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Abstract To gain insight into the evolution and function of
apolipoprotein A-IV (apoA-IV) we compared structural and
interfacial properties of chicken apoA-IV, human apoA-IV,
and a recombinant human apoA-IV truncation mutant lack-
ing the carboxyl terminus. Circular dichroism thermal dena-
turation studies revealed that the thermodynamic stability
of the 

 

a

 

-helical structure in chicken apoA-IV (

 

D

 

H 

 

5

 

 71.0
kcal/mol) was greater than that of human apoA-IV (63.6
kcal/mol), but similar to that of human apoA-I (73.1 kcal/
mol). Fluorescence chemical denaturation studies revealed
a multiphasic red shift with a 65% increase in relative quan-
tum yield that preceded loss of 

 

a

 

-helical structure, a phe-
nomenon previously noted for human apoA-IV. The elastic
modulus of chicken apoA-IV at the air/water interface was
13.7 mN/m, versus 21.7 mN/m for human apoA-IV and 7.6
mN/m for apoA-I. The interfacial exclusion pressure of
chicken apoA-IV for phospholipid monolayers was 31.1
mN/m, versus 33.0 mN/m for human A-I and 28.5 mN/m
for apoA-IV.  We conclude that the secondary structural
features of chicken apoA-IV more closely resemble those of
human apoA-I, which may reflect the evolution of apoA-IV
by intraexonic duplication of the apoA-I gene. However, the
interfacial properties of chicken apoA-IV are intermediate
between those of human apoA-I and apoA-IV, which sug-
gests that chicken apoA-IV may represent an ancestral pro-
totype of mammalian apoA-IV, which subsequently under-
went further structural change as an evolutionary response
to the requisites of mammalian lipoprotein metabolism.
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Apolipoprotein A-IV (apoA-IV) is a 46-kDa plasma protein
(1), making it the largest member of a family of lipid-
binding proteins that regulate plasma lipoprotein metab-
olism (2). In mammals, apoA-IV is synthesized by the in-
testinal enterocytes (3) during lipid absorption (4), and
enters the circulation on the surface of nascent chylomi-

 

crons (5). Sequence analysis of the apolipoprotein multi-
gene family predicts that apoA-IV is the most recently
evolved apolipoprotein, and probably originated by
intraexonic duplication of the apoA-I gene 

 

,

 

270–307
million years ago (2, 6). Although many physiologic
functions have been proposed for apoA-IV, the prepon-
derance of evidence suggests that its primary role is the
regulation of intestinal lipid absorption and chylomi-
cron assembly (7).

ApoA-IV has several distinctive structural features. The
amino acid sequence of apoA-IV is punctuated by proline-
containing 

 

b

 

 turns (8), and the amphipathic 

 

a

 

 helices in
apoA-IV are hydrophilic (9) and have a radial charge distri-
bution (10) that precludes deep penetration into condensed
lipid monolayers (11, 12). Consequently, apoA-IV has the
weakest lipid affinity (13, 14) and the lowest interfacial ex-
clusion pressure (15) of any apolipoprotein. The C termi-
nus of apoA-IV contains a unique and highly conserved
tetrapeptide repeat with the sequence EQ(Q/A/V)Q (8).
This region is the site of murine (16), baboon (17), and
human (18, 19) genetic polymorphisms that affect apoA-
IV structure (12), plasma lipid levels (reviewed in ref. 20),
and the response to diet (17, 21–23).

