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properties of apoA-I arise primarily through its important 
roles in the pathway of reverse cholesterol transport; where 
apoA-I stabilizes and maintains the structure of HDL par-
ticles, promotes cellular cholesterol effl ux by binding to 
specifi c ATP binding cassette transporters, interacts with 
the enzyme lecithin:cholesterol acyltransferase (LCAT) to 
drive the maturation of HDL particles, binds and modifi es 
the lipoprotein surface to facilitate enzyme reactions, and 
interacts with the scavenger receptor class B type 1 for se-
lective cholesterol ester (CE) uptake by the liver for excre-
tion ( 2–4 ). 

 ApoA-I exists in lipid-free, lipid-poor, and lipid-bound 
states in plasma, and exchanges among HDL and TAG-
rich lipoprotein particles like very low density lipoproteins 
(VLDLs) and chylomicrons (CMs) ( 5 ). ApoA-I interacts pri-
marily with the hydrocarbon chains of the phospholipids 
(PL) on discoidal and spherical HDLs ( 6–8 ) and may also 
interact with the hydrophobic CE core of spherical HDL and 
the hydrophobic TAG core of TAG-rich lipoproteins. The 
conformational fl exibility of apoA-I allows it to adopt a vari-
ety of conformations involving lipid adsorption, partial or 
full desorption, and fl exible unfolding and refolding in di-
verse physical environments to facilitate its multiple func-
tions. Studies of the molecular mechanisms of the lipid 
association and the conformational fl exibility of apoA-I 
are essential for understanding the structure-function 
relationships. 

 ApoA-I has an exon 3 encoded region (residues 1-43), 
and an exon 4 encoded region (residues 44-243) that con-
tains 10 11/22-mer tandem repeat amino acid segments 
that are predicted to form class A and class Y amphipathic 
 � -helices (A � Hs) ( 9, 10 ). These A � Hs (helix 1-10) are the 
lipid binding motif of apoA-I and the structural basis for its 
multiple functions. Segment deletion and point mutation 
studies have elucidated the possible conformation and func-
tions for each helical segment ( 11–16 ). Several studies have 
suggested that the lipid-free apoA-I molecule possesses a 
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  Apolipoprotein A-I (apoA-I) is a major protein of high 
density lipoproteins (HDLs) and is also present on large 
triacylglycerol (TAG)-rich lipoproteins. Reduced plasma lev-
els of HDL and apoA-I are the key risk factors for atheroscle-
rosis and cardiovascular disease ( 1 ). The anti-atherogenic 
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( 40, 41 ). We postulate that the surface pressure changes 
must occur throughout the lipoprotein remodeling pro-
cesses, increasing if surface-active molecules are added to 
the surface or core lipid molecules are depleted, which 
leads to partial or full desorption of apoA-I molecules and 
vice versa. As a result, the coverage of apoA-I on the surface 
probably changes as well, and so does the surface conforma-
tion. We hypothesize that during lipoprotein remodeling, 
surface pressure-mediated adsorption and partial or full 
desorption allow apoA-I to adopt different conformations 
to facilitate its functions and to exchange among lipopro-
teins  . Further insight into the dynamic adsorption, desorp-
tion, and the structural fl exibility of different segments of 
apoA-I and their relation to surface pressure will lead to a 
more detailed understanding of the structural basis under-
lying its multiple functions. 

 PL vesicles and lipid emulsions have been used as model 
systems to study the lipid binding of apoA-I molecules ( 5, 
18, 22, 24, 25, 31 ). The PL vesicle model systems give infor-
mation about the kinetics of the lipid-protein interaction 
and the type of particle formed, while the model emulsion 
systems have the advantage that they contain core lipids 
(e.g., TAG or CE) as well as surface PL molecules. However, 
surface pressure changes are diffi cult to estimate in emul-
sion systems ( 42 ). PL monolayers spread at an air/water 
(A/W) interface have been explored as a unique model sys-
tem to study the pressure-mediated penetration of apolipo-
proteins and the segments to PL monolayers ( 27, 43–50 ). 
The exclusion pressure ( �  e ), i.e., the surface pressure above 
which the protein or peptide cannot penetrate into the PL 
monolayer, has been used to compare the lipid affi nity of 
the proteins or peptides. Synthesized peptides containing 
the 22-mer tandem repeat A � H sequences of the 44-65 and 
220-241 residues of apoA-I exhibit higher  �  e  values, while 
peptides containing the 22-mer tandem repeat A � H se-
quences in the central region of apoA-I exhibit lower  �  e  
values, indicating a relatively lower lipid affi nity ( 27 ). 

