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ABSTRACT. Apolipoprotein A-1V (apoA-IV) is an exchangeable apolipoprotein that shares many functional
similarities with related apolipoproteins such as apoE and apoA-l but has also been implicated as a
circulating satiety factor. However, despite the fact that it contains many predicted amphipttlical
domains, relatively little is known about its tertiary structure. We hypothesized that apoA-1V exhibits a
characteristic functional domain organization that has been proposed to define apoE and apoA-I. To test
this, we created truncation mutants in a bacterial system that deleted amino acids from either the N- or
C-terminal ends of human apoA-IV. We found that apoA-IV was less stable than apoA-I but was more
highly organized in terms of its cooperativity of unfolding. Deletion of the extreme N and C termini of
apoA-1V did not significantly affect the cooperativity of unfolding, but deletions past amino acid 333 on
the C terminus or amino acid 61 on the N terminus had major destabilizing effects. Functionally, apoA-
IV was less efficient than apoA-I at clearing multilamellar phospholipid liposomes and promoting ATP-
binding cassette transporter A1-mediated cholesterol efflux. However, deletion of a C-terminal region of
apoA-IV, which is devoid of predicted amphipathichelices (amino acids 33376) stimulated both of

these activities dramatically. We conclude that the amphipatlielices in apoA-IV form a single, large
domain that may be similar to the N-terminal helical bundle domains of apoA-I and apoE but that apoA-
IV lacks the C-terminal lipid-binding and cholesterol efflux-promoting domain present in these
apolipoproteins. In fact, the C terminus of apoA-IV appears to reduce the ability of apoA-1V to interact
with lipids and promote cholesterol efflux. This indicates that, although apoA-IV may have evolved from
gene duplication events of ancestral apolipoproteins and shares the basic amphipathic helical building
blocks, the overall localization of functional domains within the sequence is quite different from apoA-I
and apoE.

Apolipoprotein A-IV (apoA-IV} is a 46-kDa protein rapidly dissociates from remnant particles, primarily residing
discovered in 1974 in rat plasma high-density lipoprotein in HDL and as lipid-poor protein Z 4). Despite this
(HDL) (2). In humans, it is synthesized by the small intestine responsiveness to lipid intake, an unambiguous function for
and secreted into the mesenteric lymphatics associated withapoA-IV has not yet been widely recognized. It has been
chylomicrons. Under conditions of high lipid absorption, proposed to play many functions in vivo, including food
apoA-IV secretion by the gut is up-regulated and can accountintake regulationg), gastrointestinal motility®), structural
for up to 3% of the total gut-secreted protely 8). Upon constituent of lipoproteins7j, and protection against lipid
chylomicron lipolysis in the general circulation, apoA-IV  oxidation and atherosclerosi8)( and can also mimic many

of the roles of apoA-l, including cholesterol efflux and
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HL62542 (to W.S.D.) and HL22633 (to M.C.P.). ApoA-IV shares several general features with other
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apoA-IV, apolipoprotein A-1V, apoE, apolipoprotein E; BSA, bovine majority of its repeats are significantly more hydrophilic than
serum albumin; B§ bis[sulfosuccinimidyl] suberate; CD, circular  the helices within apoA-l and apoE, making it the most
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phospholipid; STB, standard Tris buffer; WT, wild type. deeply into lipid than the helices of other apolipoproteins
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(12), possibly accounting for the significant portion of apoA-  To test these ideas, we took the approach of deleting
IV that exists in a lipid-dissociated state in human plasma discrete domains from each end of apoA-IV and assessing
(2, 4). the effects on the structural organization as well as the ability
In addition to similarities in predicted secondary structure, to associate with lipids and promote ABCA1l-mediated
apoA-1V is also related to the other apolipoproteins at the cholesterol efflux. We found that apoA-IV indeed contains
genetic level. The human apoA-IV gene is located in the a large domain that may resemble the N-terminal helical
same 15-kb gene complex as apoA-l and apoC-lll on the bundle structure of apoA-l. However, apoA-IV lacks the
long arm of chromosome 1118). In fact, intraexonic strong C-terminal lipid-binding domain. In fact, the extreme
duplication of the apoA-I gene has been suggested to haveC-terminal 44 amino acids appeared to inhibit the molecule
led to the formation of the apoA-1V gene some 300 million from interacting with lipids and promoting cholesterol efflux.
years ago 14). Therefore, one might expect that apoA-1V
would exhibit tertiary structure similarities to the more EXPERIMENTAL PROCEDURES

extensively studied apoA-lI and apoE. Both of these apo- . . .

lipoproteins have been proposed to exhibit a general struc- HMrateIrlalsciDS—rF;?nGlf %elr?]i/vpehrer(r)nbtailnegifronl %:IO'RBIL\?J

tural organization that is composed of two functional ( ercuies, ).0 ersna a _aca( scataway, N.J).
Primer synthesis and DNA sequencing were performed by

domains. These domains are composed of clusters of . . o : S )
amphipathic helical repeats and play different functional roles the U_myersny of Cincinnati DNA Core (Cincinnati, OH).
Restriction enzymes were purchased from New England

within the protein. The best information obtained thus far Biolabs (Beverly, MA). Human small intestine QUICK-

