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triglyceride-rich lipoproteins in the intestine and liver, 
whereas the smaller, exchangeable, members of this fam-
ily evolved from a single primordial gene to control various 
processes in intravascular and peripheral lipid transport 
( 2 ). Apo A-IV, a 46 kDa plasma glycoprotein of intestinal 
origin ( 3 ), is the largest of the exchangeable apolipopro-
teins ( 2 ). Although a broad spectrum of physiologic func-
tions has been proposed for apo A-IV, a preponderance of 
evidence suggests that its primary biological role is in the 
regulation of dietary lipid absorption and metabolism ( 4 ). 
Apo A-IV is synthesized by intestinal enterocytes during 
lipid absorption, and it is incorporated into nascent chylo-
microns ( 5 ). In the postprandial state, apo A-IV enters 
circulation on lymph chylomicrons ( 6 ) and is rapidly dis-
placed from their surface by HDL-associated apolipopro-
teins ( 7 ); thereafter in the fasting state, apo A-IV is associated 
predominantly with lipid-poor HDL ( 8 ). 

 Like most apolipoproteins, apo A-IV is polymorphic ( 9 ). 
Carriers of the apo A-IV Q360H polymorphism, which is 
prevalent only in northwestern European Caucasian popu-
lations ( 9 ), exhibit delayed postprandial chylomicron 
clearance ( 10, 11 ), which we have previously proposed is 
due to the higher lipid affi nity ( 12 ) and interfacial exclu-
sion pressure ( 13 ) of the 360H isoprotein. However, the 
most common apo A-IV polymorphism is an ACT → TCT 
substitution at codon 367 in the APOA4 gene that encodes 
a threonine → serine substitution at residue 347, near the 
carboxyl terminus of the protein molecule ( 14 ). The 
T347S polymorphism is found at uniform frequencies of 
0.12–0.22 among all the world’s populations ( 9 ), suggest-
ing that it is an ancient allele that appeared early in hu-
man evolution ( 15 ). Carriers of a 347S allele also display 
evidence of altered lipoprotein metabolism, including 
faster clearance of postprandial triglyceride-rich lipopro-
teins ( 11, 16 ), greater adiposity ( 17, 18 ), reduced plasma 
antioxidant activity ( 19, 20 ), and increased risk for athero-
sclerotic cardiovascular disease ( 21 ). 

       Abstract   The T347S polymorphism in the human apolipo-
protein (apo) A-IV gene is present at high frequencies 
among all the world’s populations. Carriers of a 347S allele 
exhibit faster clearance of triglyceride-rich lipoproteins, 
greater adiposity, and increased risk for developing athero-
sclerosis, which suggests that this conservative amino acid 
substitution alters the structure of apo A-IV. Herein we have 
used spectroscopic and surface chemistry techniques to ex-
amine the structure, stability, and interfacial properties of 
the apo A-IV 347S isoprotein. Circular dichroism spectros-
copy revealed that the 347S isoprotein has similar  � -helical 
structure but lower thermodynamic stability than the 347T 
isoprotein. Fluorescence spectroscopy found that the 347S 
isoprotein exhibits an enhanced tyrosine emission and re-
duced tyrosine → tryptophan energy transfer, and second 
derivative UV absorption spectra noted increased tyrosine 
exposure, suggesting that the 347S isoprotein adopts a 
looser tertiary conformation. Surface chemistry studies 
found that although the 347S isoprotein bound rapidly to 
the lipid interface, it has a lower interfacial exclusion pres-
sure and lower elastic modulus than the 347T isoprotein. 
 Together, these observations establish that the T347S sub-
stitution alters the conformation of apo A-IV and lowers its 
interfacial activity—changes that could account for the effect 
of this polymorphism on postprandial lipid metabolism.  —
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 Lipoprotein metabolism is regulated by the plasma apo-
lipoproteins, a family of surface-active lipid binding pro-
teins. The largest member of the family, apo B, evolved 
from ancient lipid transport proteins involved in oogene-
sis ( 1 ) to play a central role in the intracellular assembly of 
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cooperativity of unfolding was calculated from the sigmoidicity 
of the denaturation curves ( 26 ). The enthalpy of denaturation 
( � H D ) and the thermal denaturation midpoint (Tm) were deter-
mined from the slope of Van’t Hoff plots of  � G versus 1/T ( 13 ). 
The entropy of folding ( � S) was calculated at the denaturation 
midpoint temperature using the Gibbs-Helmholtz equation. 

 Fluorescence spectroscopy 
 Fluorescence studies were performed on an SLM 8000C spec-

trofl uorometer as previously described ( 12, 25, 27 ). Emission 
spectra of apo A-IV isoproteins at 3  � M in 10 mM Tris (pH 7.5) 
were recorded at 25°C between 290 nm and 400 nm with excita-
tion at 280 nm and 295 nm using a 1 cm cell, 1 s integration, and 
4 nm slits for both monochromators. Spectra were excitation-
corrected, and corrected for scatter and Raman emission by digi-
tal subtraction of buffer blanks. The tyrosine and tryptophan 
contributions to the emission spectra were deconvoluted by sub-
tracting spectra obtained with excitation at 295 nm from spectra 
obtained with excitation at 280 after normalization at 370 nm, 
where tyrosine emission is negligible. Quenching studies were 
performed by addition of buffered 6M KI. Quenching constants 
(Kq) were calculated from the change in integrated emission in-
tensity between 300 nm and 400 nm ( 12 ); fractional tryptophan 
exposure was calculated as a ratio to the Kq of an isomolar solu-
tion of N-acetyl tryptophanamide. The excitation wavelength de-
pendence of tryptophan emission anisotropy at 270 nm and 305 
nm (A 305 /A 270 ) was measured using Glan-Thompson polarizers 
in the excitation and emission light paths ( 12 ). Red-edge excita-
tion shift (REES) was measured by determining the dependence 
of the maximum fl uorescence emission wavelength on the excita-
tion wavelength from 275 nm to 310 nm ( 28 ). 