 We have been using a novel surface chemistry technique, 
oil-drop tensiometry, to study the pressure-mediated adsorp-
tion, desorption, and fl exibility behavior of apolipoproteins, 
their segments, and consensus peptides at physiologically rel-
evant model lipoprotein surfaces ( 38, 51–62 ), such as trio-
lein/water (TO/W) and phosphatidylcholine/triolein/water 
(POPC/TO/W) interfaces. Our novel technique provides a 
unique point of view to look at the interaction between apo-
lipoproteins and lipids. Our previous studies ( 38, 58 ) have 
shown that apoA-1, a consensus A � H peptide, and two 
peptides encompassing residues 1-44 and 198-243 all have 
the lipid binding ability to modify the TO/W interface 
and lower the interfacial tension ( � ). They desorb from 
the interface when compressed and readsorb when the 
surface is expanded. Part of apoA-1 is pushed off the inter-
face at a pressure of  � 15 mN/m and the entire protein is 
expelled above  � 19 mN/m. The full-length apoA-I mole-
cule is elastic and very fl exible, but not the short peptides. 
The (1-44)apoA-I peptide binds less strongly than the 
(198-243)apoA-I peptide at both the TO/W and the POPC/
TO/W interfaces ( 53, 58 ). These results suggest that the 
surface pressure-mediated desorption and readsorption, 

two domain structure with a more rigid N-terminal  � -helix 
bundle domain and a less organized C-terminal domain 
( 11, 15, 17, 18 ). The recent advance in solving the 2.2 Å 
crystal structure of a truncated apoA-I mutant,  � (185-243)
apoA-I dimer, suggests that residues 1-184 independently 
fold in a four helix bundle and residues 185-243 form a less 
organized C-terminal domain in solution ( 19 ). In the crys-
tal, the N-terminal sub-domain encompassing residues 1-43 
forms a helix bundle with helix 1 (residues 44-65) and helix 
2-4 (residues 66-120) from one  � (185-243)apoA-I molecule, 
and helix 6-7 (residues 143-184) from the other  � (185-243)
apoA-I molecule. The authors reinforce the suggestion that 
the N-terminal 1-43 residues stabilize the apoA-I structure 
by forming a stable helix bundle. 

 The interactions of apoA-I with PL or lipid emulsions 
containing a hydrophobic core (TAG or CE) and a PL sur-
face ( 5, 20–26 ) have been widely investigated to understand 
how apoA-I behaves at lipoprotein surfaces. Deletion muta-
tions ( 11–14, 17 ), synthetic peptides encompassing specifi c 
regions ( 27–29 ), and consensus peptides of apoA-I ( 30 ) 
have been used to determine the lipid affi nity of different 
segments of apoA-I. Such studies suggest that different parts 
of apoA-I might bind with different affi nity to lipid or lipo-
protein surfaces ( 18, 31 ). The C-terminal region (residues 
185-243) has the highest affi nity for PL and plays a critical 
role in initiating the lipid binding ( 11, 18, 31–33 ), while the 
N-terminal region (residues 1-43) has a moderate PL-binding 
ability ( 28, 34 ) and is thought to stabilize the lipid-free 
apoA-I conformation ( 16, 19 ). The hydrophobicity of the 
C-terminal residues 220-243 modulates the lipid binding of 
apoA-I, while mutations in the N-terminal 1-43 residues also 
play a role ( 35 ). When bound to lipoproteins of different 
size, the apoA-I molecule adjusts its conformation by ex-
truding some segments into the aqueous phase ( 36–38 ). 
Hydrogen exchange and mass spectrometry studies showed 
that 20% more residues of apoA-I are forced off a small dis-
coidal HDL particle (7.8 nm) than a larger HDL particle 
(9.6 nm), due to the increased packing density in the small 
HDL ( 37 ). We also found that part of the apoA-I molecule 
desorbs from a model lipoprotein surface at lower pressure, 
while the entire molecule desorbs at much higher pressure 
( 38 ). However, because of the lack of appropriate research 
approaches, the dynamic desorption of apoA-I is not well 
elucidated. Neither the location within the apoA-I molecule 
nor the precise nature of the desorbed segments are well 
established. 