Rlats erfnc;rzn ae[ f:g)gr?n ei? g;-;aé)yog)frsrt]?sllogsgr éhztvlégyth%t[ ;ne Clone cDNA was purchased from BD Biosciences Clontech
N-terminal 22 kDa of apoE can form a four-helix bundle (pro?}uct Zlf76'1')w(Pba.‘|$ AI:]O’MCA)' l?’?‘ p:jOtEis@BaLsgfvaDsEs
structure that is relatively stable in the absence of lipi).( Euszzch:r?fhiarzgian% tlheeCE'ﬁ'Sgr\(/:gctso?l\qNére f)r.om _NO\Ea erz
The remaining C-terminal domain exists in a less defined (Madison, WI). Isopro pB—D—thio alactoside (IPTG) Wgs
structure that is poised to interact with lipids to trigger an from Fish’er Séientiﬁc {’Slittsbur hg PA). Bis[sulfosuccinim-
unfolding of the N-terminal domain as the protein associates.d I suberate (B h 9 ’df ) Pi Rockford
with lipid. This unfolding event exposes a binding site for idyl] su erate (B3 was purchase rom Fierce (Rockford,
the low-density lipoprotein receptor in the N-terminal domain IL). 1,2-D|r_nyr|stoyl-sngche_ro-3-pho_sphat|dylch(_)I|ne (DMPC)
(for a review, see refl6). Without the benefit of a was acq.mred . _Avant| Polar L|p|d§ (Birmingham, AL).
Fatty-acid-free bovine serum albumin (BSA) was from

monomeric, lipid-free crystal structure, it has also been . : .
: _ P R : . Calbiochem (San Diego, CA). 8-Bromoadenosines's
suggested that apoA-I exhibits a similar functional domain CAMP was from SigmaAldrich (St. Louis, MO). Fetal

organization in solution. Deletion mutagenesis studies have : o .
g g bovine serum, Dulbecco’s modified Eagle medium, and

indicated that the N-terminal half of apoA-I is responsible hosphate-buffered saline were from Invitrogen Life Tech-

for most of the helical structure and stability in the lipid- golo pes (Calilsbad CAI\) F\QNAW 264.7 r;:lo sge malcro hage

free form and that the C-terminal half is less organized. Upon 9! o ) Use | phag
cells were from American Type Culture Collection (Manas-

lipid binding, the C-terminal domain undergoes a dramatic : . ;
increase in helicity and becomes the major stabilizing domain ;32’”;@)8' All chemicals reagents were of the highest quality

in the lipid-bound state1(7, 18). More recent work has

further defined these domains and proposed a two-step model Cloning and Mutagenesis of Human apoA-W human
for the binding of apoA-I to lipid {9). The weight of the small intestine cDNA library was used to clone human apoA-

evidence indicates that the N-terminal domain of apoA-I V- PCR primers were designed to amplify the coding region
(about residues-4187) forms a helical bundle structure that ©f human apoA-IV. After amplification, forward- and
is in a molten globular state2(, 21). In contrast, the C  'everse-flap primers were designed containing\anl and
terminus (188-243) forms a less organized domain that is H|ndII.I cleavage site, respectlvgly. The forward primer also
required for lipid-binding eventsly, 19, 22—25). cpntameq Fhe sequence en.codlng _for a proteolynp cleavage
Given the similarities between apoA-IV and the relatively Sit€ Specific forigase that is required for removing the
well-studied apoA-I and apoE molecules, we hypothesized Nistidine tag from the purified proteir2y). The apoA-Iv
that a two-functional domain architecture may be a common PNA was then ligated into the pET30 vector (Novagen) and
theme among the exchangeable apolipoproteins and that £0mMpletely sequenced.
similar model would apply to apoA-IV. On this basis, we ~ Most of the deletion mutants used wild-type (WT) apoA-
expected to find: (a) an N-terminal domain composed of IV in the pET30 vector as the template for PCR-based
associated: helices and a relatively disordered C-terminal mutagenesis. Th&1—39 mutant and\1-61 mutant forward
region and (b) the lipid-binding functionally of apoA-1V to  primers were designed similarly to the WT, but instead of
be localized to the C terminus. In addition, our recent studies the clamp-region nucleotides encoding the N-terminal amino
have indicated that the class Y character of the extremeacids, they matched the 40th and 62nd amino acids,
C-terminal helix in apoA-I is critical for its interaction with ~ respectively. The C-terminal mutations were created by
the ABCAL1 transporter25, 26). We speculated that this helix ~ performing PCR-based site-directed mutagenesis (Quick-
might act as a tether to specific lipid domains on the cell Change, Novagen) to insert stop codons at specific locations.
surface, facilitating its interaction with ABCAR6). Given ~ The N- and C-terminal double mutations were created by
that apoA-1V contains a number of class Y helices in its inserting stop codons into thA1—39 mutant as their
C-terminal half, we further hypothesized that one or more template.
of these helices would be critical for its ability to promote Protein Expression and PurificationTo generate WT
cellular cholesterol efflux via ABCAL. human apoA-IV, we modified our highly efficieri. coli
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expression system used previously for human apo2¥). (
The expression construct was transfected itooli BL-21
cells and grown in LuriaBertani (LB) culture media that

included kanamycin for selection of the pET30 transformants.
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bath. Each protein sample was then added to the liposomes
at a mass ratio of 10:1 (weight of DMPC/protein) in separate
cuvettes, and the absorbance was recorded over 30 min at
325 nm. They axis of the graph is the ratio of the absorbance

Protein expression was driven by the T7 promoter upon at any given time point (OD) to the initial absorbance at

exposure to IPTG for 2 h. After expression, the bacterial

cells were pelleted and lysed by sonication, leaving the

recombinant apoA-1V in the supernatant after centrifugation.

time zero (OD) (32).