We have identified a 38-kDa avian homolog of mamma-
lian apoA-IV (24). Like mammalian apoA-IV, chicken
apoA-IV is synthesized primarily in the intestine, contains
no N-linked glycosylation sites, is predicted to contain
multiple amphipathic 

 

a

 

-helical domains, binds to lipid,
and weakly activates lecithin–cholesterol acyltransferase
in vitro. However, chicken apoA-IV differs significantly
from human apoA-IV in that it is a much more hydropho-

 

Abbreviations: apo, apolipoprotein; DMPC, l-

 

a

 

-dimyristoyl phos-
phatidylcholine; EDTA, ethylenediaminetetraacetic acid; EPC, egg
phosphatidylcholine; GdmHCl, guanadinium hydrochloride; HPLC,
high pressure liquid chromatography; NATA, 

 

N

 

-acetyl tryptophanamide;
PBS, phosphate-buffered saline; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.
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bic protein, has longer 

 

a

 

-helical hydrophobic domains
and shorter hydrophilic domains, and its primary struc-
ture is truncated at 346 amino acids, and hence lacks the
unique mammalian C-terminal repeated EQQQ motif.
This suggests that chicken apoA-IV could be the molecu-
lar ancestor of mammalian apoA-IV, and that the mamma-
lian apoA-IV C-terminal domain may be a structural adap-
tation that evolved to confer a new physiologic function to
this apolipoprotein. Therefore, to gain further insight
into the evolution of mammalian apoA-IV and its role in
lipoprotein metabolism, we used spectroscopic and dy-
namic interfacial techniques to examine the structural
and functional differences among chicken apoA-IV, human
apoA-IV, human apoA-I, and a recombinant human apoA-
IV truncation mutant lacking the C terminus.

MATERIALS AND METHODS

 

Phospholipids and apolipoproteins

 

Egg phosphatidylcholine (EPC) and l-

 

a

 

-dimyristoyl phos-
phatidylcholine (DMPC) were obtained from Sigma (St. Louis,
MO), dissolved in high performance liquid chromatography
(HPLC)-grade chloroform (Aldrich, Milwaukee, WI), and stored
under nitrogen at 

 

2

 

20

 

8

 

C. Phospholipid concentration was de-
termined by phosphorus analysis (25). Phospholipids were

 

.

 

99% pure by thin-layer chromatography (TLC) on silica gel.
Human apoA-IV was isolated from donors homozygous for the
A-IV-1 allele by adsorption from lipoprotein-depleted plasma to
a phospholipid-triglyceride emulsion (26). Chicken apoA-IV was
isolated from chicken plasma (24). Recombinant human apoA-
IV lacking the terminal 44 amino acids (apoA-IV-

 

D

 

C44) was cre-
ated by site-directed mutagenesis of a plasmid containing the
human apoA-IV coding sequence, insertion of the sequence be-
tween the 

 

Bam

 

HI and 

 

Nde

 

I sites of the pET-3a vector, and expres-
sion in 

 

Escherichia coli

 

 BL21(DE3)(pLys) (27). Recombinant
apoA-IV accumulated in 

 

E. coli

 

 in high density cell culture at lev-
els up to 5–10% of total bacterial protein. Human apoA-I was
isolated from high density lipoproteins (28). Protein concentra-
tion of apolipoprotein solutions was determined with bicincho-
ninic acid (29). All apolipoprotein preparations, including
apoA-IV-

 

D

 

C44, were homogeneous by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

 

Computational analysis of apolipoprotein A-IV structure

 

The structure of chicken and human apoA-IV was analyzed by
Fourier transformation of mean residue helical hydrophobic
moment versus residue rotation angle along the protein se-
quences (30), using a consensus residue hydrophobicity scale
(31). Nonconservative sequence variability between chicken
apoA-IV and four mammalian apoA-IV sequences (human, ba-
boon, rat, and mouse) and the difference in residue hydropho-
bicity between chicken and human apoA-IV were calculated by a
substitution matrix-median filter algorithm (8).