 The surface pressure changes of lipoproteins are very im-
portant factors for the conformational fl exibility of apoA-I. 
During lipoprotein metabolism, lipoprotein particles con-
stantly change in size, shape, and composition due to en-
zyme reactions and lipoprotein remodeling activities. For 
example, LCAT reactions with large discoidal HDL produce 
CE which migrates to the core turning the discoidal particle 
into a spherical particle ( 39 ). Lipolytic actions produce fatty 
acids from PL and TAG resulting in shrinking of the parti-
cle size. Hepatic lipase reactions release free apoA-I into 
plasma. Lipid transfer proteins move CE, TAG, and PL mol-
ecules among HDL and TAG-rich lipoproteins resulting in 
changes in the particles’ size and the release of free apoA-I   
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oil-drop tensiometer (Longessaigne, France) ( 64 ). To measure the 
 �  of the TO/W interface, a 16  � l TO drop was formed in a cuvette 
containing 6 ml aqueous phase with a given amount of proteins 
and  �  was recorded continuously until it reached equilibrium. 

 To measure the  �  of the POPC/TO/W interface, a 16  � l TO 
drop was formed in 6 ml aqueous phase containing 200  � l POPC 
SUV stock (2.5–5 mg/ml) and  �  was recorded continuously. 
POPC molecules adsorbed onto the TO drop and lowered the  � . 
When  �  reached  � 25 mN/m, the excess POPC SUVs in the aque-
ous phase were removed by the buffer exchange procedure (see 
following method) and  �  stayed constant. When  �  was about 
25 mN/m, the coverage of POPC on the interface was about 37% 
( 65 ). Then different amounts of protein stocks were added to the 
aqueous phase to obtain different protein concentrations. The  �  
of the POPC/TO/W interface was continuously recorded until it 
reached equilibrium. All experiments were carried out at 25 ± 
0.1°C in a thermostated system with gentle stirring. 

 Buffer exchange procedure 
 We exchanged the aqueous phase (6 ml) containing either 

POPC or protein with fresh buffer by continuously removing the 
aqueous phase from the surface and infusing fresh buffer near 
the bottom of the stirred cuvette. Approximately 250 ml or 150 ml 
of fresh buffer was exchanged for removing POPC or proteins, 
respectively. These exchange volumes removed more than 99.9% 
of the POPC or the proteins in the aqueous phase ( 65 ). POPC 
once adsorbed on the TO/W interface does not desorb, so  �  
does not change while removing POPC SUVs. While removing 
excess proteins, if bound protein desorbs into the aqueous phase 
during or after the buffer exchange the surface concentration 
will fall and  �  will rise. 