Cholesterol Efflux Studieg he transformed mouse mac-
rophage cell line RAW264.7 was maintained in growth

The presence of the histidine tag allowed for easy purification medium (Dulbecco’s modified Eagle medium, 10% fetal

by using a histidine-binding column (Niaffinity column).

bovine serum, and 50g/mL gentamycin). The cells were

The protease Igase was used to cleave the leader portionyrown to 76-80% confluency in 48-well plates, and the
(with the histidine tag) of the protein, thus leaving the mature growth medium was removed. The cells were then labeled

form of apoA-1V with an additional Thr-Pro on the N
terminus. Finally, the sample was applied to a His-bind

with 1.0uCi/mL [3H] cholesterol in efflux medium (DMEM
+ 0.2% BSA) with or without 0.3 mM 8-bromo-cAMP for

column a second time to separate the mature protein fromp4 h. After 24 h, the cells were washed twice with PBS,

the cleaved tag. ApoA-IV exists in humans as two major
isoforms differing at amino acid position 360 (GlIn, type I;
His, type Il) 28). The protein studied in this paper was the
type Il isoform. However, we have generated the point
mutants necessary to convert type Il to type | for both the
WT protein and the\1—61 deletion mutants (the C-terminal

containing 0.2% BSA, and once with efflux medium. Efflux
medium, containing differing concentrations of protein
acceptors, was added to the wells with or without cCAMP
for 8 h. After 8 h, 15QuL of sample of efflux medium was
removed and filtered through a 0.4%A filter to remove any
floating cells. The amount ofifi] cholesterol in 10Q:L of

deletions do not contain this site) and compared them usingeach sample was then measured by liquid scintillation
all of the structural and functional assays described below. Counting_ The percent cholesterol efflux was calculated by

We found no significant differences between the two
isoforms (data not shown).
Circular Dichroism (CD) SpectroscopyThe average

dividing the counts in the medium by the total cell counts at
time zero minus the cholesterol efflux to media alone at 8 h
(26). For the experiments studying the dependence of

secondary structures of the apoA-IV mutants were deter- cholesterol efflux on acceptor protein concentration, esti-
mined by obtaining CD spectra at room temperature using amated K,,” and “Vpna," values were obtained by fitting the

Jasco J-600 spectropolarimeter. Thehelix content was
calculated from the molar ellipticity at 222 nm, as described
(29). The thermal denaturation was monitored from the
change in molar ellipticity at 222 nm over the temperature
range 26-80°C, as described(). The cooperativity index,
n, describing the sigmoidicity of the thermal denaturation
curve and the van't Hoff enthalpyAH,, were calculated as
described previously10).

Fluorescence MeasuremenEuorescence measurements

data to the following equationY = V] X/(X + Ky))], where

Y represents the percent of total cellular cholesterol effluxed
per hour andX represents the concentration of acceptor
protein present in terms efg/mL (33).

RESULTS

As discussed above, we hypothesized apoA-1V would have
a modular domain structure based on its sequence similarities

were carried out with a Hitachi F-4500 fluorescence spec- t0 @poE and apoA-I. To test this, we created deletion mutants
trophotometer at 25C. 8-Anilino-1-naphthalenesulfonic acid by cutting from the N- and C-terminal ends of the apoA-IV

(ANS) fluorescence spectra were collected from 400 to 600 molecule and then subjected the mutants to a battery of
nm at an excitation Wave|ength of 395 nm in the presence structural and functional assays designed to determine: (a)

of 50 ug/mL protein and an excess of ANS (2&6M) (19).

Self-Association Determinatiohipid-free WT apoA-1V
and various mutants were dialyzed into 20 mM sodium
phosphate buffer at pH 7.5, containing 20 mM NaCl at a
protein concentration of 1 mg/mL. The proteins were then
cross-linked by adding 50 mM BStock in DMSO to a final
concentration of 10 mM Bs$for 1 h atroom temperature.
The reactions were quenched by addih M Tris-HCI at
pH 7.5 to a final concentration of 50 mM for 15 min at room
temperature. After quenching,4 of each protein sample
were then run on425% gradient polyacrylamide denaturing
gels and stained with Coomassie bl3d)(

DMPC Liposome SolubilizatioMPC in chloroform was

the region(s) of the highest structural organization and (b)
region(s) involved in lipid binding and ABCAl-mediated
cholesterol efflux. Figure 1 is a linear diagram of human
apoA-IV showing its predicted 22-residue repeats and
punctuating proline residue84, 35). The arrows indicate
sites of deletion from both ends of the molecule. For the
C-terminal mutations, stop codons were introduced to delete
a C-terminal region, which is not predicted to contain
amphipathico helices A333—-376) and subsequently each
predicted helical domain was deleted up to amino acid 249.
Regions were deleted from the N terminus to remove a
predicted nonamphipathic helical domaii(39) and then
the first predicted N-terminal helical segmem1(—61).

dried in a glass tube and brought up in 1 mL of degassed After expression and purification, the proteins were

standard Tris buffer (STB; 10 mM Tris, 0.15 M NacCl, 1
mM EDTA, and 0.2% Nah) at a concentration of 5 mg/
mL. Multilamellar liposomes were formed by sonication for
30 s with a model 550 sonic dismembrator at level 5 with a
microtip (Fisher). The experiments were performed in an

analyzed by SDSPAGE. The protein preparations were
routinely greater than 95% pure as illustrated by the subset
of proteins in Figure 2. The majority of the proteins migrated
to positions near their predicted molecular weight as
determined by the amino acid sequence. HoweverAthe