 UV absorption spectroscopy 
 UV absorption studies were performed on Cary 50 UV-Vis 

spectrophotometer. Spectra of apo A-IV isoproteins at 8.5  � M in 
10 mM Tris (pH 7.5) were recorded in dual beam mode at 25°C 
from 270 to 300 nm using a 1 cm thermostated cell, a 0.15 nm 
spectral interval, and a 45 nm/min scan rate, and were baseline 
corrected by digital subtraction of buffer blanks. For each isopro-
tein, fi ve individual spectra were averaged, smoothed with a poly-
nomial regression using weights computed from a Gaussian 
density function, and differentiated using a fi lter length of 5. 

 Phospholipid monolayer studies 
 Adsorption of apo A-IV isoproteins at the phospholipid/water 

interface was examined at 25°C with a KSV 5000 Langmuir Film 
Balance (KSV Instruments, Helsinki, Finland) ( 13, 29 ). EPC 
monolayers were spread at the air/water interface over 5.65 mM 
Na 2 HPO 4 , 3.05 mM NaH 2 PO 4 , 80 mM NaCl (pH 7.0) and allowed 
to stabilize. Surface pressure at the interface was measured using 
a Wilhelmy plate with a precision of ±0.1 mN/m. Subphase satu-
rating concentrations of each isoform were determined by inject-
ing increasing amounts of protein in 2.0 M GdnHCl under EPC 
monolayers spread at 10 mN/m and recording the change in sur-
face tension ( �  � ). Interfacial exclusion pressure was determined 
by injecting saturating concentrations of protein under EPC 
monolayers spread at initial pressures between 5 and 30 mN/m 
and extrapolating plots of  �  �  versus initial pressures to zero. 

 Dynamic interfacial activity 
 The dynamic interfacial behavior of apo A-IV isoproteins at 

the oil/water interface was studied at 25°C using a Tracker® ten-
siometer (TECLIS-ITConcept, Longessaigne, France). The in-
strument consists of a computer-controlled syringe that pumps 
fl uids into an optical cuvette; a coherent light source that projects 

 Structural considerations ( 13, 14 ) and the fact that most 
of the observed physiological effects of the 347S allele are 
the opposite of those conferred by the 360H allele ( 9–11, 
16 ) lead us to predict that the 347S isoprotein should dis-
play an altered structure and lower lipid affi nity. However, 
to-date its biophysical characteristics have not been exam-
ined. Herein we report the application of spectroscopic 
and surface chemistry techniques to investigate the struc-
ture and interfacial behavior of human apo A-IV 347S. 

 EXPERIMENTAL PROCEDURES 

 Lipids and apolipoproteins 
 Egg phosphatidylcholine (EPC) and triolein (Sigma, St. Louis, 

MO) were stored under nitrogen at  � 20°C. For monolayer stud-
ies, EPC was diluted to 0.1 mg/ml in HPLC-grade chloroform 
(Aldrich, Milwaukee, WI). Phospholipid concentration was con-
fi rmed by phosphorous analysis ( 22 ). Apo A-IV 347S and 347T 
isoproteins were isolated from donors homozygous for the re-
spective 347S and 347T alleles ( 23 ). The protocol for obtaining 
blood from human subjects was approved by the Wake Forest 
University School of Medicine Institutional Review Board; in-
formed consent was obtained from all human subjects. Apo A-IV 
347T was purifi ed from blood pooled from two 347T donors; apo 
A-IV 347S was purifi ed from two individual 347S donors and 
yielded similar results. No donors carried the apo A-IV 360H al-
lele. The protein concentration of apolipoprotein solutions was 
determined using bicinchoninic acid ( 24 ) and BSA as a standard. 
All isoprotein preparations were homogeneous by SDS-PAGE 
with Coomassie Blue staining (  Fig. 1  ).  

 Circular dichroism spectroscopy 
 Circular dichroism (CD) studies were performed on a Jasco 

J-720 Spectropolarimeter. Spectra of apo A-IV isoproteins at 3 
 � M in 10 mM Tris (pH 7.5) were recorded at 25°C from 190 to 
260 nm using a 0.5 mm thermostated cell, 1 mm spectral band 
width, and 2 s time constant. Buffer blanks were digitally sub-
tracted. Mean residue ellipticity at 222 nm ([ � ] 222 ) was calcu-
lated as ([ � ] raw  × MRW)/(10 × l × C), where l is path length in cm 
and C is the concentration in g/ml, using a mean residue weight 
(MRW) of 115.1;  � -helicity was calculated as previously described 
( 25 ). Thermal denaturation studies of apo A-IV isoproteins at 1 
 � M in 10 mM Tris (pH 7.5) were performed by monitoring 
ellipticity at 222 nm at 2 s intervals as the temperature of the 
cuvette was increased from 25°C to 75°C at 1°C/min. The 

  Fig.   1.  SDS-PAGE of purifi ed apo A-IV 347S and apo A-IV 347T. 
Lane 1, apo A-IV 347T; lane 2, molecular weight standards; lane 3, 
apo A-IV 347S. Abbreviation: Apo, apolipoprotein.   
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suggest that the ordered structure of the apo A-IV 347S 
isoprotein is less stable than apo A-IV 347T. 

