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ABSTRACT: ApOE plays a critical role in lipoprotein metabolism and plasma lipid homeostasis through its
high-affinity binding to the LDL-receptor family. In solution, apoE is an oligomeric protein and the
C-terminal domain causes apoE’s aggregation. The aggregation property presents a major difficulty for
the structural determination of this protein. A high-level expression system of the apoE C-terminal domain
is reported here. Using protein engineering techniques, we identified a monomeric, biologically active
apoE C-terminal domain mutant. This mutant replaces five bulky hydrophobic residues in the region of
residues 253289 with either smaller hydrophobic or polar/charged residues (F257A, W264R, V269A,
L279Q, and V287E). The solubility of the mutant is significantly increasetiOtfold). Cross-linking
experiments indicate that this mutant is 100% monomeric even at 5 mg/mL. CD and guanidine
hydrochloride denaturation results indicate that the mutant maintains an idemtitgical secondary
structure and stability as compared with those of the wild-type protein. DMPC-binding assays demonstrate
an identical vesicle clearance rate shared by both the mutant and the wild-type apoE C-terminal domain.
In addition, electron microscopic results show identical recombinant HDL particles prepared with both
the mutant and the wild-type proteins. These results indicate that residues F257, W264, V269, L279, and
V287 are critical residues for aggregation but may not be important in maintaining the structure, stability,
and lipid-binding activity of this apoE domain, suggesting that apoE may use different “epitopes” for its
aggregation property, helical structure/stability, and lipid-binding activity. Finally, preliminary NMR data
demonstrated that we have collected high-quality NMR spectra, allowing for an NMR structural
determination of the apoE C-terminal domain.

Human apok is a 299-residue, 34 kDa exchangeable to the LDL receptor (100% affinity) and regulates a normal
apolipoprotein, which plays a central role in the regulation lipoprotein metabolism. ApoE2, on the other hand, binds to
of lipid metabolism through its high-affinity interaction with  the LDL receptor defectively~<2% affinity) and is associated
cell surface receptors, including the LDL receptor and LRP with type Il hyperlipoproteinemias). ApoE4 is associated
(2). Defective binding of apoE to the LDL receptor results with a high risk of heart diseasé)(and is one of the major
in the accumulation of cholesterol-rich lipoprotein particles genetic risk factors for Alzheimer's diseas8.(
in plasma, leading to the formation of atherosclerotic plaques  ApoE is a two-domain protein that contains a 22 kDa
and ultimately causing coronary artery disease2). Three N-terminal domain (residues-1191) and a 10 kDa C-
major isoforms of apoE have been identified: ApoE3 has a terminal domain (residues 23299), linked by a protease-
cysteine at position 112 and an arginine at position 158, while sensitive hinge regiori(8). Experimental data indicates that
apoE2 has cysteines and apoE4 has arginines at bothhese two domains fold relatively independent of one another
positions 8, 4). The most common isoform, apoE3, binds and have distinct functions. While the N-terminal domain is
mainly responsible for the LDL-receptor binding, the C-
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fragment of the C-terminal domainl?). However, no
detailed structural information is available for either the full-
length apoE or its C-terminal domain to date.

The N-terminal domain of apoE is monomeric. The X-ray

Fan et al.

More importantly, apoEC-J also displays a lipid-binding
activity identical to that of the apoEC-WT. With this
monomeric, biologically active apoE C-terminal domain
mutant, we demonstrate that we have collected high-quality

crystal structure of this domain in the lipid-free state reveals NMR spectra for the structural determination of the apoE

a globular up-and-down bundle of four amphipathibelices

C-terminal domain in both the lipid-free and lipid-bound

that sequester their hydrophobic faces from agueous solution states.

while the hydrophilic surfaces of the bundle point to the
solvent (13). The LDL-receptor binding region, residues

130-150, is located at helix 4 that is exposed to the solvent.

EXPERIMENTAL PROCEDURES

Experimental data demonstrated that both full-length apoE _ High-Level Expression of the ApoE C-Terminal Domain

and the apoE N-terminal domain display a minimum LDL-
receptor binding activity in the absence of lipid. However,
upon binding to lipid, the LDL-receptor binding activity is
fully recovered 14, 15). This indicates that the lipid-binding
activity of apoE is critical for the expression of its receptor
binding activity. Since the C-terminal domain of apoE is
responsible for high-affinity lipid binding, structures of this
domain in both the lipid-free and lipid-bound states are
essential for us in understanding how the lipid-binding
activity induces a competent conformation for apoE’s LDL-
receptor binding activity, and currently we do not have such
structures available.

A domain—domain interaction is observed in apoE that

seems to regulate its biological functions. One example is

that an isoform-specific difference in the apoE N-terminal

domain modulates the lipoprotein-binding preferences elicited

by the C-terminal domainl@). Using crystallographic study

and site-directed mutagenesis, Weisgraber’'s group showe

that a substitution of C112 by an arginine in the N-terminal
domain (apoE3~ apoE4) moved the side chain of R61 away
from its usual position, potentially resulting in the formation
of a salt bridge with E255 in the C-terminal domaiti’{

19). It is hypothesized that this new salt bridge between the

two domains may change the overall conformation of apoE4
resulting in the VLDL binding preference of apoE4, while
apoE2 and apoE3 preferably bind to HDL8|. A final
verification of this hypothesis requires a structure of full-

length apoE4. In addition, a change in the C-terminal domain

also modulates apoE’s receptor binding activity displayed
by the N-terminal domain2(Q, 21). The structural basis for
this functional modulation by apoE isoforms is also unknown.