Amersham Biosciences Ultraspec 4000 at a constant tem-39 mutant appeared to be larger than expected (about 43 000

perature of 24.5C, as maintained by a circulating water

Da as opposed to 39 166 Da) on the gel. We confirmed that
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Ficure 1: Linear diagrams of WT apoA-1V and truncation mutants. The shaded boxes represent predicted class Y ampliphteis,

and the hatched boxes represent class A helices. Most repeats are punctuated by a proline re2Bud (e)arrows are placed at sites

where deletions were made either in the N or C terminus. Each deletion mutant used in this study is represented by a solid black line
showing the sequence that was left intact.

kDa 1 2 3 4 5 6 Table 1: Conformation and Stability Properties of WT apoA-IV and
the Various Deletion Mutants
97 — a helix cooperativity To®  AH\? self-
(%)2 indexX (°C) (kcal/mol) associatioh
66 | —— WT apoA-IV 40 13.4 51 58 1,
A333-376 39 12.5 54 52 1,
A311-376 39 8.8 51 40 Y,
45 | - ‘ : T A289-376 44 5.9 46 33 1/2/3/4...
v - - A271-376 41 6.4 47 34 1/2/3/4...
A249-376 28 5.6 44 33 1/2/3/4...
- A1-39 31 14.5 54 60 1,
30 -— Al-61 35 13.2 52 56 1
A1-39,333-376 31 16.3 52 68 Y,
A1-39,271+376 20 55 56 28 1/2/3/4...
WT apoA-I 46 7.8 60 33 ND
A190-243 57 12.0 56 48 ND

Ficure 2: SDS-PAGE analysis of WT apoA-1V and representative (apoA-)
mutant forms. After expression and purification as described in the it
Experimental Procedures, #g samples of apolipoprotein were a Approximatea-helical contents determined from the molar ellip-
electrophoresed on an 18% denaturing polyacrylamide gel andticity at 222 nm at 25C as calculated according to Chen et &lr)(
stained with Coomassie blue. Lane 1: Amersham-Pharmacia low- Each value represents the average of at least two observations. Typical
molecular-weight marker (cat. 17-0446-01). Lane 2: WT apoA- standard deviations for these experiments -a6%. ® Describes the
IV. Lane 3: A333—376. Lane 4: A311-376. Lane 5:A1-61. sigmoidicity of the thermal denaturation curve (see the Experimental
Lane 6: A1—39. Procedures). Each value represents the average of at least two
observationst Midpoint temperature of denaturation. Typical reproduc-
the mass of this mutant was indeed correct by MALDI mass ibility for these experiments i4:2.0°C (19). ¢ Estimated error on these
spectrometry (39 175 Da). Similar inconsistencies in the experiments ist0.5 kcal/mol.© Qualitative estimation of the oligo-

. - merization behavior of the mutants as assessed BycB&s-linking
apparent molecular weight of apoA-IV deletion mutants have tudies. A value of/; indicates the presence of monomers and dimers

been noted previously and may be attributed to deCreasedl(stypically about 70% dimer and 30% monomer). A value of 1/2/3/4...
SDS binding to particular mutants causing them to migrate indicates the presence of a relatively even distribution of multiple

slower on the gel36). oligomers.

Structural StudiesNe next performed a series of structural
studies on the proteins. Thehelical content was determined  the o helices in apoA-1V are significantly less stable. The
by CD (Table 1). Thex-helical content of WT apoA-1IV was  sigmoidicity of the apoA-I denaturation curve is significantly
40% or roughly 151 helical residues. Removal of the less than that for apoA-IV. A cooperativity index that
C-terminal amino acids down to residue 271 resulted in little describes the sigmoidal nature of the denaturation is listed
change in the overall helical content. However, for apoA- in Table 1 along with the midpoint temperature and the van't
IV molecules containing deletions past residue 271, we noted Hoff enthalpy of the denaturation. Removal of C-terminal
a marked decrease in helicity. Interestingly, removing the residues 333376 stabilized the protein slightlyT, = 54
N-terminal 39 amino acids resulted in a marked decrease in°C versus 51C) and had relatively minimal effects on the
helicity that persisted in all mutants that had this domain cooperativity index and van't Hoff enthalpy. The properties
deleted. of A333—-376 were similar to the proposed N-terminal,

We next performed thermal denaturation experiments that single-domain helix bundle structure formed by residues
monitored the helical content of the proteins by CD as a 1—190 of apoA-I. Removal of the 22-residue helix spanning
function of temperature. Figure 3A shows that WT apoA- residues 311333 disrupted the organization of the apoA-
IV remained in a relatively native conformation until about 1V molecule, as indicated by much larger reductions in the
43 °C, where it underwent a rapid denaturation followed by cooperativity and van't Hoff enthalpy. As more extensive
a plateau. This is compared to a denaturation profile for deletions of the C terminus were made (parts A and B of
recombinant WT apoA-l. Thé&l,, for apoA-1V is 51 °C Figure 3), the cooperativity decreased to a minimum of about
compared to 60C for apoA-l, indicating that, on average, 6 with similar reductions for th&,, and AH,. At the N
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WT apo A-IV
A289-376
A271-376
A249-376
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WT apo A-IV
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Temperature (°C)

Ficure 3: Thermal unfolding of N- and C-terminal mutants of apoA-IV. Thermal unfolding was monitored by ellipticity at 222 nm. (A)
WT apoA-1V (@), A333—-376 (v) andA311-376 @). The inset shows WT apoA-1V compared to human apoA-I. (B) WT apoA®Y, (

A289-376 (¥), A271-376 @) and A249-376 (#). (C) WT apoA-IV

terminus, deleting amino acids-B9 or 1-61 had little effect

on cooperativity,T,, and van't Hoff enthalpy as compared
to those of the WT (Figure 3C and Table 1). Thus, it
appeared that removing the extreme ends of the molecule
(1—61 or 333-376) preserved the general structure adopted
by the WT protein; however, further deletions into the
C-terminal end clearly disrupted the protein organization. It
should be noted that we attempted to make further deletions
into the N terminus 4A1-83, A1-94, and A1-138).
However, these deletions resulted in mutant proteins that
were quickly degraded during the purification from our
bacterial expression system (data not shown). We believe

that these mutations caused catastrophic perturbations of the

tertiary structure, exposing humerous sites that were normally
buried within the protein to proteolytic degradation.