 

Circular dichroism spectropolarimetry

 

Circular dichroism studies were performed on a JASCO (To-
kyo, Japan) J-720 spectropolarimeter. Spectra of apolipoproteins
at 3 

 

m

 

m

 

 in 50 m

 

m

 

 Tris (pH 7.4), 1 m

 

m

 

 EDTA, 0.02% sodium azide
were recorded at 25

 

8

 

C from 190 to 260 nm using a 1-mm ther-
mostatted cell, a 1-mm spectral band width, and a 2-sec time con-
stant. Buffer blanks were digitally subtracted. Chemical denatur-
ation studies were performed by sequential addition of aliquots
of buffered 6 

 

m

 

 guanidinium hydrochloride (GdmHCl). Mean

residue ellipticity at 222 nm, percent 

 

a

 

 helicity, and the free en-
ergy of stabilization, 

 

D

 

G

 

0

 

, were calculated as previously de-
scribed (14). Thermal denaturation studies were per formed by
measuring ellipticity at 222 nm as a function of temperature
from 20 to 65

 

8

 

C. The enthalpy of denaturation, 

 

D

 

H, and the
temperature at the thermal denaturation midpoint, T

 

m

 

, were de-
termined from the slope of plots of 

 

D

 

G versus 1/T (32).

 

Fluorescence spectroscopy

 

Fluorescence studies were performed on an SLM 8000C spec-
trofluorometer (Spectronic Unicam, Rochester, NY). Spectra of
apolipoproteins at 3 

 

m

 

m

 

 in 50 m

 

m

 

 Tris (pH 7.4), 1 m

 

m

 

 EDTA,
0.02% sodium azide were recorded at 25

 

8

 

C from 290 to 370 nm
with a stirred, thermostatted 1-cm cell with excitation at 280 nm, a
1-sec integration rate, and 4-nm slits on both excitation and emis-
sion monochromators. Spectra were excitation corrected by refer-
ence to a rhodamine quantum counter, and corrected for scatter
and Raman emission by digital subtraction of buffer blanks. Dena-
turation studies were performed by sequential addition of aliquots
of buffered 6 

 

m

 

 GdmHCl. Fluorescence quenching studies were
performed by addition of aliquots of buffered 6 

 

m

 

 KI. Stern-Volmer
quenching constants, K

 

q

 

, were obtained from plots of I

 

o

 

/I versus
[KI]; fractional tryptophan exposure was calculated as the ratio of
K

 

q

 

 (apolipoprotein) to K

 

q

 

 (

 

N

 

-acetyl tryptophanamide) (33).

 

Dynamic interfacial properties at the air/water interface

 

The dynamic interfacial properties of apolipoproteins at the
air/water interface were examined with a pulsating bubble sur-
factometer (Electronetics, Amherst, NY). This instrument sinu-
soidally oscillates a tiny air bubble in a chamberfilled with aque-
ous sample, records bubble pressure (P) as a function of bubble
radius (r), and calculates interfacial tension (

 

g

 

) from the Young-
Laplace equation, 

 

D

 

P 

 

5

 

 2

 

g

 

/r (34). Studies were conducted at
25

 

8

 

C with apolipoproteins at 0.4 mg/mL in 50 m

 

m

 

 Tris, 100 m

 

m

 

NaCl (pH 7.5). Surface area (A)–

 

g

 

 loops were recorded at 20
cycles/min. Surface pressure at the air/water interface was
taken as 

 

g

 

buffer

 

 – 

 

g

 

sample

 

. Absolute elasticity (

 

«

 

) was calculated as

 

Dg

 

/(

 

D

 

A/A); the viscoelastic component (

 

«

 

v

 

) was calculated as 

 

«

 

sin(

 

f

 

), where 

 

f

 

 is the phase angle of the A –

 

g

 

 loops (35).