We are interested in structural studies of apoE using NMR

techniques. To carry out an NMR structural determination,
we have to solve the aggregation problem of this protein.

EcaRl andHindlIl sites were used for subcloning the apoEC
(residues 206299) into an engineered pET3@ag(plasmid
vector (Novagen), in which the large His tag (6 kDa) was
replaced by a fragment of six consecutive His residues with
two linker Ser residues, followed by a factor Xa cleavage
site. With this DNA construct, expression was carried out
usingEscherichia colBL-21(DE3) cells. Briefly, minimum
medium (kanamycin, 30 mg/L) was used for the cell culture
which was grown at 37C until it reached an OD at 600 nm
of 0.8—1.0. Expression was then induced by IPTG (0.25 mM
final concentration) and continued overnight at°2Q The
cells were harvested by centrifugation. The cell pellet was
resuspended in 10 mL/g cells with binding buffer (20 mM
Tris-HCI, 500 mM NaCl, 2.5 mM imidazole, and 0.1 mM
PMSF at pH 7.9) and then sonicated on ice. Bacterial debris
was removed by centrifugation. The pellet was redissolved
in 6—8 M urea and sonicated. All supernatant fractions were
ombined and applied on a H&nd resin column (Novagen).

he column was washed with binding buffer and then wash
buffer containing 50 mM imidazole. The purified recombi-
nant protein was eluted from the column using a buffer
containing 1.0 M imidazole. The eluted protein was dialyzed
against 50 mM ammonium bicarbonate to remove imidazole
and then lyophilized. Factor Xa cleavage was carried out at
an enzyme/protein ratio of 1:200 at-2 °C for 24 h at 1
mg/mL protein concentration in factor Xa cleavage buffer
(50 mM Tris-HCI, pH 8.0, 0.1 M NaCl, and 5 mM Cagl
with slight shaking. The reaction products were subjected
to the factor Xa resin (Novagen) to remove factor Xa and
then reloaded onto the HBind resin column to remove the
His tag. The purified protein was then dialyzed against 50
mM ammonium bicarbonate and lyophilized. Using this
expression system, we can routinely produe80 mg/L
purified apoEC-WT and its mutants.

Since the C-terminal domain causes apoE’S aggregation' we Site-Directed Mutagenesisite'directed mutagenesis was

focused our attention on this domain. We suggest that thecarried out using the QuickChange mutagenesis kit from

apoE C-terminal domain uses different “epitopes” to regulate Stratagene (Stratagene, La Jolla, CA). Briefly, primers
its lipid-binding activity, to maintain and stabilize its containing the desired mutations were annealed to the

a-helical structure, and to mediate its aggregation. This denatured DNA expression vector harboring the apoEC-WT
hypothesis is based on previously published work by 9ene, which was then extended using PfuTurbo DNA
Weisgraber's group, indicating that residues 2889 are polymerase to generate nicked, circular ;trands. The methyl-
responsible for apoE’s tetramerization, whereas residuesated, nonmutated parental DNA was digested usipgl.
225-272 are critical for lipoprotein binding2@). Using The circular, nicked, double-stranded DNA containing the
protein engineering techniques, we carefully designed andmutation was then transformed intg. coli cells. The
prepared a series of mutants of the apoE C-terminal domainmutations were confirmed by DNA sequencing.

(spanning residues 26299) with the aim of preparing a Cross-Linking Experimentd.ipid-free apoEC-WT and
monomeric, biologically active apoE C-terminal domain. We apoEC-J in 20 mM phosphate buffer, different NaCl con-
report here that we identified an apoE C-terminal domain centrations, and different pHs were incubated for 30 min
mutant (apoEC-J) that is monomeric at 5 mg/mL. The with bis(sulfosuccinmidyl) suberate (BSPierce, final
secondary structure and stability of this monomeric mutant concentration 0.5 mM). The cross-linking reaction mixture
are essentially identical to the wild-type apoEC (apoEC-WT). was quenched by addjrl M Tris-HCI and 5x SDS-PAGE
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sample buffer and then loaded on a %% SDS-PAGE HSQC collected was a sensitivity-enhanced experiment with

gel. 1024 points at the proton dimension and 256 complex points
Dimyristoylphosphatidylcholine (DMPC) Binding Assay at the '®N dimension. The acquisition times for both

Ten milligrams of DMPC (Avanti Polar Lipids Inc., Ala- dimensions were 64 ms. The NMR data processing was

baster, AL) was dissolved in a mixture of chloroform and achieved using nmrPipe and nmrDraw softwa?8) (and

methanol (3:1 v/v), dried using NNand placed under a analyzed with PIPP20).

vacuum for at least 10 h. One milliliter of prewarmed buffer

was added (20 mM Tris-HCI, pH 7.2, 250 mM NaCl, and 1 RESULTS

mM EDTA) to a final lipid concentration of 10 mg/mL, and

the mixture was vortexed several times for 30 s each. Using

a 200 nm filter, unilamellar vesicles-00 nm in diameter)

were prepared by extrusion23). The protein-induced

High-Level Expression of the ApoE C-Terminal Domain.
Using our expression system, we can routinely produce 50
mg/L purified apoEC-WT. Since we used an engineered

transformation of DMPC vesicles into protein/DMPC dis- PET30a(+) expression vector, the expressed apoEC-WT only

coidal complexes was monitored as a function of i ( contains six His plus a two Ser linker. To remove the His

Vesicles (25Qug) and 15Q:g of apoEC in buffer were added tag, we also introduced a factor Xa site petween_the His tag
into a thermostated 1 mL cuvette and mixed ferl® s at anq apoE_C. Th_u_s, the expressed protein contains 12 extra
24°C, and clearance of the solution was monitored using a residues in addition to apoEC. We found that the factor Xa

Perkin-Elmer spectrophotometer (model Lambda 3B) at 490 digestion has to be carried out at a lower temperature,
nm. All solutions were preincubated at 2€ before the ~ Pically 2—4 °C. The mass spectrum shows the correct
reaction. molecular weight of apoEC-WT and apoEC-J.