Double mutants were also created with deletions at both
the N and C termini. The first mutant was designed to remove
amino acids +39 and 333-376, which are not thought to
form class A or Y amphipathic helices (Figure 1). A second
mutant was then designed to include amino acids 2iD.
Figure 4 and Table 1 show thAtl—39 333-376 exhibited
similar, if not increased, stability parameters to the WT, but
the structure oA1—39 271-376 was sufficiently perturbed
that it did not undergo cooperative unfolding. Thus, the
highest cooperativity of unfolding was consistently noted for
the intact domain represented by residues 382.

As an additional measure of structural organization, we
examined the interaction of ANS with the mutants. ANS

@), A1-39 (v) andA1-61 ).

‘:--.
£
23
[ 5] e d = 55
S £
o T
= =
5E o] 8
o
] & 121 ® WTapo AV
k=] A1-39 AZT1-
= £ 141 Vv A1-39, A271-376
= O A1-39, A333-378
-16 A
-18

20 30 40 50 60 70 80

Temperature (°C)
Ficure 4: Thermal unfolding of combined N- and C-terminal

mutants. WT apoA-IV@), A1—39 271376 (v) andA1—39 333~
376 @).

fluorescence emissioT). Therefore, the more exposed the
hydrophobic domains, the higher the degree of ANS binding
and fluorescence. Figure 5 shows the effects of interaction
with WT apoA-IV, WT apoA-I, and the various deletion
mutants on ANS fluorescence. WT apoA-IV induced much
less ANS fluorescence per amino acid as compared to apoA-
I. Similar to the thermal denaturation studies, removing
amino acids +61 or amino acids 333376 had relatively
minor effects on ANS fluorescence as compared to that of
WT apoA-IV. A311-376 also exhibited low ANS fluores-

binds to exposed hydrophobic surfaces resulting in increasedcence. However, further deletions into the C-terminal end
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1.2 4 To determine the regions of apoA-1V that are important
3 w0l M in lipid binding and reorganization, a DMPC lipid clearance
g2 assay was performed. In this assay, DMPC multilamellar
§§ 081 = liposomes are generated in buffer, resulting in a turbid
§Lg 06 | ) solution. Protein samples are then added, and the turbidity
E§ clears as the protein binds and reorganizes the liposomes
g‘é 04 1 into discoidal structures. Figure 7 shows that WT apoA-1V
£ o2 H H cleared the liposomes more slowly than WT apoA-l but
= ' ﬁ clearly was able to reorganize the lipid to some extent.
00 P v v v v v . o S Surprisingly, removal of regions from the C terminus
vy & %% % '%?‘5 CRC dramatically increased the rate of clearance, contrary to the
Ty ©° %@ 23 A “?e% effect of C-terminal deletion on the ability of apoA-I to clear

@ = DMPC liposomesZ6). In fact, the increase in lipid clearance
Ficure 5: Effects of apoA-l, WT apoA-IV, and mutant forms of  was so profound that we were forced to modify our usual
apoA-1V on ANS fluorescence. A total of 50g/mL protein was protocol from a 2.5:1 (weight of phospholipid/protein) to a

added to an excess of ANS (26M), and the fluorescence spectra . . : ; . S
were collected from 400 to 600 nm at an excitation wavelength of L0-1 ratio to slow the reaction to a point at which the kinetics

395 nm. The data are reported as detector counts per amino acidcould be measured accurately. The highly increased ability
measured at the wavelength of maximum fluorescence (484 nm).of the C-terminal truncation mutants persisted when the

The values for human apoA-I are shown for comparison. proteins were compared on an equal protein molar basis as
well as on a mass basis (data not shown). On the other hand,
removal of N-terminal amino acids—-139 or 1-61 did not
affect lipid clearance in the apoA-IV mutants. Interestingly,
o =-” - _ ; the N- and C-terminal double mutants did not differ from
45— 3 & ' the WT, despite lacking the same C-terminal amino acids
gg : that resulted in the dramatic increase in the C-terminus only
144 — [ ; . > mut'an.ts.