 

Interfacial exclusion pressure at the
phospholipid/water interface

 

The interfacial exclusion pressure at the phospholipid/water
interface was determined with a KSV Instruments (Helsinki, Fin-
land) 5000 Langmuir film balance, enclosed in a cabinet main-
tained at 25

 

8

 

C and 70–75% relative humidity (36). Magnetically
stirred Teflon wells were filled with 50 mL of degassed phos-
phate-buffered saline (PBS), and the buffer sur face was cleaned
by vacuum aspiration. EPC monolayers were spread at the air/
buffer interface to the desired initial pressure (

 

P

 

i

 

) by dropwise
addition of EPC in CHCl

 

3

 

, and were left for 30 min to assure
complete evaporation of organic solvent. Apolipoprotein solu-
tions were injected into the subphase at concentrations deter-
mined to yield saturation binding to the inter face. The change
in interfacial pressure (

 

DP

 

) was continuously monitored with a
Wilhelmy plate and electrobalance until it reached a stable pla-
teau. The interfacial exclusion pressure (

 

P

 

ex

 

) was determined by
extrapolation of graphs of 

 

DP

 

 versus 

 

P

 

i

 

.

 

Light-scattering studies

 

Light-scattering studies were performed with a Perkin-Elmer
(Foster City, CA) Lambda 20 UV/visible (UV/Vis) spectrometer
and 10-mm cells thermostatted by a Lauda RM 6 water circulator.
The binding kinetics of apolipoproteins to DMPC multilamellar
vesicles at 24

 

8

 

C was examined by monitoring the time-depen-
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dent decrease in absorbance at 350 nm after the addition of apo-
lipoproteins at a 1:50 protein/phospholipid molar ratio (37).
This technique measures the decrease in light scattering conse-
quent to dissolution of large multilamellar vesicles into smaller
DMPC/apolipoprotein micellar complexes. Exponential bind-
ing rate constants were calculated from log transformation of
the absorbance versus time curves. Data presented are the
means 

 

6

 

 SE for four (chicken apoA-IV) or five (human apoA-I
and apoA-IV) separate experiments.

 

RESULTS

 

Computational analysis of apolipoprotein A-IV structure

 

Fourier transformation of mean residue helical hydro-
phobic moment as a function of residue rotation angle
along a protein sequence identifies regions of 

 

a

 

-helical
structure as maxima between 80 and 120

 

8

 

, 

 

b

 

-sheet struc-
ture as maxima between 140 and 180

 

8

 

, and random coil

Fig. 1. Fourier transform plots of mean residue helical hydrophobic moment (contour color) versus resi-
due rotation angle (y axis) along the amino acid sequence (x axis) of chicken and human apolipoprotein
A-IV. Contour colors correspond to the mean helical hydrophobic moment: white, 0 –4.49 kcal/mol; dark
green, 4.50 – 5.99 kcal/mol; light green, 6.00 – 6.99 kcal/mol; yellow, 7.00 – 7.99 kcal/mol; red, .8.00
kcal/mol.
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structure as maxima between 0 and 40

 

8

 

 (30). This analysis
of chicken and human apoA-IV sequences revealed that,
overall, chicken apoA-IV has a much better defined 

 

a

 

-helical
structure than human apoA-IV (

 

Fig. 1

 

), and a higher
mean hydrophobic moment across the entire molecule,
with a maximum at 99

 

8

 

 (

 

Fig. 2

 

). A break in the strong re-
peated 

 

a

 

-helical pattern present in the amino-terminal
half of the apoA-IV molecule was evident near residue 230
in both chicken and human apoA-IV; this may be a molec-
ular footprint of the elongation of the ancestral apoA-I
molecule. In chicken apoA-IV a predominant secondary

structure pattern was less well defined from residue 230 to
the carboxyl terminus, whereas in human apoA-IV it was
better organized with alternating regions of strong 

 

b

 

-sheet
maxima between residues 230 and 265, and 

 

a

 

-helix max-
ima between residues 270 and 300. The C terminus of hu-
man apoA-IV displayed strong maxima at 0–20

 

8

 

, sugges-
tive of random coil structure. Comparison of chicken and
mammalian apoA-IV sequences revealed hydrophilic resi-
due substitutions across the entire molecule, although the
greatest nonconservative substitutions were present to-
ward the carboxyl terminus between residues 220 and 315

Fig. 2. Mean molecular hydrophobic moment
versus residue angle for chicken and human apoli-
poprotein A-IV. The plot was derived from the data
sets in Fig. 1 by averaging the mean residue helical
hydrophobic moment across the entire molecule
from 0 to 1808.