Preparation of Reconstituted HDIThe rHDL particles Factors That May Cause ApoE Aggregatidfigure 1
were prepared using the sodium cholate dialysis metkod (  Shows the sequence alignment of the apoE C-terminal
26) with POPC, cholesterol, apoEC, and sodium cholate in domain (residues 26€299) across nine different species.
a molar ratio of 80:8:1:80. The mixture of POPC and This alignment demonstrates that a fragment of residues
cholesterol was dissolved in CHCHried under nitrogen,  253-289 is the most conserved region, indicating the
and then resuspended in Frisaline buffer (10 mM Tris, potential functional/structural importance. We suggest that
0.15 M NaCl, 1 mM NaN, and 0.01% EDTA, pH 8.0). After  this region may also be responsible for apoE’s aggregation.
being vortexed thoroughly, sodium cholate was added into This is supported by previous published results. For example,
the mixture, and the mixture was then vortexed again for Aggerbeck et al. demonstrated that the apoE C-terminal

another 3 min. The dispersion was incubated atG7and domain is tetrameric, while the N-terminal domain is
vortexed every 15 min until completely clear. ApoEC protein monomeric 9). Using several apoE C-terminal truncation
was added, and the mixture was incubatedift at 37°C. mutants, Weisgraber’s group further suggested that residues
Sodium cholate was removed by exhaustive dialysis. 268-289 were responsible for apoE’s aggregation and

Electron MicroscopyThe rHDL and DMPC particles were ~ residues 225272 were critical for its lipoprotein-binding
adsorbed to hydrophilic, carbon and Formvar-coated grids. activity (17, 22). Secondary structure predictions suggested
Samples were negatively stained for 20 s with 2% phospho- that residues 225266 are a class A helixTgsRDRL DE-
tungstic acid, pH 7.0. Digital images were taken using a VKEQVAEVRAKLEEQAQQIRL QAEAFQARL KSWF-
Philips CM-30 electron microscope equipped at 80 keV Ezsg), which is a lipid-binding helix, and residues 26289
accelerating voltage. For quantification, at least 10 arbitrarily are a class G* helixResAV EDM QRQWAGLV EKVQAAYV -
selected fields were chosen, and the largest diameter of eacT2s9), Which is a helix in globular proteins (the bold
particle was measured-@50 particles per condition). residues are hydrophobic residue8Sp)( In fact, the N-

Circular Dichroism Spectroscopy and Protein Stab|||ty terminal half of residues 225266 is a standard class A helix
Measuremen(Circular dichroism (CD) measurements were With hydrophobic residues every two to three residues apart,
carried out on an AVIV Model 62DS CD spectrometer but the C-terminal half of residues 22266 is more similar
(AVIV Instruments, Inc., Lakewood, NJ) with a variable t0 a class G* helix with more bulky hydrophobic residues
temperature capability under computer control withif.2 along its sequence. In the class G* helix, more hydrophobic
°C. For the chemical denaturation experiments' data WerefESidueS are observed, eSpeCiaIIy several consecutive, bulky
collected at a single wavelength for 60 s. Guanidine (8-branched) hydrophobic residues. We suggest that a high
hydrochloride denaturation was performed as descrig@d ( density of consecutive bulky hydrophobic residues, such as
and monitored by CD at 220 nm in a 0.1 cm path length Val, Leu, Trp, and Phe, in this region is the main reason for
cuvette. Individual 0.4 mL samples were prepared by weight @POE’s aggregation. Indeed, many consecutive bulky hydro-
for each denaturant concentration. The concentrations ofPhobic residues are found in residues 2289, such as WF,
protein and denaturant were determined using the densityPLV, and LV. In contrast, hydrophobic residues are evenly
formulas given by Pace et aRY). distributed in the rest of the regions of this apoE domain,