) . Similar to apoA-I, apoA-1V has been shown to have the
FiGure 6: SDS-PAGE analysis of the self-association of WT  apjjity to promote the efflux of cholesterol via the ABCA1L

apoA-IV and representative mutant forms. Lipid-free samples were .
crposs—linked in go mM PBS with 10 mM E;Sgr 60 min at ?oom pathway 0). We took advantage of our deletion mutants to

temperature. After quenching, 4 protein samples were run on det(‘?‘rmine i_f a pQrtiCUbr domain in apoA-IV is responsible
4—25% gradient polyacrylamide denaturing gel and stained with for interaction with ABCA1l. We used RAW264 macro-
Coomassie blue. Lane 1: Amersham-Pharmacia low-molecular- phages in these studies because it has been clearly established

kDa

weight marker. Lane 2: WT apoA-IV. Lane 3\1-39. Lane 4 41 the addition of cAMP to the cells causes an increase in
Al1—-61. Lane 5: WT apoA-IV. Lane 6:A333—-376. Lane 7: ABCAL h I £ 30). Af fth
A311-376. Lane 8:A289-376. Lane 9:A271-376. at the cell surface3g, 39). After treatment of the

cells for 24 h with labeled cholesterol and cAMP, lipid-free

protein acceptors were added &h todetermine their ability
resulted in dramatic increases in ANS fluorescence. Con-to promote cholesterol efflux by the ABCAl-mediated
sistent with the results from the denaturation studies, the pathway. Figure 8 shows ABCA1-mediated cholesterol efflux
double mutant, A1—39 333-376, exhibited similar ANS  over a range of concentrations of WT apoA-1V, the deletion
fluorescence to the WT, but1—39 271-376 was markedly =~ mutants, and WT apoA-I. The appardft andVpax values
increased. In general, the ANS fluorescence results suggesfor each of the lipid-free protein acceptors are also given in
that the domain-spanning residues—832 can fold into a  Table 2. These results show that all proteins tested exhibited
structure that exhibits minimal exposure of hydrophobic generally similar maximum capacitie¥n(ss) for ABCA1-
residues. mediated cholesterol efflux under these conditions. However,

Functional StudiesWe next determined the effects of the large differences in appareii, existed between the proteins;

deletions on several indices of apoA-IV function in vitro. much more WT apoA-IV was required to reach its maximum
Because self-association is a common feature of lipid-free effect compared to that of apoA-I. However, removal of any
apolipoproteins, the ability of apoA-IV and its deletion of the C-terminal regions resulted in a markedly low&r
mutants to oligomerize was determined by cross-linking with than that for WT apoA-IV and a value that was similar to
BSs. Figure 6 is an SDSPAGE analysis of protein samples that of WT apoA-I. In contrast, removal of the N-terminal
cross-linked at 1 mg/mL. In the case of WT apoA-IvV, amino acids 339 or 1-61 caused smaller reductionsKg,
approximately 70% of the protein was present as a dimer The double mutantA1—39 271376 exhibited a loweKp,
with the remaining 30% as a monomer. Removal of the than that of the WT and was similar to the rest of the
N-terminal amino acids 161 and removal of C-terminal  C-terminal mutants. In general, the presence of the region
amino acids up to 311376 did not affect the oligomerization = 333—376 dramatically diminished the ability of apoA-1V to
pattern as compared to that of the WT. However, further promote cholesterol efflux via the ABCA1 pathway.
deletions into the C terminus resulted in an even distribution
between the monomer, dimer, and trimer. Both double DISCUSSION
mutants followed their C-terminal mutant counterpart with  On the basis of previous studies of apoE and apoA-I, we
A1-39 333-376 forming only the monomer and dimer and anticipated that apoA-IV might exhibit a two-domain struc-
A1—39 271376 forming the monomer, dimer, and trimer ture comprising an N-terminal domain folded into a bundle
(data not shown). of 22-residue amphipathia. helices and a relatively dis-
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Ficure 7: DMPC liposome solubilization by apoA-I, apoA-IV, and deletion mutants of apoA-1V. DMPC multilamellar liposomes in STB

were maintained at 24 3 by a water bath and monitored at 325 nm for 30 min after protein was added (see the Experimental Procedures).

(A) WT apoA-IV versus apoA-I. (B) WT apoA-IV versus all of the C-terminal deletion mutants. (C) WT apoA-IV versus the N-terminal
deletion mutants. (D) WT apoA-1V versus the combined N- and C-terminal deletion mutanty.aiXieis the ratio of the absorbance at
325 nm at any given time point (OD) to the initial absorbance {0B2).

ordered C-terminal domain responsible for lipid interactions. Based on the structures of other lipid-free apolipoproteins,
This was reasonable considering the evolutionary and it follows that the hydrophobic faces of these helical domains
predicted secondary structural similarities between theseare likely clustered together in the interior of the protein.
proteins and the fact that the most C-terminal amphipathic Such a four-helix bundle structure has been established for
repeat in apoA-IV is a class Y helix with a similar mean the N-terminal domain of apoEL§). In this case, the four-
residue hydrophobic momenB4) to the lipid binding/ helix bundle has a well-defined secondary and tertiary
cholesterol-effluxing helical domain identified in apoA2K. structure and is stabilized by strong hydrophobic forces and
While we found evidence that apoA-IV contains at least one intrahelical salt-bridge interactions, explaining its relatively
large domain (residues 4B32) comprising about 77% of  high free energy of stabilization of about 10 kcal/mbby

the amino acid sequence, the region(s) of the apoA-IV In contrast, the helical bundle in apoA-l is significantly less
molecule primarily involved in DMPC clearance and in stable with a free energy of stabilization of about2kcal/
ABCA1-mediated cholesterol efflux was not located in the mol (40). This domain likely differs from a classical four-
C-terminal /5 of the protein. Indeed, removal of the helix bundle in that it is more dynamic with secondary
C-terminal nonamphipathic helical domain (residues-333 structural elements that do not maintain stable tertiary
376) of apoA-1V resulted in the opposite effectiotreased  interactions. This melted tertiary structure is characteristic
DMPC clearance and cholesterol efflux. This suggests thatof molten globule protein2Q). The conformational dynam-
there is another sequence within apoA-1V that is responsible ics of lipid-free apoA-1 are evident when it is visualized on
for lipid binding and that the C-terminal domain may inhibit a native polyacrylamide gel; it runs as a diffuse or smeared
it. The effects of the deletions performed in this study on band that is much larger than predicted by its molecular
the apoA-1V structure and function are summarized graphi- weight (data not shown). ApoA-1V is even less stable than
cally in Figure 9. We discuss these observations in detail apoA-l as shown in Table 1 and by the fact that it is

below. completely denatured in about 0.5 M guanidine HCI with a
ApoA-1V StructureOur data indicate that apoA-1V exists calculated free energy of stabilization of less than 1 kcal/
as a single cooperative domain between residues33Q. mol (41). Despite this low stability, our data indicate that