Fig. 3. (A) Residue variability between chicken apoA-IV and four mammalian apoA-IV sequences (human,
baboon, rat, mouse) calculated with a substitution matrix-median filter algorithm (8). (B) Difference in hy-
drophobicity between chicken and human apoA-IV calculated for individual residues and passed through a
median filter (8). Negative values denote domains where the human sequence is more hydrophilic.
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(

 

Fig. 3

 

). Together these findings suggest that the carboxyl-
terminal half of apoA-IV has undergone a more rapid evo-
lutionary change in primary and secondary structure
since the divergence of avians and mammals.

 

Spectroscopic studies

 

Circular dichroism spectra of native chicken apoA-IV
showed a mean residue ellipticity of 18,517 deg

 

?

 

cm

 

2

 

/
dmol at 222 nm, which corresponds to 55% 

 

a

 

-helical
structure. C-terminal truncation of human apoA-IV had
little effect on its native 

 

a helicity (Table 1), as might be
expected given the predicted random coil structure of the
C terminus. Compared with human apoA-IV (14), chicken
apoA-IV was relatively resistant to chemical denaturation:
the [GdmHCl]50% was 1.3 m (Fig. 4), and the calculated
free energy of stabilization was 4.9 kcal/mol, parameters
similar to those obtained for human apoA-I (14). Thermal
denaturation of chicken apoA-IV (Fig. 5) yielded an en-
thalpy of denaturation, , of 71.0 kcal/mol with a
transition midpoint of 54.18C, values that, again, were
closer to those of human apoA-I than human apoA-IV.
The  of apoA-IVDC44, 29.9 kcal/mol, was more than
50% lower than that of human apoA-IV, which suggests

DH0
D

DH0
D

that this deletion significantly disrupted the stability of the
molecule.

Fluorescence spectroscopy of chicken apoA-IV revealed
several distinctive features previously observed with hu-
man apoA-IV. The fluorescence emission of its single
amino-terminal tryptophan was blue shifted to 333 nm,
and was highly resistant to iodide quenching, indicating
that it resides in a hydrophobic environment. Moreover,
chemical denaturation induced a multiphasic red shift in the
wavelength of maximum fluorescence emission and a 65%
increase in the relative quantum yield at 0.5 m GdmHCl (Fig.
4). We have proposed that these spectral phenomena indi-
cate that the amino-terminal tryptophan in native apoA-IV
resides in the hydrophobic interior of a loosely folded
conformation within energy transfer range of nonvicinal
tyrosine residues, and that the loss of tertiary structure
precedes unfolding of the a-helical domains (33). The
fluorescence emission of apoA-IVDC44 was red shifted
compared with the native protein, although iodide acces-
sibility was lower. In light of the thermal denaturation
data, these findings suggest that the C terminus, although
hydrophilic, is important for the overall stability and folding
of the apoA-IV molecule.

Interfacial properties at the air/water
and lipid/water interface

The resting interfacial tension and surface pressure of
chicken and human apoA-IV at the air/water interface
were similar (Table 2). The DA–g loops for both chicken
and human apoA-IV displayed large changes in surface
tension with changes in surface area, indicative of elastic
behavior at the interface, and a large phase angle, indica-
tive of a large viscous component (Fig. 6). These data es-
tablish that, like human apoA-IV (38), chicken apoA-IV
can undergo rate-dependent changes in surface confor-

Fig. 4. Fluorescence and circular dichroism spectroscopy studies of the chemical denaturation of chicken
apolipoprotein A-IV. The wavelength of maximum fluorescence emission (solid squares), the change in max-
imal fluorescence intensity from baseline (solid triangles), and the mean residue ellipticity at 222 nm (open
circles) were determined as a function of guanidinium hydrochloride concentration.