NMR MethodsThe NMR sample contained 1 m&iN- typically every two to three residues apart. These consecutive,
labeled protein in 65% D/5% D,0/30% TFEds;, 200 mM bulky hydrophobic residues form large cross-sectional,
phosphate buffer (pH 5.7), and 1 mM Nahir 95% HO/ hy_drophobic layers in the helix, resulting in apoE aggregation
5% D;O with 150 mM DPCes. The chemical shift was ~ (Figure 2, left).
referenced using DSS (2,2-dimethyl-2-silapentane-5-sul- Rationale for Preparing a Monomeric, Biologically Awti
fonate) at 0 ppm. All NMR experiments were performed at ApoE C-Terminal DomainUsing molecular modeling, a
30°C on a Varian Inova 500 spectrometer equipped with a model tetramer was prepared that mimics tetramerization of
triple-resonancez-axis gradient probe. The 2BEH—'N apoE, as shown in Figure 2. In the left panel, one of the
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apoE human GQPLOERAQAWGERLRARMEEMGSRTRLORLDEVKEQVAEVRAKLEEQAQQ 249
apcE baboon SQPLOERAQALGERLRARMEEMGSRTRDRLDEVKEQVAEVRAKLEEQAQQ 249
apcE bovine GQPLLERAEAWRQKLHGRLEEVGVRAQDRLDKIRQQLEEVHAKVEEQGNQ 249
apcE pig GOPLRERAEAWGOKLRGRLEEMGSRTRORLDEMRDELEEVRTKVEEQGSQ 249
apcE rabbit GRPLRERAQAWGERLRGHLEEVGSRARDRLNEVREQVEEVRVKVEEQAPQ 249
apcE rat PAP RDRAQALSDRIRGRLEEVGNQARDRLEEVREQMEEVRSKMEEQT QQ 248
apcE mouse AQPLRDRAQAFGDRIRGRLEEVGNQARDRLEEVREHMEEVRSKMEEQTQQ 249
apcE gplg SQPLOERAQAWGEQMRGRLEKVGSQARDRLEEVREQMEEVRVKVEEQ 246
apcE monkey SQPLOERAQALGERLRARMEEMGSRTRDRLDEVKEQVAEVRAKLEEQAQQ 249
Summary: --PL-ERAQA*-*R*R-R*EE-G---*DRL*E***_*_EV*_K*¥EEQ--Q
|[&<—Class A Helix—> |€&——— Class A

apcE human I RI,'-QAEAFQARL KSWFEPLVEDMOROWAGLVEKVQOAAVG T P VPSDNH 299
apcE baboon I SI:QAEAF‘QARL KSWFEPLVEDMOROWAGLVEKVQOAAVG ASTAP VPSDNH 299
apcE bovine MRLQAEAFQARLRSWFEPLVEDMOROWAGLVEKVQLALR PéPT S PPSENH 299
apcE pig LRI'QAEAFQARL KGWFEPLVEDMRROWAGLVERMOSAVSI SS:ST S APSDNQ 300
apcE rabbit MRLQAEAFQARLKSWFEPLVEDMOROWAGLVEKLOAAMPSKAPARA APIENQ 300
apcoE rat I RI;QAEI FOARI KGWFEPLVEDMQRQWANLM’EKIQASVATNQIAST T VPLENQ 301
apcE mouse IRDIQAEI FOARLKGWFEPIVEDMHROWANLMEKIQASVATNPII TP VACENQ 301

apcE gpig | AEAFQARLKSWFEPMMEDMRROWAELIQKVOVAVG | ASTS APSQEF 291
apcE monkey ISIOAEAFOARLKSWFEPLVEDMOROWAGLVEKVOAAVG ASTAP  VPIDNH 299
Summary: --LOAE*FOARLK*WFEP*VEDM-ROWA-L*EK*QAAVY———-——---—-P--N-

HeliXe——>y| pe——Class G* Heliz—oy

Ficure 1: Sequence alignment of the apoE C-terminal domain (residuesZ8¥) across nine different species. The predicted secondary
structure is listed at the bottom of the sequence. The most conserved region is highlighted in the dotted line box.

Ficure 2: Model tetramer structure of the G* helices mimicking the tetramerization of apoE. Left panel: one of the large hydrophobic
cross sections formed by the LV residues. Middle panel: Leu and Val are replaced by an Ala residue, and a water molecule is able to
penetrate into the hydrophobic core of the tetramer. Right panel: the tetramer becomes monomers.

large hydrophobic layers formed by the LV residues was L268, V269, W276, L279, V280, and V287. Double mutants
shown, demonstrating the hydrophobltydrophobic inter- were then prepared and tested for their oligomeric states.
actions in the apoE tetramer. The bulky hydrophobic residuesExperimental results from the double mutants provide a guide
form a large hydrophobic core in the bundle, stabilizing the for us to design multiple-site mutants, including three, four,
tetrameric apoE structure. Replacing these bulky hydrophobicand five amino acids. Using such an iterative procedure, a
residues by either smaller side-chain residues, such as Alatotal of 13 multiple-site mutants in the region of residues
or polar residues, such as GIn or Asn, will significantly 253—-287 were prepared. Table 1 lists these multiple-site
reduce the hydrophobithydrophobic interactions in the  mutants with their mutation sites and replaced amino acids.

tetramer. As a consequence, the tetramer interior may be sing cross-linking experiments, the oligomeric states of
accessible by water molecules, as shown in the middle paneline mutants at NMR concentrations@.5—1.0 mM) were
Water moIecuI.es in the interior_may preak up the tetrameric characterized. Our strategy was to first quickly identify a
helix—bundle into a monomeric helix (right panel), thus monomeric mutant and, then carry out careful experiments
producing a monomeric apoE C-terminal domain. to characterize this mutant in terms of its structure and
A Monomeric, Biologically Actie ApoE C-Terminal functions. Using this strategy, a monomeric mutant, apoEC-
Domain.Following the above rationale, we initially designed J, was quickly identified. Figure 3, panel A, shows an SDS
several mutants. Our attention was focused on the region of PAGE of the cross-linking results of apoEC-J, one single
residues 253289, since previously published data indicated mutant, apoEC-W264R, and apoEC-WT as the control,
that residues 225272 are responsible for apoE’s lipoprotein- demonstrating that apoEC-J is monomeric at 2 mg/mL,
binding activity, whereas residues 26289 are responsible  whereas both apoEC-W264R and apoEC-WT form a mixture
for its tetramerizationl(7, 22). For the first step, single amino  of monomer, dimer, trimer, and tetramer at 1 mg/mL. Indeed,
acid mutations were generated on residues F257, W264 cross-linking experiments of apoEC-J at 5 mg/mL also show
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Table 1: List of the Multiple-Site Mutants of the ApoE C-Terminal Domain
ID F257A W264R L268Q V269A W276A L279Q V280A V287E

apoEC-W264R
apoEC-269
apoEC-280
apoEC-A
apoEC-B
apoEC-C
apoEC-D
apoEC-E
apoEC-F
apoEC-G
apoEC-H
apoEC-|
apoEC-J
apoEC-K