 Fluorescence spectroscopy 
 Fluorescence spectra of the apo A-IV 347S and 347T iso-

forms excited at 280 nm displayed maxima at 331.8 ± 0.3 
and 332.1 ± 0.9 nm, respectively (  Fig. 4  );  apo A-IV 347S 
also displayed a prominent shoulder at 303.5 nm, charac-
teristic of enhanced tyrosine fl uorescence emission. Spec-
tral deconvolution showed that the single N-terminal 
tryptophan residue in both isoproteins exhibited blue-
shifted emission maxima at 336 nm, typical of tryptophan 
in a hydrophobic environment. However, the tryptophan 
emission of the 347S isoprotein was slightly narrower than 
the 347T isoprotein (53 nm versus 58 nm at half height) 
and displayed a second maximum at 342 nm, suggesting 
the presence of a heterogeneous population of N-terminal 
conformers. The 347S isoprotein exhibited a more intense 
tyrosine emission peak and a correspondingly higher tyro-
sine/tryptophan peak intensity ratio (  Table 2  )  than the 
347T isoprotein. As tyrosine fl uorescence in apo A-IV is 
suppressed by effi cient energy transfer to the amino termi-
nal tryptophan ( 27 ), this fi nding suggests that the average 
distance between the N-terminus and one or more tyro-
sine residues is greater in the 347S isoprotein. This is fur-
ther suggested by the fi nding that the A 305 /A 270  tryptophan 
emission anisotropy ratio, a qualitative measure of intra-
molecular tyrosine → tryptophan energy transfer effi ciency 
and an indirect measure of the compactness of folding 
( 27 ), was lower in apo A-IV 347S ( Table 2 ). Interestingly, 
the tryptophan fl uorescence of apo A-IV 347S was more 
resistant to iodide quenching than apo A-IV 347T, and it 
also displayed a larger red-edge excitation shift ( Table 2 ), 
parameters that indicate greater hydrophobic shielding 
and restricted rotational freedom ( 28 ). For comparison, 
previous studies of the apo A-IV 360H isoprotein found an 

the drop image onto a video chip; and software that digitizes the 
image and calculates drop volume, surface area, and interfacial 
tension ( 30 ). Triolein drops (10  � l) were formed into 6 ml of 
41.3 mM Tris (pH 7.5) containing apo A-IV isoproteins at 25  � g/
ml. Protein adsorption to the triolein/water interface was re-
corded as the decrease in interfacial tension ( � ) with time. Ex-
ponential adsorption rate constants were calculated by log 
transformation of the initial  �  versus time curves. Interfacial elas-
ticity ( 	 ) was determined by sinusoidally oscillating the volume of 
10  � l drops by ±5  � l at 6 cycles/min and analyzing the change in 
surface tension as a function of area ( 31 ). 

 RESULTS 

 Circular dichroism spectroscopy 
 CD spectra of the apo A-IV isoproteins displayed mean 

residue ellipticity minima at 222 nm of 26,229 ± 849 
deg·cm 2 ·dmol  � 1  for apo A-IV 347S and 28,306 ± 2750 
deg·cm 2 ·dmol  � 1  for apo A-IV 347T (  Fig. 2  ),  corresponding 
to 76% and 77%  � -helical structure, respectively. For 
comparison, the mean residue ellipticity of the apo A-IV 
360H isoprotein was previously found to be 26,250 
deg·cm 2 ·dmol  � 1  ( 12 ). The 347S isoform unfolded between 
35°C and 55°C, with a transition temperature midpoint at 
48.8 ± 0.5°C. The 347T isoform was more resistant to ther-
mal denaturation and unfolded between 40°C and 60°C 
(  Fig. 3  ),  with a transition midpoint at 50.2 ± 0.2°C. Cool-
ing curves demonstrated little hysteresis (data not shown), 
indicating that the thermal denaturation was reversible. 
The sigmoidicity index of the 347S isoprotein thermal de-
naturation curve was 8.2, compared with 11.2 for the 347T 
isoprotein, suggesting that there is less intramolecular do-
main cooperativity stabilizing its secondary structure. Van’t 
Hoff plots of the data ( Fig. 3 , inset) yielded thermody-
namic stability parameters (  Table 1  ):  for apo A-IV 347S, 
the mean enthalpy of denaturation was 51.3 ± 2.8 kcal/
mol, and the mean entropy of unfolding was 159.4 ± 9.0 
cal/mol°K; for apo A-IV 347T, the mean enthalpy of dena-
turation was 70.7 ± 1.4 kcal/mol, and the mean entropy of 
unfolding was 218.7 ± 4.2 cal/mol°K. Together, these data 

  Fig.   2.  CD spectra of apo A-IV 347S and apo A-IV 347T. The 
mean residue ellipticity of 3  � M solutions of apo A-IV 347S ( � ) 
and apo A-IV 347T ( � ) was recorded at 25°C as a function of wave-
length from 190 nm to 250 nm. Abbreviations: Apo, apolipopro-
tein; CD, circular dichroism.   