TABLE 1. Spectroscopic and thermodynamic properties

Length a Helix DH0 Tm lmax Kq/Kq
nata

Residue # % kcal/mol 8C nm

Human apoA-I 1–243 54a 73.1 57.9 333a 0.29a

Chicken apoA-IV 1–346 55 71.0 54.1 333 0.15
Human apoA-IV-1 1–376 56b 63.6 48.1 332 0.24c

Human apo A-IVDC44 1–332 57 29.9 48.0 338 0.12

a Weinberg and Spector, 1985 (14); b Weinberg, Jordan, and Stein-
metz, 1990 (12); c Weinberg, 1988 (33).
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mation in response to changes in interfacial area, albeit with
a lower elastic modulus than human apoA-IV. In contrast,
apoA-I displayed lower resting interfacial tension, higher
surface pressure, and significantly less interfacial elasticity
than either chicken or human apoA-IV.

The binding of chicken apoA-IV to egg phosphatidyl-
choline monolayers, as evidenced as a change in surface
pressure, decreased linearly with increasing initial pres-
sure (data not shown); extrapolation of Pi–DP curves to
zero revealed that chicken apoA-IV was excluded from the
lipid/water interface at pressures above 31.1 mN/m. In
comparison, the exclusion pressure was 28.5 mN/m for
human apoA-IV, 29.0 mN/m for apoA-IV-DC44, and 33.0
mN/m for apoA-I. These data suggest that the hydrophilic
C terminus of human apoA-IV is not a determinant of its
labile interfacial binding, and conversely, that the stron-
ger binding of chicken apoA-IV is a function of its higher
global hydrophobicity.

The kinetics of micellar solubilization of DMPC vesicles
Addition of chicken apoA-IV to DMPC multilamellar

vesicles at 248C caused a time-dependent decrease in ab-
sorbance at 350 nm (Fig. 7), which was due to the de-
crease in light scattering consequent to the dissolution of
the large multilamellar vesicles into much smaller DMPC/

apolipoprotein micellar complexes. Biphasic kinetics were
observed with a rate constant of 6.55 3 1023 min21 for the
early phase (0–20 min) and 2.11 3 1023 for the late phase
(20–100 min). Human apoA-IV displayed similar curves
and kinetics, with a rate constant of 6.18 3 1023 min21 for
the early phase and 2.94 3 1023 for the late phase. In con-
trast, human apoA-I displayed significantly more rapid
early phase kinetics, with a rate constant of 1.46 3 1022

min21; the late phase rate constant, 2.67 3 1023, was simi-
lar to that of apoA-IV. As micellar solubilization of DMPC
multilamellar vesicles by apolipoproteins requires both
binding to the vesicle surface and subsequent penetration
of amphipathic helices into the phospholipid monolayer
(37), these data suggest that, like human apoA-IV (11, 12,
33), the amphipathic helices in chicken apoA-IV are un-
able to deeply penetrate lipid interfaces.

DISCUSSION

These data suggest that chicken apoA-IV is a unique
apolipoprotein that in many of its structural and biophysi-
cal properties more closely resembles human apoA-I than
human apoA-IV. As predicted from the analysis of the
amino acid sequence, the circular dichroism studies
found a high content of a-helical structure in chicken
apoA-IV; however, its secondary structure was much more
stable to chemical and thermal denaturation than human
apoA-IV. The number of a helices in a globular protein
usually contributes to the enthalpy of unfolding (39), yet
the presence of additional a-helical domains in chicken
apoA-IV did not raise its thermal stability beyond that of
apoA-I. This may reflect the poor structural organization
and relative hydrophilicity of the C-terminal half of the
molecule. Thus, the stability of chicken apoA-IV may be
due primarily to the well-organized hydrophobic helical
structure of the N-terminal domains; conversely, the rela-
tively low stability of human apoA-IV may be a conse-
quence of hydrophilic residue substitutions across the en-

Fig. 5. Circular dichroism spectroscopy-ther-
mal denaturation study of chicken apolipoprotein
A-IV. Ellipticity at 222 nm was monitored as a
function of temperature from 25 to 658C. Inset:
Van’t Hoff plot of DG versus 1/T.