+

_l’_

+ ++ Attt

e

+

A+t
++

++

+ - -
+ + +

that apoEC-J is monomeric. Figure 3, panels B and C, showsnm. However, this turbidity can be cleared if the DMPC
the SDS-PAGE of the cross-linking results of apoEC-J and vesicles are incubated with apoEC-WT, since apoEC-WT
apoEC-WT under different salt concentrations and different binds to the DMPC vesicles to form disklike particles.
pHs, indicating that apoEC-J is always monomeric under all Incubations of DMPC vesicles with either apoEC-J or
the conditions at 5 mg/mL, whereas apoEC-WT forms apoEC-W264R display a result identical to that of apoEC-
different oligomers under these conditions at 1 mg/mL. WT. The phospholipid-binding kinetics is difficult to estimate
Interestingly, the solubility of apoEC-J is also significantly accurately, since the binding interaction between apoEC-J/
increased. The solubility of apoEC-WT is about 1.5 mg/mL apoEC-WT and DPMC is very fast withtg, of <1 min.
(~0.1 mM) in phosphate buffer; however, up to 10 mg/mL This result indicates that the monomeric mutant, apoEC-J,
of apoEC-J can be dissolved T mM). Such an improvement  displays a DMPC vesicle clearance rate equal to that of
in solubility of apoEC-J certainly facilitates structural studies apoEC-WT. Interestingly, the turbidity clearance by apoEC-J
of this protein. also displays an identical initial rate, suggesting an identical

Once monomeric apoEC-J was identified, we carried out kinetics of DMPC clearance by both apoEC-WT and
a careful characterization of this mutant for its biophysical monomeric apoEC-J. Figure 6, lower panels, show the
properties, such as structure, stability, and biological activity, €lectron microscopic images of the discoidal particles gener-
since our goal was to obtain a monomeric apoE C-terminal ated by DMPC and apoEC-J or apoEC-WT. Electron
domain that was biologically active. Using CD spectroscopy, microscopy confirmed that many of the particles formed were
the secondary structures of apoEC-J, apoEC-W264R, anddisks with a diameter of18 nm. Moreover, it is clear that
apoEC-WT were compared. Figure 4, panel A, indicates thatidentical discoidal particles were formed during DMPC
both apoEC-J and apoEC-W264R adopt a secondary structurglearance assay using both apoEC-J and apoEC-WT. Second,
identical to that of apoEC-WT. We then carried out GdnHCI we prepared recombinant HDL particles with both apoEC-J
denaturation experiments of the two apoEC mutants andand apoEC-WT using a cholate dialysis method. Figure 6,
apoEC-WT using CD spectroscopy. Our result also indicates upper panels, shows the electron microscopic images of these
that all three proteins share an identical stability (Figure 4, recombinant HDL particles. Measurements indicated that
panel B). The GdnHCI half, [GdnHG}}, is ~0.8 M for all both particles using apoEC-J and apoEC-WT display a
three proteins, with thAGpH° for apoEC-WT, 3.78 kcal/ ~ diameter of 2%+22 A on average with an equal size
mol, for apoEC-J, 3.50 kcal/mol, and for apoEC-W264R, distribution. These data suggest that both apoEC-J and
3.72 kcal/mol. These results are very similar to the published apoEC-WT have an equal ability of making recombinant
data which ranged between 3.8 and 4.0 kcal/mol for apoE- HDL particles with similar diameters. In conclusion, the
(216—-299) @). Thus, we conclude that the mutations in apoEC-J mutant is a monomeric, biologically active apoE
apoEC-J do not change the secondary structure and thermoC-terminal domain.
dynamic stability of the apoE C-terminal domain. NMR Study of Monomeric, Biologically Acéi ApoEC-J

To examine the biological function of apoEC-J, two lipid- CD studies indicate that apoEC-J adopts athelical
binding assays were performed. Since the primary biological structure with a helical content 0f40% in 100 mM
function of the apoE C-terminal domain is the lipoprotein- phosphate buffer without TFE or DPC micelles. However,
binding activity, monomeric apoEC-J is considered to be in a helix-stabilizing solvent, such as trifluoroethanol (TFE),
biologically active only if it displays a lipid-binding activity ~ or a lipid environment, such as dodecylphosphocholine
equal to that of apoEC-WT. A DMPC binding assay was (DPC), apoEC-J maintains itshelical structure with a much
first used. This assay utilizes the lipid-binding activity of higher helical content (84% in 30% TFE, 77% in 150 mM
the apoE C-terminal domain, which spontaneously transformsDPC) (Figure 7). To search for an experimental condition
larger DMPC vesicles into smaller discoidal apoEC/DMPC in which the NMR structural determination can be carried
complexes. Figure 5 shows the result of the DMPC-binding out, apoEC-J was doubly labeled witN and*C, and NMR
assay of apoEC-J, apoEC-W264R, and apoEC-WT with a experiments were carried out under different sample condi-
control of no protein added. Our results clearly demonstrate tions. Our results suggest that although apoEC-J adopts an
that incubation of DMPC vesicles without protein results in a-helical structure in aqueous buffer, such as 100 mM
sample turbidity as monitored by OD measurements at 490 phosphate buffer, thig-helical structure is very flexible. For
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FIGURE 4: Panel A: Far-UV CD spectra of apoEC-WT, apoEC-
12 3 4 5 667 8 9 1011 W264R, and apoEC-J in 50 mM phosphate buffer, pH 7.0, at 0.1