  Fig.   3.  Thermal denaturation of apo A-IV 347S and apo A-IV 
347T. The fractional unfolding of 1 µM solutions of apo A-IV 347S 
and apo A-IV 347T was monitored at 222 nm at 2 sec intervals as 
the cuvette temperature was raised from 25 to 75°C. Inset: Van’t 
Hoff plots of the data. Lines are linear curve fi ts of the data for apo 
A-IV 347S (dash-dot line) and apo A-IV 347T (solid line). The 
X-axis intercepts of the lines yield the reciprocals of the transition 
temperature midpoints. Abbreviation: Apo, apolipoprotein.   
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  Fig.   4.  Fluorescence spectra of apo A-IV 347S and apo A-IV 347T. 
The fl uorescence emission of 3 µM solutions of apo A-IV 347S and 
apo A-IV 347T excited at 280 nm (solid line) and 295 nm (trypto-
phan emission, dash-dot line) was monitored from 290 nm to 400 
nm. The tyrosine fl uorescence emission (dotted line) was deconvo-
luted from the 280 nm and 295 nm spectra as described in the text. 
Abbreviation: Apo, apolipoprotein.   

drop volume, the surface area tension loops for A-IV 347S 
were shifted to the right relative to apo A-IV 347T (  Fig. 8  ), 
 which indicates a more expanded interfacial conforma-
tion. The calculated elasticity modulus for apo A-IV 347S, 
14.9 ± 0.1 mN/m, was signifi cantly lower than that for apo 
A-IV 347T, 32.4 ± 1.0 mN/m ( Table 3 ). These fi ndings 
suggest that at hydrophobic lipid interfaces the apo A-IV 
347S isoprotein displays lower affi nity and less molecular 
fl exibility. 

 DISCUSSION 

 These data establish that the T347S polymorphism al-
ters the stability, folding, and interfacial behavior of the 
apo A-IV molecule. Although CD spectroscopy found no 
effect of the threonine → serine substitution on the sec-
ondary structure of apo A-IV—in keeping with the conser-
vative nature of this substitution and the fact that it resides 
in a region predicted to contain random coil structure 
( 35 )—thermal denaturation studies indicated that the 
347S isoprotein is less thermodynamically stable than the 
347T isoprotein. Moreover, the reduced cooperativity of 
thermal denaturation and the lower entropy of unfolding 

emission maxima at 330 ± 1 nm, a A 305 /A 270  ratio of 2.32, 
and a normalized iodide quenching constant of 0.52 ( 12 ). 
Together, these fi ndings further suggest that the global 
conformation of the apo A-IV 347S isoprotein is more 
loosely folded than the 347T isoprotein, although its 
N-terminal domain   may paradoxically be locally enfolded 
more tightly. 

 UV absorption spectroscopy 
 Second derivative UV absorption spectra of the apo A-IV 

347S and 347T isoproteins (  Fig. 5  )  displayed multiple posi-
tive and negative peaks characteristic of tyrosine and trypto-
phan absorption in globular proteins ( 32 ). The predominant 
tyrosine absorption peaks for apo A-IV 347T occurred at 
279.2, 283.2, and 287.5 nm, whereas for apo A-IV 347S, they 
were blue-shifted to 277.8, 282.8, and 287.0 nm, respec-
tively, indicative of increased tyrosine residue polarity and 
exposure ( 33 ). Conversely, although the major tryptophan 
absorption peaks were found at 290.7 nm and 294.7 nm for 
both isoproteins, the 290.7 nm peak for apo A-IV 347S dis-
played a deeper minimum, indicating that its single trypto-
phan was located in a less polar environment ( 34 ). 

 Phospholipid monolayer studies 
 Adsorption of both apo A-IV isoproteins to EPC mono-

layers spread at 10 mN/m increased as a function of sub-
phase concentration and reached plateau above 5.0 × 10  � 5  
g/dl (data not shown); the exclusion pressure experi-
ments were performed using this saturating subphase con-
centration. Binding of apo A-IV isoproteins to the EPC/
water interface decreased linearly with increasing initial 
pressure, as evidenced by progressively smaller pressure 
changes. Extrapolation of the curves to zero yielded mean 
interfacial exclusion pressures of 26.5 ± 0.2 mN/m for apo 
A-IV 347S compared with 28.7 ± 0.2 mN/m for apo A-IV-T 
(  Fig. 6  ).  For comparison, the interfacial exclusion pres-
sure of the apo A-IV 360H isoprotein was previously deter-
mined to be 30.8 mN/m ( 13 ). 