TABLE 2 Interfacial properties at the air/water and
phospholipid/water interface

g P « «v Pex

mN/m

Human apoA-I 39.8 32.0 7.6 1.6 33.0
Chicken apoA-IV 43.6 28.2 13.7 13.5 31.1
Human apoA-IV-1 42.5 29.3 21.7 10.2 28.5
Human apo A-IVDC44 nd nd nd nd 29.0

g, Resting interfacial tension at the air/water interface; P, resting
surface pressure at the air/water interface; «, interfacial elasticity; «v,
viscous elastic component; Pex, exclusion pressure at the phospho-
lipid/water interface; nd, not determined.
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tire molecule. Nonetheless, the value of DH for chicken
apoA-IV is low compared with other globular proteins,
which suggests that, like human apolipoproteins A-I and
apoA-IV, in solution chicken apoA-IV adopts a loosely
folded conformation (11, 12, 14, 33), or “molten globu-
lar” state (39).

Although the circular dichroism spectroscopic studies
found that the secondary structure and stability of chicken
apoA-IV more closely resemble those of human apoA-I, fluo-
rescence spectroscopy revealed several features that sug-
gest its tertiary structure resembles that of human apoA-IV.
Chemical denaturation of chicken apoA-IV yielded a mul-
tiphasic red shift and a 65% increase in quantum yield
that preceded loss of secondary structure. We have pro-
posed that these fluorescence characteristics denote the
presence of stable unfolding intermediates (perhaps un-
folding of more hydrophilic, less stable helices) and a
loosely folded native conformation that places the amino-
terminal Trp-12 within a confluence of hydrophobic helices,
such that unfolding decreases intramolecular tryptophan–
tyrosine energy transfer (33). The present finding that

the tryptophan emission in apoA-IVDC44 was red shifted
to 338 nm suggests that the C terminus may participate in
this conformation. Local unfolding without global loss of
secondary structure could facilitate reversible binding
of apoA-IV to lipid interfaces, analogous to the interfacial
behavior of the insect lipid-binding protein, Lp-III (40).

ApoA-IV has the weakest lipid affinity (11, 13, 14) and
lowest interfacial exclusion pressure (15) of any apolipo-
protein, and its labile binding to lipoproteins is sensitive
to processes that alter interfacial pressure and lipid pack-
ing of the lipoprotein surface (36). We have proposed
that this behavior is a consequence of its high content of
hydrophilic a helices (9) that are incapable of deeply pen-
etrating lipid monolayers (11), so that with increasing sur-
face pressures these helices are sequentially excluded from
the interface (15). Thus the observation that chicken
apoA-IV has a higher interfacial exclusion pressure than
human apoA-IV is in keeping with its relatively greater hy-
drophobicity. However, the slow binding kinetics of both
chicken and human apoA-IV to DMPC vesicles, in com-
parison with apoA-I, suggests that the a helices in these

Fig. 6. Dynamic interfacial behavior of chicken apoli-
poprotein A-IV and human apolipoproteins A-IV and A-I.
The surface tension of apolipoproteins at the air/water
interface was measured in a pulsating bubble surfactome-
ter as the bubble surface area was sinusoidally oscillated
at 20 cycles/min.