FiIGURE 3: Panel A: 6-15% SDS-PAGE of apoEC-WT, apoEC- mg/mL. Solid black line, apoEC-WT; dotted line, apoEC-W264R;
W264R, and apoEC-J with and without cross-linking under 20 mM broken line, apoEC-J. Panel B: Guanidine hydrochloride denatur-
phosphate buffer, pH 7.5. Lanes: 1, bench marker; 2, apoEC-WT ation of apoEC-WT [), apoEC-W264R #), and apoEC-JQ).
without cross-linking; 3, apoEC-WT with cross-linking; 4, apoEC- The fraction of unfolding was plotted as a function of guanidine
W264R without cross-linking; 5, apoEC-W264R with cross-linking; hydrochloride concentration.

6, apoEC-J without cross-linking; 7, apoEC-J with cross-linking. 04

All samples are at a protein concentration ef2Lmg/mL. Panel T T L T ]
B: 6—15% SDS-PAGE of cross-linking results of apoEC-WT (1 0.95 o o o]
mg/mL) and apoEC-J (5 mg/mL) under 20 mM phosphate buffer ’ ]
at different pHs. Lanes: 1, bench marker; 2, apoEC-J non-cross- 0.3 3
linked, pH 7.5; 3-6, apoEC-J cross-linked at pH 6.5, 7.0, 8.0, and £ ]
9.0; 7, apoEC-WT, non-cross-linked, pH 7.5:B1, apoEC-WT, c 025 3
cross-linked at pH 6.5, 7.0, 8.0, and 9.0. Panel €:16% SDS- S 3
PAGE of cross-linking results of apoEC-WT (1 mg/mL) and ¥ 02 E
apoEC-J (5 mg/mL) under 20 mM phosphate buffer, pH 7.5, and ® 0.15 E
different NaCl concentrations. Lanes: 1, bench marker; 2, apoEC-J g ' ]
non-cross-linked, pH 7.5, 0 mM NaCl:=3, apoEC-J cross-linked 0.1 3
at 0, 100, 200, and 300 mM NacCl, pH 7.5; 7, apoEC-WT, non- ]
cross-linked, pH 7.5, 0 mM NacCl;-811, apoEC-WT cross-linked 0.05 3
at 0, 100, 200, and 300 mM NacCl, pH 7.5. 0 ...%m...n.ﬁ..*.!.n...¥....,¥3

0 500 1000 1500 2000 2500 3000
example, a 2D NOESY spectrum of apoEC-J at 8D Time, second

displays a small number of cross-peaks but significantly more . ) ,
cross-peaks at 1 with the same sample (data not shown). Ficure 5: Phospholipid vesicle clearance. DMPC vesicles were
. 7" incubated at 24C in the absence&X) and presence of apoEC-WT
On the oth_er hgnd, apoEC-J gdopts a well-defined helical (@), apoEC-W264R ), and apoEC-JX) in 20 mM Tris-HCl,
structure either in 30% TFE or in the presence of DPC at 30 pH 7.2, 250 mM NaCl, and 1 mM EDTA. Vesicle clearance as a
°C. Importantly, cross-linking results indicated that apoEC-J function of time was followed by OD at 490 nm.
was monomeric in 30% TFE, pH 5.7, at 10 mg/mL, whereas
apoEC-WT displayed predominantly monomes6%) and  A) and in 200 mM phosphate buffer, pH 5.7, with 5%®
dimer (~40%) with minor higher oligomers~5%) under and 150 mM DPC at 30C (panel B). As expected for a
the same condition (data not shown). Figure 8 sh&s- helical protein, the cross-peaks are generally upfield shifted
H HSQC NMR spectra of apoEC-J in 200 mM phosphate with less chemical shift dispersion. This is confirmed by the
buffer, pH 5.7, with 5% DO and 30% TFE at 30C (panel chemical shift of thex-protons (-3.5—-4.5 ppm) using a 2D
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of apoE, which significantly enhanced our understanding of
the structure-function relationship of this proteinl®).
However, no further structural information about the apoE
C-terminal domain or full-length apoE has been reported
since then. In 1999, a diffraction-quality crystal of residues
223-272 of the apoE fragment was reportd@){ however,

no structural determination of this crystal has been reported.
The aggregation property and intrinsic flexibility of the apoE
C-terminal domain hinder NMR studies of this protein and
prevent it from crystallization. To circumvent these problems,
we prepared a monomeric, biologically active apoE C-
terminal domain. We first developed a high-level expression
system for the apoE C-terminal domain, allowing for routine
production of 50 mg/L purified protein. Sequence alignment
indicated that residues 25289 form the most conserved
region of the apoE C-terminal domain. Interestingly, this
region is also the region that was previously reported as the
region that causes apoE aggregatidty, (22). Careful
inspections of this region identified several consecutive bulky
hydrophobic residues which are not observed in any other
regions of apoE. These consecutive bulky hydrophobic
Ficure 6: Electron micrographs of rHDL and DMPC particles with residues are _hypotheS|zed to_ be responsible for_ apok’s
apoEC-WT or apoEC-J. Samples were negatively stained with 2% aggregation, since they potentially form hydrophobic cross
phosphotungstic acid. Ba= 40 nm (rHDL-j, rHDL-wt, DMPC- sections (Figure 2). Such hydrophobic cross sections are not

