, suggesting
a potential structural difference between the isolated apoE
C-terminal domain and this domain in the context of full-
length apoE3. Extra cross-peaks in the isolated apoE C-
terminal domain (shaded arrows in the boxed regions)
suggest that this domain may display conformational het-
erogeneity in solution as an isolated fragment. However, this
conformational heterogeneity disappears in the context of
full-length apoE3. For example, apoE(21899)-J5 contains
3 glycines. Panel A of Figure 7 only shows three Gly cross-
peaks as highlighted by three shaded arrows in the right side
of the boxed region. In contrast, the same region of panel B
shows five Gly cross-peaks as highlighted by five shaded
arrows in the right side of the boxed region. Similar
heterogeneity cross-peaks are also observed for the other
residues as highlighted by the other two shaded arrows in
the boxed region (panel B). Interestingly, among three Gly
residues in apoE(215299)-J5, only two Gly residues show
conformational heterogeneity (lower right four shaded arrows
in the boxed region). The third Gly residue does not show
any conformational heterogeneity (higher right shaded arrow
in the boxed region). In addition, many more side chain
cross-peaks of Asn and GIn are observed in the apoE
C-terminal domain in the segmental-labeled apoE3 (cross-

segmental labeled apoE is deuterated, it is transparent in thigpeaks linked by dotted lines in the upper right corner, panel

spectrum. The NMR signals of panel A arise from the
apoE C-terminal domain that is double-labeled withi
and*C.

A) than those in an isolated apoE C-terminal domain (cross-
peaks linked by dotted lines in the upper right corner, panel
B). In the apoE3(215299)-J5, there are 10 GIln and 1 Asn

B A
: .
. " L]
i 3 =F kl o
b v
» ...
Fy
9 oF
I I ]
"“CI"*N-apoE(C215-299) “H-apoE(1-214) - "*C/"°N- (C215-299)
[OF 1 [OfF g
132 127 122 117 112 107 132 127 22 117 112 107

Ficure 7: 1H—1N HSQC spectra of a segmental labeled apdBE3apoE3(1-214)+3C/*N-apoE-J5(215299) (panel A), and an isolated

13C/A5N apoE-J5(215299) (panel B), in 25 mM phosphate buffer co

ntaining 25 mM NacCl, 10 mM DTT, 0.1 mM3NaiNl 6.90 at 3C°C.
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Ficure 8: Panel A: TH—15N HSQC spectra of°"N-Arg apoE3(1-183) without (left) and with 1:1 molar ratio of unlabeled apoE-J5(200
299) (right). The spectral assignment is based on our previous public8@prP@anel B: I1H—15N HSQC spectra of°N-labeled apoE-J5-
(200—299) without (left) and with 1:1 molar ratio of unlabeled apoE3(®9) (right). These NMR titration experiments were carried out
at 30°C.

residues. In panel B, we only observe®side chain cross-  terminal domain of the segmental-labeled, full-length apoE3,
peaks of GIn and Asn; the rest are missing. This suggeststhus this domain only displays one set of signals. Second,
that the missing side chain atoms of Gln and Asn are flexible the side chain atoms of GIn and Asn are fixed and become
and in fast exchange withJD. In contrast, in the context much less flexible in the context of full-length apoE3,
of full length of apoE3-J5, these side chain atoms are fixed displaying all of the cross-peaks of all GIn and Asn
and display much less flexibility, thus all of the side chain sidechains.
cross-peaks of Gln and Asn are observed. The Hinge Region (Residues 19215) May Play a
The above results provide direct experimental evidence Critical Role in Mediating ApoE3’'s DomainDomain
that apoE3 contains a weak domantomain interaction that  Interaction To identify the structural basis of the domain
stabilizes the C-terminal domain. However, this weak domain interaction, we performed NMR titration experi-
domain-domain interaction does not seem to affect the ments. Figure 8, panel A, showis—*N HSQC spectra of
structure of the N-terminal domain, since no major spectral *®N-Arg labeled apoE3(*183) without (left) and with
differences were observed when the spectra of the N-terminalunlabeled apoE(206299)-J5 (right) at a 1:1 molar ratio.
domain between full-length apoE3 and the isolated form were Since apoE(200299)-J5 is unlabeled, it does not display
compared. The spectral difference of the apoE3(22%)- signals in this spectrum. No spectral difference is observed
J5 between an isolated domain and in the full-length protein between the two spectra, indicating the absence of domain
suggests a possible conformational difference. Based on ouiinteraction when the two domains are present as fragments.
NMR data, we suggest that this conformational difference The same result is also found when we titrated both unlabeled
is due to the reduction of the conformational flexibility of apoE3(%199) to labeled apoE(26299)-J5 (Figure 8, Panel
the C-terminal domain in the context of full-length apoE3, B) and unlabeled apoE3{R214) to labeled apoE(2153299)-
due to a weak domaindomain interaction. This suggestion J5 (data not shown). We also carried out NMR titration of
is supported by two other pieces of spectral evidence. First,unlabeled apoE(1183) to labeled apoE(213299)-J5 and
the conformational heterogeneity was absent in the C-observed no spectral changes after titration (data
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not shown). In this case, the hinge region between the N-
and C-terminal domains (residues 18Al4) is missing
during the titration.

The identical spectra of an isolated C-terminal domain with
and without an isolated N-terminal domain fragment in all
three cases indicate that there is no domaomain interac-
tion when the two isolated domain fragments are present.
This conclusion is confirmed by a comparison of Figures 7
and 8, since the specific spectral differences shown in Figure
7 were not observed in Figure 8, panel B. For example, the
conformational heterogeneity of two Gly residues is retained
after titration with an isolated apoE N-terminal domain
(arrows, panel B, Figure 8). In addition, the side chain atoms
of GIn and Asn remain flexible after titration of apoE
N-terminal domain, since only-56 side chain NH of GIn
and Asn are observed (dotted lines, panel B, Figure 8). Thus,
an isolated apoE C-terminal domain retains conformational
heterogeneity and flexibility, even in the presence of an
isolated apoE N-terminal domain fragment with or without
the hinge region (apoE3{1214) or (apoE3(%183)). This
is in sharp contrast to the C-terminal domain spectrum in
the full-length apoE (Figure 7, right panel), indicating that
the hinge region is required to maintain the tertiary structure
of the apoE C-terminal domain, likely acting as a tether to
position the two domains in close contact for the weak
interaction that stabilizes the structure of the C-terminal
domain in full-length apoE. Previously, using the FRET
technique, Narayanaswami and co-workers also sugges-
ted that this hinge region in apoE3 might be critical
to maintain the define orientation of the two apoE
domains 85).
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