Fig. 7. Binding of chicken apolipoprotein A-IV
and human apolipoproteins A-IV and A-I to
dimyristoyl phosphatidylcholine. The optical den-
sity of a solution of DMPC multilamellar vesicles
was continuously monitored at 350 nm after addi-
tion of apolipoproteins at a 1:50 protein/lipid ra-
tio. Data points are the means 6 SE for four
(chicken apoA-IV) or five (human apoA-I and
apoA-IV) experiments.
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apoproteins have lost the ability to deeply penetrate lipid
interfaces (15, 37).

Gene sequence analysis predicts that apoA-IV origi-
nated by reduplication of the apoA-I gene approximately
270 million (2) to 307 million years ago (6). The most re-
cent evolution of human apoA-IV has also been suggested
by the observation that there is a higher degree of similar-
ity among the a-helical repeats in apoA-IV than in other
human apolipoproteins (41). The evolution of apoA-IV
from an ancestral apoA-I molecule is supported by the
Fourier analysis finding of a molecular footprint of the an-
cient elongation site near residue 230 in the chicken and
human apoA-IV sequences. It is intriguing to note that the
proposed evolutionary time frame for the appearance of
apoA-IV coincides exactly with the divergence of the syn-
apsids, the ancestors of mammals, from the diapsids, the
ancestors of birds and reptiles (42). Hence chicken apoA-IV
may represent a “molecular fossil” of the early stages in the
evolution of apoA-IV, which thereafter underwent further
changes in structure to acquire a new function unique to
the needs of mammalian lipoprotein metabolism.

In considering the biological forces that could have
driven the molecular evolution of apoA-IV, it is relevant to
consider two unique features of avian intestinal lipopro-
tein physiology. First, unlike mammals, avians do not se-
crete chylomicrons into mesenteric lymph during lipid ab-
sorption; rather, they secrete much smaller particles,
called portomicrons, directly into portal blood (43). Sec-
ond, avians lack the molecular machinery to edit apoB
mRNA; hence avian intestine synthesizes only apoB-100
(44). It is worth noting in this regard that hepatic apoA-IV
synthesis occurs only in those mammalian species capable
of hepatic apoB mRNA editing (45). Together these ob-
servations suggest that a full-length mammalian apoA-IV
may have coevolved with the appearance of apoB editing
to serve some function in chylomicron assembly.

The thermodynamic requisites for chylomicron assembly
(46) are the same as for the formation of an oil-in-water
macroemulsion (47). As nascent chylomicrons expand with
addition of core triglycerides, a mechanism is needed to
lower interfacial tension (otherwise the free energy cost of
expanding a hydrophobic surface would limit particle
growth) but also increase interfacial elasticity (otherwise
collisional forces would cause particle fusion and phase
separation). The C-terminal half of apoB-100 contains two
a-helical domains (48) that can adapt their surface con-
formation during particle growth to fulfill these functions
(49). ApoB-48 lacks these domains. Thus the appearance
of apoB editing may have created a need for an auxiliary
protein to replace the expansile function of the lost a2
and a3 domains in apoB-100.

The interfacial properties of apoA-IV may be optimally
suited for this role. Human apoA-IV displays unique inter-
facial elasticity (38), which suggests that its hydrophilic a
helices can stabilize interfaces by moving in and out of the
interface, expanding and contracting like an accordion,
according to lateral pressure. This behavior is analogous
to the function of the insect protein apolipophorin III in
stabilizing hemolymph lipophorin particles (40). We have

proposed that apoA-IV thus functions as a barostat that
maintains lipoprotein surface tension within a critical
range required for biological processes (15, 36). The
present data suggest that these characteristics are only
partially developed in chicken apoA-IV.

In summary, these studies suggest that chicken apoA-IV
is a unique apolipoprotein whose biophysical properties
are a hybrid between those of human apoA-I and apoA-IV.
The data also support the concept that apoA-IV evolved
from apoA-I, first by sequence elongation and then by
structural organization of C-terminal domains and hydro-
philic residue substitutions throughout the molecule, to
serve a new function in mammalian lipoprotein synthesis.
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