Inspection of Figure 1 shows that this region encompassesthe structure of the domain is highly cooperative and
about 9 of the potential 22-mer helical repeats that are organized in such a way as to efficiently sequester hydro-
predicted for the protein. However, our CD data in Table 1 phobic residues within the interior of the protein molecule.
for the mutantA1—39 333-376 indicates that the domain  This high level of organization is consistent with the fact
is only about/s helical, suggesting that the domain contains that monomeric lipid-free apoA-IV runs as a tightly focused
an average of about 91 helical amino acids, roughly four band on a native polyacrylamide gel (data not shown). The
22-mer helices or perhaps a higher number of shorter helicesprecise reason for the dichotomy between low stability and
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Ficure 8: ABCA1l-mediated cholesterol efflux from RAW264 macrophages. Cells were grown-t80® confluency in 48-well plates

and labeled for 24 h with3H] cholesterol along with 0.3 mM 8-bromo-cAMP to upregulate ABCAL. Protein acceptors at different
concentrations were added in DMEM media with 0.2% BSA and 0.3 mM cAMP. After 8 h, samples were counted in a scintillation counter.
(A) compares WT apoA-1V and apoA-I. (B) compares WT apoA-N333—376,A311-376,A289-376,A271—-376, andA249—-376. (C)
compares WT apoA-IVA1—-39, andA1—-61. (D) compares WT apoA-1V and the double mutAdt-39, 271-376. Note: the concentration
ranges differ between A and C versus B and D to more effectively show the differing apgareatues among the mutants. The data
were fit to a simple MichaelisMenten equation (see the Experimental Procedures) and are shown by the solid lines.

Table 2: Kinetic Parameters for Cholesterol Efflux from RAW264 Weinberg et al. 82, 42) and Emmanuel et al3¢) demon-

Macrophages to Lipid-free apoA-1V and Its Deletion Mutants strated that all internal deletions of various regions of apoA-
Kie Voo Kid Vi IV, including areas that are out.side of th_e—4$B_2 domain
WTapoAV 54 3.0  AL_39 6 24 prop_qsed here, resulted in major reductlons_ in thg thermal
A333-376 11 32  Al-61 23 o5 stability of apoA-IV. However, the mutants utilized in these
A311-376 8 3.0 A1-39, 333-376 NAC NA studies contained a hydrOphObiC deCapeptide tag on the N
A289-376 5 2.4  A1-39,271+376 13 3.4 terminus that was demonstrated to affect both structural and
A271-376 7 30  WT apoA-l 7 3.1 functional aspects of the proteidd). It may be that the

A249-376 : 8 32 : : _ presence of the tag region made the mutants much more
2 Concentration of acceptor apolipoprotein at 50% of the maximal sensitive to destabilizations from deletions than seen in the

rate of cholesterol efflux\(may. The units are micrograms of apoli- - o, rent study in which the purification tag had been removed.
poprotein per milliliter of media. Typical error is approximately 14%

of the mean value2 Maximal rate of cholesterol efflux (percent of total N @Y case, the general result from both studies is consistent
cellular cholesterol label per hour) calculated as described in the With the notion that lipid-free apoA-IV is composed of a
Experimental Procedures. Typical error is approximately 36% of the large domain that is relatively organized but unstable.
poan ke Tt itat g ot oo el cheterol X cional Stuies An mporant uncion of the .
changeable apolipoproteins is to bind to lipid to form
lipoproteins. We compared the ability of WT apoA-1V to
high structural organization cannot be directly addressed by clear DMPC liposomes to that of apoA-l. This assay
our studies. However, we propose that, compared to apoA-I measures the end result of a complex, multistep interaction
and apoE, the stabilizing forces within apoA-IV may be petween proteins and lipids (see the reaction scheme in Segall
dominated less by hydrophobic forces acting upon seques-gt . in ref43). Although the assay does not speak directly
tered nonpolar residues and more by hydrophilic interactions g ipid-binding affinity per se, it does offer a general index
among exposed polar residues. Indeed, the helical repeatf the overall ability of a protein to solubilize a planar lipid
within apoA-1V are, on average, less hydrophobic and have syrface into lipoprotein-like particles. In agreement with
a smaller hydrophobic helical wedge angle than the helicesstydies by Weinberg et al32), apoA-1V was less efficient
in the other apolipoproteind @). Such polar interactions on  than apoA-I at clearing lipids in the DMPC assay. However,
the surface may result in a delicate but defined tertiary when we removed the extreme C-terminal region (amino
structure for apoA-IV. acids 333-376), the ability apoA-IV to clear DMPC
We should point out that our results differ from previous increased strikingly. Further deletions into the C-terminal
studies of internal deletion mutants of apoA-IV. Studies by end, including our most extreme mutatis'?49—376, did
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Mutation Lipid clearance Comment
WT Slow Lipid binding region MASKED,
M Helical bundle domain INTACT.
c
AN to Slow Lipid binding region DISRUPTED,
39 Helical bundle domain INTACT.
c
AC to Fast Lipid binding region EXPOSED,
M 333 Helical bundle domain INTACT.
AC past Fast Lipid binding region EXPOSED,
M 333 Helical bundle domain DISRUPTED.
f\@ AC to 333 and Slow Lipid binding region DISRUPTED,
AN to 39 Helical bundle domain INTACT.