 Dynamic interfacial activity at the triolein/water interface 
 Apo A-IV 347S and apo A-IV 347T bound readily to the 

triolein/water interface, decreasing the initial surface ten-
sion by 13.8 ± 0.7 mN/m and 17.7 ± 0.4 mN/m, respec-
tively (  Fig. 7  ).  Apo A-IV 347S bound much more rapidly, 
as indicated by a binding rate constant of 33.9 ± 1.4 × 
10  � 3  sec  � 1   , compared with 6.3 ± 1.4 × 10  � 3  sec  � 1  for apo 
A-IV 347T (  Table 3  ).  With sinusoidal oscillation of the 

 TABLE 1. CD spectroscopy and derived thermodynamic parameters for apo 
A-IV 347S and apo A-IV 347T 

[ � ] 222 Tm n  � H D  � S

 deg-cm 2 -dmol  � 1   °C  kcal/mo/  cal/mol°K 

apo A-IV 347S 26,229 ± 849 48.8 ± 0.5 8.2 ± 0.9 51.3 ± 2.8  a  159.4 ± 9.0  a  
apo A-IV 347T 28,306 ± 2750 50.2 ± 0.2 11.2 ± 0.2 70.7 ± 1.4 218.7 ± 4.2

[ � ] 222 , mean residue ellipticity at 222 nm; Tm, thermal denaturation midpoint temperature; n, denaturation 
curve sigmoidicity; �H D , enthalpy of denaturation; �S, entropy of folding. Values are mean ± SE for n = 2–3 
determinations.

Abbreviations: Apo, apolipoprotein; CD, circular dichroism.
  a  P  = 0.03 for apo A-IV 347S versus apo A-IV 347T by Student’s  t -test.
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accompanied by exposure of tyrosine residues to a more 
polar milieu. Together, these fi ndings imply that the lower 
stability of the 347S isoprotein is a consequence of dis-
rupted intramolecular interactions among the central 
 � -helical domains in apo A-IV 347S, which results in a 
more loosely folded central helical bundle that is more 
exposed to the external aqueous environment. 

 How could such a conservative amino acid substitution 
alter the conformation and stability of the apo A-IV mole-
cule? In mammals, residue 347 demarcates the end of a 
series of 13  � -helical domains and the beginning of a 
highly conserved C-terminal tail that contains a variable 
number of EQQQ repeats ( 35, 38 ). As this tail is absent in 
avian apo A-IV, we have proposed that it is a recent evolu-
tionary adaptation that has functional signifi cance ( 35 ). 
Although serine is slightly more hydrophilic than threo-
nine ( 39 ), a single threonine → serine substitution clearly 
has negligible impact on total molecular hydrophobicity. 
However, because serine has a smaller molecular volume 
than threonine (89.0 Å 3  versus 116.1 Å 3 ) ( 40 ) and allows 
greater rotational fl exibility around the peptide backbone 
( 41 ), the presence of a serine residue at this critical struc-
tural transition point could confer greater rotational free-
dom on the carboxyl terminal “tail,” thereby disrupting its 

exhibited by apo A-IV 347S imply that its  � -helical domains 
are folded less tightly in its native conformation. The basis 
for this perturbed stability is suggested by the fl uorescence 
and UV spectroscopy studies. 

 The fl uorescence properties of the single tryptophan 
at residue 12 in the N-terminus of apo A-IV serve as an 
informative intrinsic conformational probe ( 12, 25, 27 ). 
Based on the observation of effi cient intramolecular 
tyrosine → tryptophan energy transfer in native apo A-IV, 
we proposed that the apo A-IV molecule adopts a confor-
mation in which its amino terminal tryptophan is enfolded 
in the hydrophobic interior of a confl uence of amphi-
pathic  � -helical domains, within energy transfer range of 
nonvicinal tyrosine residues ( 25, 27 ). Intramolecular cross-
linking studies by Tubb et al. have confi rmed these predic-
tions and further suggest that apo A-IV adopts a classical 
“helical bundle” conformation in solution, stabilized by an 
interaction between the amino and carboxyl termini ( 36 ). 
A similar helical bundle motif has been described for apo 
A-I ( 26 ), apo E ( 26 ), and the insect lipid binding protein 
Lp-III ( 37 ). The increased tyrosine emission and decreased 
internal energy transfer seen in apo A-IV 347S suggests 
that this interaction is disrupted. Moreover, the blue-
shifted tyrosine UV absorption bands indicate that this is 

 TABLE 2. Fluorescence spectroscopy parameters for apo A-IV 347S and apo A-IV 347T 

 
 max Imax Tyr /Imax Trp A 305 /A 270 REES Kq/K NATA 

 nm  nm  nm 

apo A-IV 347S 331.8 ± 0.3 0.68 ± 0.01  a  1.19 ± 0.04  a  16.5 0.16
apo A-IV 347T 332.1 ± 0.9 0.40 ± 0.00 2.58 ± 0.02 9.0 0.45

 
  max , wavelength of maximum emission with excitation at 280 nm; Imax Tyr /Imax Trp , tyrosine/tryptophan 
maximum emission intensity ratio; A 305 /A 270 , tryptophan emission anisotropy ratio with excitation at 305 and 270 
nm. REES, red-edge excitation shift at 310 nm; Kq/K NATA , iodide quenching constant, normalized to an isomolar 
solution of N-acetyl tryptophanamide. Values are means ± SE for n = 2–4 determinations.

Abbreviation: Apo, apolipoprotein.
  a  P  = 0.001 for apo A-IV 347S versus apo A-IV 347T by Student’s  t -test.

  Fig.   5.  Second derivative UV absorption spectra of apo A-IV 347S 
and apo A-IV 347T. The absorption of 8 µM solutions of apo A-IV 
isoproteins was monitored from 270 nm to 300 nm. Five individual 
spectra were averaged, smoothed, and differentiated using a fi lter 
length of 5. Apo A-IV 347S (solid line); apo A-IV 347T (dashed 
line). Abbreviation: Apo, apolipoprotein.   