 Setting the initial surface pressure and the surface 
concentration of POPC at POPC/TO/W interface 

 Different surface concentrations of POPC ( �  POPC ) at the 
POPC/TO/W interface were set by either expanding or com-
pressing the interface, i.e., decreasing or increasing the surface 
pressure ( � ). First, POPC SUVs were added to the aqueous phase 
and adsorbed onto the TO/W interface. Once  �  reached 25 mN/m 
excess, POPC vesicles were removed from the aqueous phase by 
the buffer exchange procedure. Because POPC does not desorb 
from the interface, the amount of POPC on the surface remained 
the same ( � 37% coverage). When the interface was expanded, 
the surface area increased so the  �  POPC  and the  �  decreased. 
When the interface was compressed, the surface area decreased, 
thus the  �  POPC  and the  �  increased. The expansion or compres-
sion was stopped when  �  reached the target value, i.e., initial 
surface pressure ( �  i ). The bigger the  �  i  was, the greater the 
 �  POPC  was ( 65 ). An example of adjusting the  �  POPC  to a lower level 
by expanding the interface is shown in the left part of the plots in 
 Fig. 3A , before the second buffer exchange. 

 Penetration of the proteins into the POPC/TO/W 
interface and the measurement of the exclusion pressure 

 Exclusion pressure ( �  EX ) refers to the pressure above which a 
protein cannot penetrate into the POPC/TO/W interface. First, 
the TO drop (16  � l) was coated with POPC until  �  reached 
 � 25 mN/m, and the excess POPC vesicles were removed from the 
aqueous phase. Then, the  �  POPC  and  �  i  were set by either com-
pressing or expanding the interface. Finally an aliquot of protein 
stock was added to the aqueous phase. We kept the fi nal concen-
tration of each protein at about 6 × 10  � 8  M. Upon addition of the 
protein,  �  fell toward equilibrium. The general procedure is 
shown in  Fig. 2A , from the beginning until the start of the second 
buffer exchange shown by the second bar. The fall (change) of 
the surface tension ( �  � ) was measured and it varied at different 

and the conformational fl exibility of apoA-I probably pro-
vide lipoprotein stability during metabolic remodeling re-
actions in plasma. 

 In the present paper we have continued our surface 
study on the full-length apoA-I and two deletion mutants 
of apoA-I,  � (185-243)apoA-I and  � (1-59)(185-243)apoA-I, 
on both the TO/W and the POPC/TO/W interface. We 
have measured and compared the adsorption isotherms, 
desorption on compression, and the readsorption on ex-
pansion of these proteins. Such information may help to 
determine the surface behaviors of different apoA-I do-
mains on lipoprotein surfaces and the conformational 
changes that might occur in apoA-I during lipoprotein 
remodeling, and lead to a better understanding of the 
molecular mechanisms underlying the multiple functions 
of apoA-I during reverse cholesterol transport and lipid 
metabolism. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 Two deletion mutations of apoA-I,  � (185-243)apoA-I and 

 � (1-59)(185-243)apoA-I were expressed in  Escherichia coli  BL21(DE3) 
CodonPlus-RIL (Stratagene) cells using a His 6 -MBP-TEV expres-
sion system and purifi ed as described previously ( 19 ). The pro-
teins contained an extra glycine at the N terminus derived from 
the TEV cleavage site. Freshly purifi ed mutants in PBS buffer 
were divided into small aliquots, rapidly frozen in liquid nitro-
gen, and stored at  � 80°C. A protein aliquot was thawed before 
the interfacial study and stored in a refrigerator for short term 
storage. Both mutants were over 95% in purity by SDS-PAGE gels. 
Plasma apoA-I was isolated and purifi ed as previously described 
( 63 ), and characterized by SDS-PAGE gel and circular dichroism 
spectroscopy. The protein concentration was determined by 
Lowry protein assay. 

 For interfacial studies, varied amounts of apoA-I (1–3 mg/ml), 
 � (185-243)apoA-I (1–1.5 mg/ml), or  � (1-59)(185-243)apoA-I 
(0.5–1 mg/ml) were added to the aqueous phase surrounding a 
TO drop or a POPC-coated TO drop to obtain different aqueous 
phase concentrations for the three proteins, ranging from 1 × 
10  � 8  M to 3 × 10  � 6  M, respectively. The pH of the aqueous phase 
was kept at pH 7.4 with phosphate buffer (2 mM). 