wt) or 50 nm (DMPC-j). The average diameters and the standard stable in solution and are likely to aggregate to form
deviations of the particles are the following: rHDL-j, 21404.3

nm; rHDL-Wt, 22.2-+ 4.6 nm: DMPC-j, 18.1- 3.3 nm: DMPC- oligomers. _Our ratlonale is to mutate these consecutive _bulky
wt, 18.5+ 4.0 nm. These measurements are based on the particled’ydrophobic residues by either smaller hydrophobic residues
with a diameter peak30 nm. or hydrophilic residues, thus reducing the size of the

hydrophobic surface. This will disrupt the large hydrophobic
cross sections, potentially breaking up the oligomerization
of the apoE C-terminal domain. Thus, a monomeric apoE
. C-terminal domain may be generated.
- On the basis of this rationale, a series of mutants of the
apoE C-terminal domain was designed and prepared. Special
attention was placed on the following residues, F257, W264,
L268, V269, W276, L279, V280, and V287, since these
residues are consecutive bulky hydrophobic residues (Figure
1). In addition, a strategy was taken in the initial stage of
this study, which concentrated on the aggregation state of
each mutant, whereas the biophysical/structural properties
and the biological activity of the mutants were “ignored” at
\ i this stage. Thus, once we prepared a mutant, we would
T T T T T N quickly characterize the oligomeric property of this mutant
190 200 210 220 230 240 250 260 using cross-linking experiments. The cross-linking experi-
FioURE 7: Far-UV CD spectra of apoEC-J in 30% TFE (broken ment _is critical tp this strategy sincg it pro_vides us with a
line), 100 mM DPC (solid line), 100 mM SDS (light dotted line), {€chnique to quickly access the oligomeric state of each
and 100 mM phosphate buffer (heavy dotted line). All samples are mutant at an NMR sample concentration. If this mutant were
in 100 mM phosphate buffer, pH 5.4, at a concentration of 0.1 not a monomer, we would quickly design a new mutant. This
mg/mL. procedure was repeated until a complete monomer at an
. . NMR concentration was finally obtained. Using this strategy,
NOESY spectrum (data not shown). The chemical shift 5 nonomeric mutant, apoEC-J, was quickly identified.
dispersion in both of the HSQC sspec_tra\rQ.'O ppm in the A thorough study of this monomeric mutant, apoEC-J, was
HN dimension and-22 ppm in theé“N dimension, indicating ¢4 rrieq out to characterize its biophysical/structural properties
that apoEC-J may adopt a helical-bundle-like structure. 5 pigjogical activity. In this case, the wild-type protein,
Ove_rall, Figure 8 demonstrates that apoEC-J displays h'gh'apoEC-WT, and a single site mutant, apoEC-W264R, were
quality NMR spectra that can be used to generate NMR geq a5 the control. Our results demonstrated that the

structures of this protein in both the lipid-free and lipid- generated monomeric apoE C-terminal mutant, apoEC-J,
bound states. adopted a secondary structure and thermodynamic stability
DISCUSSION identical to that of the wild-type protein, monitored by CD
spectroscopy and denaturation experiments using GdnHCI.
The X-ray crystal structure of the apoE N-terminal domain, This suggests that residues F257, W264, V269, L279, and
reported in 1991, provided the first high-resolution structure V287 may not be critical in maintaining tlehelix structure
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Ficure 8: Two-dimensionalH—1N heteronuclear single-quantum correlation spectra of unifotthlytabeled apoEC-J in 200 mM phosphate
buffer, pH 5.7 at 30C. Panel A: in the presence of 30% THE-65% HO, and 5% DO. Panel B: in the presence of 150 mM DFgs;
95% H,0, and 5% BO.

and stability of the apoE C-terminal domain. Thus, an NMR acid. Thus, each cross-peak represents one amino acid, except
structure of apoEC-J should represent the solution structurethe pairs of cross-peaks in the upper right corner, connected
of this apoE domain. A preliminary NMR structural study by dotted lines, which represent the side-chain,HAsN