  Fig.   6.  Interfacial exclusion pressure of apo A-IV 347S and apo 
A-IV 347T. Apo A-IV 347S ( � ) and apo A-IV 347T ( � ) were in-
jected beneath EPC monolayers spread at increasing initial surface 
pressures, and the change in surface pressure was determined. 
Data points are the means ± SE of two separate experiments; the 
solid lines are linear regressions of the data. Extrapolation of the 
lines to the X axis yields exclusion pressures of 26.5 ± 0.2 mN/m 
for apo A-IV 347S and 28.7 ± 0.2 for apo A-IV 347T. Abbreviations: 
Apo, apolipoprotein; EPC, egg phosphatidylcholine.   
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  Fig.   7.  Binding of apo A-IV 347S and apo A-IV 347T) to the trio-
lein/water interface. Triolein drops (10  � l) were injected into the 
optical cuvette of a ITC Tracker ®  tensiometer containing 25  � g/ml 
solutions of apo A-IV 347S ( � ) and apo A-IV 347T ( � ), and the 
surface tension was continuously monitored. Data points are the 
means ± SE of two separate experiments. Abbreviation: Apo, 
apolipoprotein.   

 Surface chemistry studies demonstrated that apo A-IV 
347S has a lower interfacial exclusion pressure than apo 
A-IV 347T or apo A-IV 360H (the lowest exclusion pres-
sure, in fact, of any of the exchangeable apolipoproteins 
( 29 )), and it also exhibits signifi cantly lower interfacial 
elasticity. These properties may be the consequence of its 
decreased thermodynamic stability and looser folding. 
The interfacial activity of the exchangeable apolipopro-
teins is mediated by a cooperative interaction of tandem 
amphipathic  � -helical domains ( 44 ). However, before apo 
A-IV can bind to lipid, its central helical bundle must fi rst 
partially unfold so that the hydrophobic faces of its con-
stituent amphipathic helices are exposed to the lipid/
water interface ( 29, 43, 45 ). The decreased stability of the 
apo A-IV 347S isoprotein lowers the energy barrier for this 
process, as evidenced by the higher rate constant for its 
binding to the triolein/water interface. In addition, as the 
amino terminal in apo A-IV appears to be critical for lipid 
binding ( 43 ), the looser folding of apo A-IV 347S may lib-
erate its amino terminal to initiate interaction with lipid 
interfaces. However, once adsorbed to the oil/water in-
terface, the 347S isoprotein exhibited lower interfacial 
elasticity and a more expanded surface conformation, 
as indicated by its right-shifted surface area tension loops. 
This inverse relationship between lipid binding rate and 
elasticity is also observed with apo A-IV C-terminal trunca-
tion mutants (R. B. Weinberg, unpublished observations), 
suggesting that disrupted helical domain interactions can 
compromise its interfacial elastic behavior. 

 Many of the functions of apolipoproteins are exerted at 
the lipid interface, and in this regard the association of 
apo A-IV with lipid is labile ( 29 ) and very sensitive to 
changes in its stability and conformation ( 13 ). Bearing in 
mind the caveats that the spectroscopic studies examined 
the structure of only lipid-free apo A-IV isoproteins and 
that lipid-free apo A-IV undergoes a conformational 
change when it binds to lipid ( 29, 36, 45 ), the surface 
chemistry studies nonetheless suggest that the interfacial 
activity of apo A-IV could modulate one of its important 
physiological functions. The displacement of apo A-IV 
from the surface of lymph chylomicrons upon their entry 
into plasma by HDL-associated apo C-II and apo E is an 
essential step in postprandial lipid metabolism, as it en-
ables chylomicrons to be recognized as a substrate by lipo-
protein lipase and targets chylomicron remnants for 
hepatic uptake ( 46 ). In carriers of an apo A-IV 360H 

interaction with the N-terminus and destabilizing molecu-
lar folding. Indeed, recent studies by Pearson et al. ( 42 ) 
and Tubb et al. ( 43 ) have established that apo A-IV struc-
ture, stability, and function is exquisitely sensitive to de-
letions and single point mutations in either the N- or 
C-terminus. 

 In this regard, it was interesting that apo A-IV 347S dis-
played increased resistance to iodide quenching, which 
denotes decreased aqueous exposure of its amino termi-
nal tryptophan. Similar increased resistance to iodide 
quenching is seen when the structure of apo A-IV is dis-
rupted by deletion of  � -helical domains ( 13 ). Apo A-IV 
347S also displayed a large red-edge excitation shift, which 
indicates constrained tryptophan rotation and solvent di-
pole relaxation ( 28 ) and a deeper UV absorption peak 
near 290 nm, which is a signature of a nonpolar environ-
ment ( 34 ). Thus destabilized folding of apo A-IV 347S may 
enable the N-terminal to assume a locally more compact 
and/or shielded conformation. Nonetheless, the trypto-
phan emission data suggest that altered folding may also 
create distinct populations of conformers in which the 
N-terminal is exposed to different hydrophobic environ-
ments; reduced stability of one of these conformers could 
contribute to the lower global stability of the 347S isopro-
tein molecule. 