 TO (>99% pure) was purchased from Nu-Chek Prep, Inc. (Ely-
sian, MN) and its interfacial tension was determined to be 
 � 32 mN/m at 25.0 ± 0.1°C. POPC was purchased from Avanti 
Polar Lipids (Alabaster, AL) in chloroform at 25 mg/ml. All 
other reagents were of analytical grade. 

 Small unilamellar vesicles (SUVs) of POPC were prepared ac-
cording to the following protocol. First the lipid was dried by 
evaporating the chloroform using a jet of nitrogen, and then 
the dried lipid fi lm was suspended in PBS buffer to a concen-
tration of 2.5–5 mg/ml. The turbid suspension was sonicated 
using a probe sonicator for about 1 h with a pulsed duty cycle 
of 30%. The final suspension was virtually clear with the par-
ticle sizes in the range of 21–28 nm as monitored by electron 
microscopy. 

 Interfacial tension measurement 
 The  �  of the TO/W or the POPC/TO/W interface in the pres-

ence of different amounts of apoA-I,  � (185-243)apoA-I, or 
 � (1-59)(185-243)apoA-I in the aqueous phase [2 mM (pH 7.4) 
phosphate buffer] was measured with an I. T. Concept Tracker 
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surface concentration decreased and the surface pressure fell. 
After the interface had equilibrated for a short period of time, the 
interface was slowly compressed at a linear rate of 0.02  � l/s toward 
a very small volume or until the drop was lost. See  Fig. 3A  for the 
demonstration of the general protocol. A surface pressure against 
area ( � -A) curve derived from the compression procedure (ex-
amples in  Fig. 5 ) showed the desorption details of the proteins. 
The pressure at which the  � -A curve changes slope is called the 
envelope pressure,  �  E . Usually,  �  E  is the pressure when part of the 
protein or the whole protein molecule is ejected from the surface. 
By examining the shape and the  �  E  of the  � -A curves, detailed 
desorption information of the proteins from either the POPC/
TO/W interface or TO/W interface was derived. 

 RESULTS 

 Adsorption of apoA-I,  � (1-59)(185-243)apoA-I, and 
 � (185-243)apoA-I on the TO/W and the POPC/TO/W 
interfaces: apoA-I and  � (1-59)(185-243)apoA-I bind more 
rapidly and strongly 

 We have shown the adsorption isotherms of apoA-I at the 
TO/W interface previously ( 38 ). Now we report the adsorp-
tion behavior of  � (1-59)(185-243)apoA-I and  � (185-243)
apoA-I on the TO/W interface. Adsorption curves at varied 
protein concentrations in the range of 10  � 8 –10  � 6  M for each 
protein were measured. Examples are shown in   Fig. 1A  .  
Plots of the equilibrium  �  against the natural log of the pro-
tein concentration show the different adsorption behavior 
of the three proteins ( Fig. 1B ). Like full-length apoA-I, both 
apoA-I truncated mutants are surface active and lowered 
the  �  of the TO/W interface (32 mN/m) to reach an equi-
librium level. The equilibrium  �  is dependent on the protein 
concentration in the aqueous phase ( Fig. 1B ). In general, 
higher protein concentrations resulted in lower  �  at equi-
librium, and less time to reach the equilibrium. At similar 
protein concentrations, full-length apoA-I and  � (1-59)(185-
243)apoA-I lowered the  �  of the TO/W interface to almost 
the same level, while  � (185-243)apoA-I lowered the  �  much 
less ( Fig. 1B ).  � (185-243)apoA-I also needed a much longer 
time to reach equilibrium (data not shown). For example, 
at a protein concentration of  � 4 × 10  � 7  M, the  �  of the 
TO/W interface was lowered to 15.4 mN/m with apoA-I 
and 15.1 mN/m with  � (1-59)(185-243)apoA-I, while  � (185-
243)apoA-I  �  was lowered to 19.6 mN/m. At relatively similar 
concentrations in the range of 3–4 × 10  � 7  M, the half time 
needed to reach equilibrium was 100 s for apoA-I, 94 s for 
 � (1-59)(185-243)apoA-I, and 320 s for  � (185-243)apoA-I. 
These data indicate that  � (185-243)apoA-I has a lower lipid 
binding ability to the TO/W interface. 