of apoEC-J was carried out and found that it is very flexible and GIn. The NMR structural determination of apoEC-J in
in buffers, even though it adopts anrhelical structure. these two different environments should provide both the
However, in the presence of either TFE or DPC,dHeelical lipid-free and lipid-bound structures, permitting us to elu-
structure of apoEC-J is significantly stabilized. TFE is known cidate the conformational changes of the apoE C-terminal
to stabilize or, in some cases, promote a native-like helical domain upon lipid binding. Indeed, Figure 8 demonstrates
structure in proteins and, thus, is widely used as a cosolventthat high-quality NMR spectra of apoEC-J are collected
for helical proteins 31, 32). However, in several other cases, under both 30% TFE and DPC conditions, allowing for a
TFE was shown to promote the formation of non-native complete NMR spectral assignment and structural determi-
structures in proteins3@, 34). In our case, the CD data nation of this protein in both lipid-free and lipid-bound states.
indicated that the apoEC-J mutant itself adopted a flexible To access the lipid-binding activity, the apoEC-J mutant
o-helical structure in solution, and TFE maintains and was first evaluated using a DMPC-binding assay. The DMPC
significantly stabilizes this native helical structure. In addi- vesicle was prepared-Q00 nm in diameter) and showed a
tion, apoEC-J in 30% TFE produced high-quality NMR turbid appearance, which, at 2&, rapidly cleared upon the
spectra that can be used for the structural determination ofaddition of apoEC-WT. This is because apoEC-WT binds
this protein. The fact that apoEC-J displays a helical structureto DMPC vesicles to transform larger DMPC vesicles into
in aqueous buffer suggests that tidrelical structure inthe  a much smaller discoidal apoEC-WT/DMPC complex, which
presence of 30% TFE is not a structural artifact induced by is transparent. This spontaneous clearance can be monitored
TFE as a cosolvent, rather it represents a native structure ofby right-angle light scattering spectroscopy or visible light
this protein in solution. On the other hand, DPC is a micelle- absorbance using a spectrophotometer. This DMPC-binding
forming detergent that possesses a phosphocholine headgrougssay is widely used to characterize the lipid-binding activity
and a single & hydrocarbon chain. About 56 DPC mol- of exchangeable apolipoproteirz4j. Using this assay, we
ecules form a micelle3b). It has been reported that DPC examined both apoEC-WT and apoEC-J. The data showed
micelles represent a good mimic of a monolayer lipoprotein that apoEC-J displayed a vesicle clearance curve identical
surface 86). It is believed that the structure of apoEC-J in to that of apoEC-WT, including both the initial rate and the
the presence of DPC micelles represents a lipid-boundty, of DMPC vesicle clearance. This demonstrates that
structure of this protein. The NMR spectrum shown in Figure apoEC-J has an equal ability, as that of apoEC-WT, of
8, panel B, of apoEC-J is in the presence of 150 mM DPC, transforming DMPC vesicles into disks, suggesting that
which is >100-fold higher concentration than the critical apoEC-J is biologically active. To further confirm this
micelle concentration (CMC) of DPC (1.1 mM). Thus, the conclusion, both apoEC-J and apoEC-WT were used to
DPC micelle concentration is about 2.6 mM which>i2- prepare rHDL particles. These prepared rHDL particles were
fold of the apoEC-J concentration-1.0 mM). Under this characterized using native gel and electron microscopy. The
experimental condition, it is anticipated that only one results demonstrated that both apoEC-J and apoEC-WT
apoEC-J molecule binds to one micelle. In such a lipid formed recombinant HDL particles with similar particle sizes
surface mimetic environment, apoEC-J once again adoptedand shape, confirming the conclusion obtained using the
a helical structure (Figure 7). However, the NMR spectra DMPC clearance assay. With these two different lipid-
shown in Figure 8 indicated a significant spectral difference binding assays, we are confident that apoEC-J is a mono-
between apoEC-J in the presence of 30%TFE and that inmeric, biologically active apoE C-terminal domain.

the presence of DPC micelles, suggesting that apoEC-J may Weisgraber’'s group previously used several C-terminal
adopt differenti-helical structures between the lipid-free and truncation mutants, apoE{R223), apoE(1+244), apoE(t+
lipid-associated states. The cross-peaks observed #iNke 266), and apoE(%272), to study apoE lipoprotein binding
IH HSQC spectra correlate the chemical shift of amide and tetramer formation with apoE{299) and apoE(%191)
protons with!®N-labeled amide nitrogen of the same amino as controls. Their results indicated that residues-Z&®
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are responsible for apoE’s aggregation, whereas residues
225-272 are critical for lipoprotein binding1{, 22).
Consistent with these results, our data identified five residues,
F257, W264, V269, L279, and V287, that are critical to the

aggregation property of the apoE C-terminal domain. Im- 6.

portantly, mutations in these positions also maintain second-
ary structure/stability and the lipid-binding activity of this

protein, suggesting that the aggregation property of the apoE 7.

C-terminal domain is independent from both the secondary
structure/stability and lipid-binding activity of this protein.
In other words, the lipid-binding activity of the apoE
C-terminal domain does not require protein aggregation. This
is consistent with previously published data, indicating that
apoE does not appear to self-associate on lipid surf&®s (
Our results further indicate that the critical residues respon-
sible fora-helical structure/stability and lipid-binding activity
are different from the above five residues that are crucial
for apoE’s aggregation. Thus, it seems that the apoE
C-terminal domain uses different sets of epitopes to regulate
its lipid-binding activity, to maintain and stabilize its
o-helical structure, and to mediate its aggregation. This
conclusion should provide a structural/functional basis for
the generation of a monomeric, biologically active, full-length
apoE for structural determination of this important protein,
and we are currently working on this project.

Taken together, our results conclude that a monomeric,
biologically active apoE C-terminal domain, apoEC-J, has

been successfully prepared. Using this mutant, it has been 13.

demonstrated that high-quality NMR spectra have been
collected in both the lipid-free and lipid-bound environments,
allowing for NMR structure determinations of the apoE
C-terminal domain in the lipid-free and lipid-bound states.
It is worth noting that such structures of the apoE C-terminal
domain are currently not available. In addition, the success ;5
of preparing a monomeric, biologically active apoE C-
terminal domain indicates that it is also possible to prepare
a monomeric, biologically active, full-length apoE for an
NMR structural determination. Furthermore, crystallization
of such a monomeric, full-length apoE may also be possible.
Therefore, this study has solved the major technical problem
of aggregation in the structural studies of apoE and the apoE
C-terminal domain.
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