 TABLE 3. Interfacial properties of apo A-IV 347S and apo A-IV 347T 

EPC/Water Interface Triolein/Water Interface

 �  EX  �  � Ka  	 

 mN/m  mN/m  (× 10  � 3  sec  � 1 )    mN/m 
Apo A-IV 347S 26.5 ± 0.2  a  13.8 ± 0.7  b  33.9 ± 1.4  c  14.9 ± 0.1  c  
Apo A-IV 347T 28.7 ± 0.2 17.7 ± 0.4 6.3 ± 1.4 32.4 ± 1.0

 �  EX , EPC interfacial exclusion pressure;  �  � , change in interfacial tension at the triolein/water interface; Ka 
adsorption rate constant;  	 , elastic modulus. Values are means ± SE for n = 2–3 determinations.

Abbreviation: Apo, apolipoprotein; EPC, egg phosphatidylcholine.
  a  P  = 0.02 for apo A-IV 347S versus apo A-IV 347T by Student’s  t -test.
  b  P  = 0.01 for apo A-IV 347S versus apo A-IV 347T by Student’s  t -test.
  c  P  < 0.001 for apo A-IV 347S versus apo A-IV 347T by Student’s  t -test.
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allele, postprandial triglyceride clearance is delayed ( 10, 
11 ); we have proposed that this is a consequence of the 
higher lipid affi nity ( 12 ) and interfacial exclusion pres-
sure (30.8 mN/m ( 13 )) of the 360H isoprotein, which im-
pedes transfer of apo C-II and apo E from HDL to the 
chylomicron surface. Thus, conversely, in carriers of an 
apo A-IV 347S allele, the lower surface activity and interfa-
cial exclusion pressure of the 347S-isoform (26.5 mN/m) 
could instead facilitate the transfer of apo C-II and apo E, 
thereby accelerating postprandial chylomicron clearance 
( 11, 16 ). 

 In summary, the commonly occurring and widely dis-
tributed T347S polymorphism alters the folding and ther-
modynamic stability of apo A-IV and lowers its affi nity for 
hydrophobic lipid interfaces. These data, which comple-
ment previous biophysical ( 12, 13 ) and clinical ( 10, 11 ) 
studies of the apo A-IV Q360H polymorphism, suggest that 
differential lipid affi nity and interfacial behavior of com-
monly occurring apo A-IV isoproteins may modulate the 
effect of this apolipoprotein on postprandial lipid metabo-
lism.  

 REFERENCES 

    1 .  Mann ,  C. J. ,  T. A.   Anderson ,  J.   Read ,  S. A.   Chester ,  G. B.   Harrison , 
 S.   Kochl ,  P. J.   Ritchie ,  P.   Bradbury ,  F. S.   Hussain ,  J.   Amey ,  et al . 
 1999 .  The structure of vitellogenin provides a molecular model for 
the assembly and secretion of atherogenic lipoproteins.    J. Mol. Biol.   
  285   :   391 – 408 .  

    2 .  Luo ,  C. C. ,  W. H.   Li ,  M. N.   Moore , and  L.   Chan .  1986 .  Structure 
and evolution of the apolipoprotein multigene family.    J. Mol. Biol.   
  187   :   325 – 340 .  

    3 .  Weinberg ,  R. B. , and  A. M.   Scanu .  1983 .  The isolation and char-
acterization of human apolipoprotein A-IV from lipoprotein de-
pleted serum.    J. Lipid Res.     24   :   52 – 59 .  

    4 .  Kalogeris ,  T. J. ,  M. D.   Rodriquez , and  P.   Tso .  1997 .  Control of syn-
thesis and secretion of intestinal apolipoprotein A-IV.    J. Nutr.     127   :  
 537S – 543S .  

    5 .  Hayashi ,  H. ,  D. F.   Nutting ,  K.   Fujimoto ,  J. A.   Cardelli ,  D.   Black , and 
 P.   Tso .  1990 .  Transport of lipid and apolipoproteins apo A-I and 
apo A-IV in intestinal lymph of the rat.    J. Lipid Res.     31   :   1613 – 1625 .  

  Fig.   8.  Elastic behavior of apo A-IV 347S and apo A-IV 347T at 
the triolein/water interface. Triolein drops (10  � l) were injected 
into the optical cuvette of a ITC Tracker ®  tensiometer containing 
25  � g/ml solutions of apo A-IV 347S ( � ) and apo A-IV 347T ( � ). 
After the surface tension had stabilized, the drop volume was sinu-
soidally oscillated ± 5  � l at six cycles/min, and the change in sur-
face tension was continuously monitored as a function of drop 
surface area. Abbreviation: Apo, apolipoprotein.   

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Structure and interfacial activity of apo A-IV 347S 2671

    27 .  Weinberg ,  R. B.   1988 .  Exposure and electronic interaction of ty-
rosine and tryptophan residues in human apolipoprotein A-IV.  
  Biochemistry   .    27   :   1515 – 1521 .  

    28 .  Chattopadhyay ,  A.   2003 .  Exploring membrane organization and 
dynamics by the wavelength-selective fl uorescence approach.    Chem. 
Phys. Lipids   .    122   :   3 – 17 .  

    29 .  Weinberg ,  R. B. ,  J. A.   Ibdah , and  M. C.   Phillips .  1992 .  Adsorption of 
apolipoprotein A-IV to phospholipid monolayers spread at the air/
water interface.    J. Biol. Chem.     267   :   8977 – 8983 .  