Ficure 9: Generalized model for the effects of deletions on the structure and function of lipid-free apoA-IV. The hatched square represents
the correctly folded, large structural domain (a bundle of 22-mer amphipath@&ices punctuated by prolines) that is postulated to exist

in lipid-free apoA-IV. The irregular shape with the wavy lines represents a major disruption in the stability and cooperativity of this
domain. The small white square on the N terminus represents a putative lipid-binding domain that is masked by the C-terminal 44 amino
acid region in the WT protein (see text). The relative rates of lipid clearance refer to DMPC clearance rates relative to the WT apoA-IV
(defined as “slow”) versus thA333—376 deletion mutant (defined as “fast”), see Figure 7.

not alter this increased clearance. This is in direct contrastis responsible for mediating the interaction of apoA-1V in
to the case of apoA-l, where deletion of the final helix the absence of the C terminus. Intriguingly, the double mutant
resulted in dramaticalljdecreasedDMPC clearance ef-  A1—39, 271-376 that cleared lipids slowly (Figure 7D), was
ficiency (17, 19). Removing amino acids-139 from WT still efficient at promoting cholesterol efflux (Figure 8D).
apoA-IV had no effect on lipid clearance (Figure 7C) but This suggests that different sites within the apoA-IV molecule
dramatically decreased the ability of mutants lacking residuesmay be required for the two functions.
271-336 or 333-376 to solubilize DMPC liposomes (parts We would emphasize two implications of this paper
B and D of Figure 7). These results suggest that residuesconcerning the functionality of apoA-1V. First, we have
1-39 within apoA-IV can mediate DMPC clearance ef- demonstrated that there are sequences within apoA-1V that
ficiently, but in the presence of the C-terminal 44 amino are clearly capable of mediating apoA-I-like functions, such
acids, this site is masked (Figure 9). Removal of the as lipid binding and cholesterol efflux. However, the C-
C-terminal domain may either unmask this site or allow a terminal nonamphipathic helical sequence can attenuate these
conformational change that brings it to bear on the target functions. Of interest is the fact that this C-terminal region
lipid surface. Whether this N-terminal region is the actual 333-376 contains a unique sequence that is composed of a
site of lipid binding or if perturbations within this domain  high concentration of glutamine and glutamate residues. Of
affect a more distally located functional domain is unclear the C-terminal 25 amino acids of human apoA-1V, 11 are
and will require further study. glutamine and 6 are glutamate. Because there is no homo-
Both apoA-IV and apoA-l are acceptors in ABCALl- logue of this sequence in any of the other exchangeable
mediated cholesterol efflux in vitro. Figure 8 and Table 2 apolipoproteins, it is tempting to speculate that this “GlIn/
show that apoA-IV and apoA-I have simil&lkax values for Glu-rich” region may have interesting functional ramifica-
ABCAI-mediated cholesterol efflux, but apoA-IV is less tions for apoA-IV. More focused deletion studies will be
efficient, exhibiting a higheK,, value. However, similar to  required to test this hypothesis in the future. Weinberg et al.
DMPC binding, the removal of the C-terminal 44 amino have proposed that this region may be an evolutionary
acids increased the ability of apoA-1V to promote cholesterol innovation that imparted a role for apoA-1V in chylomicron
efflux by reducing theK, to a value comparable to that of assembly and secretion around the time of the divergence
apoA-Il. Further C-terminal deletions had similar effects, of mammals and avianglf). On the basis of our data, we
presumably because they caused disruption of the helixwould propose that this domain may also have evolved to
bundle exposing 22-residue amphipathitielices (see the allow apoA-IV to perform additional functions that are
increased ANS fluorescence in Figure 5). In terms of the distinct from the other exchangeable apolipoproteins by
identity of a recognition site within apoA-IV, it has been suppressing its apoA-I-like properties. Indeed, the protein
suggested that a particular array of acidic residues acrosshas been implicated as a circulating satiety factor along with
two amphipathic helices in the C terminus of apoA-I is its roles in lipid metabolism46). This may also account for
required to promote ABCAl-mediated cholesterol efflux observations that apoA-IV may exist in the lipid-free form
(44). Our analysis shows that the helical domains betweento a much greater extent in plasma versus apoA-I or apoE
amino acids 150 and 193 in apoA-IV appear to fit this (4). However, it should be noted that the presence or absence
criterion, whereas those closer to the C terminus do not. of a variant of the “GIn/Glu-rich” sequence does not
Future studies will be aimed at determining if this domain necessarily correlate with the ability of apoA-IV to disrupt
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lipids. For example, chicken apoA-1V, which lacks the
sequence, appears to disrupt DMPC liposomes with similar
kinetics as human apoA-IV46). Second, it is clear that
apoA-1IV does not possess the C-terminal lipid-binding
functional domain that is present in apoA-l and apoE. This
is the case even in the absence of the inhibitory C-terminal
44 amino acids. Although apoA-IV may have evolved from
gene duplication events of ancestral apolipoproteins and
shares the basic amphipathic helical building blocks, the
overall localization of functional domains within the se-
guence is quite different from apoA-l and apoE. Clearly,
more work is warranted to fully understand the functional
consequences of this distinct structural organization.
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