    30 .  Labourdenne ,  S. ,  N.   Gaudry-Rolland ,  S.   Letellier ,  M.   Lin ,  A.   Cagna , 
 G.   Esposito ,  R.   Verger , and  C.   Riviere .  1994 .  The oil-drop tensiom-
eter: potential applications for studying the kinetics of (phospho)
lipase action.    Chem. Phys. Lipids   .    71   :   163 – 173 .  

    31 .  Benjamins ,  J. ,  A.   Cagna , and  E. H.   Lucassen-Reynders .  1996 . 
 Viscoelastic properties of triacylglycerol/water interfaces covered 
with proteins.    Colloids Surf.     114   :   245 – 254 .  

    32 .  Balestrieri ,  C. ,  G.   Colonna ,  A.   Giovane ,  G.   Irace , and  L.   Servillo . 
 1978 .  Second-derivative spectroscopy of proteins. A method for the 
quantitative determination of aromatic amino acids in proteins.  
  Eur. J. Biochem.     90   :   433 – 440 .  

    33 .  Ragone ,  R. ,  G.   Colonna ,  C.   Balestrieri ,  L.   Servillo , and  G.   Irace . 
 1984 .  Determination of tyrosine exposure in proteins by second-
derivative spectroscopy.    Biochemistry   .    23   :   1871 – 1875 .  

    34 .  Soulages ,  J. L. , and  E. L.   Arrese .  2000 .  Dynamics and hydration of the 
alpha-helices of apolipophorin III.    J. Biol. Chem.     275   :   17501 – 17509 .  

    35 .  Weinberg ,  R. B. ,  R. A.   Anderson ,  V. R.   Cook ,  F.   Emmanuel ,  P.   Denefl e , 
 M.   Hermann , and  A.   Steinmetz .  2000 .  Structure and interfacial prop-
erties of chicken apolipoprotein A-IV.    J. Lipid Res.     41   :   1410 – 1418 .  

    36 .  Tubb ,  M. R. ,  R. A.   Silva ,  J.   Fang ,  P.   Tso , and  W. S.   Davidson .  2008 . 
 A three-dimensional homology model of lipid-free apolipoprotein 
A-IV using cross-linking and mass spectrometry.    J. Biol. Chem.     283   :  
 17314 – 17323 .  

    37 .  Breiter ,  D. R. ,  M. R.   Kanost ,  M. M.   Benning ,  G.   Wesenberg ,  J. H.  
 Law ,  M. A.   Wells ,  I.   Rayment , and  H. M.   Holden .  1991 .  Molecular 
structure of an apolipoprotein determined at 2.5-A resolution.  
  Biochemistry   .    30   :   603 – 608 .  

    38 .  Weinberg ,  R. B.   1994 .  Identifi cation of functional domains in the 
plasma apolipoproteins by analysis of inter-species amino acid se-
quence variability.    J. Lipid Res.     35   :   2212 – 2222 .  

    39 .  Engelman ,  D. M. ,  T. A.   Steitz , and  A.   Goldman .  1986 .  Identifying 
nonpolar transbilayer helices in amino acid sequences of mem-
brane proteins.    Annu. Rev. Biophys. Biophys. Chem.     15   :   321 – 353 .  

    40 .  Zamyatnin ,  A. A.   1972 .  Protein volume in solution.    Prog. Biophys. 
Mol. Biol.     24   :   107 – 123 .  

    41 .  Vihinen ,  M. ,  E.   Torkkila , and  P.   Riikonen .  1994 .  Accuracy of pro-
tein fl exibility predictions.    Proteins   .    19   :   141 – 149 .  

    42 .  Pearson,   K. ,  M. R.   Tubb ,  M.   Tanaka ,  X. Q.   Zhang ,  P.   Tso ,  R. B.  
 Weinberg , and W. S. Davidson  2005 .  Specifi c sequences in the N 
and C termini of apolipoprotein A-IV modulate its conformation 
and lipid association.    J. Biol. Chem.     280   :   38576 – 38582 .  

    43 .  Tubb,   M. R. ,  R. A.   Silva ,  K. J.   Pearson ,  P.   Tso ,  M.   Liu , and W.S. 
Davidson.  2007 .  Modulation of apolipoprotein A-IV lipid binding 
by an interaction between the N and C termini.    J. Biol. Chem.     282   :  
 28385 – 28394 .  

    44 .  Segrest ,  J. P. ,  M. K.   Jones ,  H.   De Loof ,  C. G.   Brouillette ,  Y. V.  
 Venkatachalapathi , and  G. M.   Anatharamaiah .  1992 .  The amphi-
pathic helix in exchangeable apolipoproteins: a review of second-
ary structure and function.    J. Lipid Res.     33   :   141 – 166 .  

    45 .  Weinberg ,  R. B. , and  M.   Jordan .  1990 .  Effects of phospholipid on 
the structure of human apolipoprotein A-IV.    J. Biol. Chem.     265   :  
 8081 – 8086 .  

    46 .  Hussain ,  M. M. ,  R. K.   Kancha ,  Z.   Zhou ,  J.   Luchoomun ,  H.   Zu , and  A.  
 Bakillah .  1996 .  Chylomicron assembly and catabolism: role of apoli-
poproteins and receptors.    Biochim. Biophys. Acta   .    1300   :   151 – 170 .              

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