 The adsorption isotherms of the three proteins at the 
POPC/TO/W interface were measured with a POPC/
TO/W interface tension of 25 mN/m, i.e.,  � 37% coverage 
of POPC ( 65 ). The protein concentrations in the aqueous 
phase were in the range of 3–1.5 × 10  � 6  M. Examples of 
the adsorption curves are shown in  Fig. 1C . The equilib-
rium  �  versus the natural log of the protein concentration 
plots of the three proteins are shown in  Fig. 1D . Similar to 
the adsorption to the TO/W interface, all three proteins 
bound and lowered the  �  of the POPC/TO/W interface 

 �  i s. To derive the  �  EX  value,  �  �  was plotted against  �  i  and the 
data were fi t to a straight line. The intercept of the straight line at 
 �  �  = 0 gave the  �  EX  at which the protein could not penetrate into 
the POPC/TO/W interface ( Fig. 2B ). 

 Instant compression and expansion of the TO/W 
interface and the maximum pressure at which protein 
remains on the interface 

 Instantaneous compression and expansion experiments were 
conducted before and after the buffer exchange procedure to 
evaluate the desorption and readsorption behavior of bound pro-
teins at the TO/W interface. Upon the addition of proteins to the 
aqueous phase,  �  fell to approach an equilibrium level  . After that, 
the TO drop (16  � l) was compressed by suddenly decreasing the 
volume by a different percent of the original volume (6–75%). 
The compressed volume was held constant for several minutes and 
 �  was recorded continuously. The sudden decrease in drop vol-
ume instantaneously decreased the drop surface area and resulted 
in a sudden compression causing  �  to drop abruptly to a certain 
level,  �  0 . The surface pressure generated at instant compression 
( �  0 ) =  �  TO   �   �  0 , where  �  TO  is the surface tension of pure TO 
(32 mN/m). If bound protein or regions of the protein readily des-
orb from the surface upon compression,  �  will rise toward a new 
equilibrium value (desorption curve). If the protein does not desorb 
the  �  will remain constant at the same level as  �  0  ( 56 ). The com-
pressed surface was reexpanded by increasing the drop volume 
back to the original volume (16  � l) and held constant for several 
minutes. The changes in  �  following the reexpansion (readsorp-
tion curve) may depend on whether there is protein in the aque-
ous phase (before buffer exchange) or the protein has been 
removed (after buffer exchange). In either case,  �  will rise promptly 
after reexpansion because the surface concentration decreases as 
the surface area increases. Before protein removal, if bound pro-
tein desorbs upon compression, the reexpansion will provide new 
space for protein in the aqueous phase to readsorb to the surface 
and  �  will fall back to the original equilibrium. After the protein 
removal, the changes of  �  will follow one of two paths upon reex-
pansion. If protein desorbs on compression,  �  will rise to a higher 
level than the original equilibrium and remain constant, because 
there is virtually no protein in the aqueous phase to readsorb. On 
the other hand, if protein is only partially desorbed but still at-
tached to the surface on compression, upon expansion the ejected 
part will readsorb onto the surface and  �  will fall back to the origi-
nal equilibrium with faster kinetics ( 38 ). For a demonstration of 
the protocol, refer to  Fig. 4A–C . To estimate the maximum surface 
pressure ( �  MAX ) that protein could withstand without being 
ejected from the interface, a series of instant compression and ex-
pansion experiments at different ratios over a wide range of pro-
tein concentrations were carried out. The  �  � s over the compression 
period were plotted against the  �  0  and the data were fi t to a straight 
line. The intercept at  �  �  = 0 gave the  �  MAX  at which the protein 
molecules showed no net adsorption or desorption ( 38 ). 

 Slow compression and expansion of the interface and 
pressure/area isotherms 

 Slow compressions and expansions of the TO/W and POPC/
TO/W interfaces were conducted after the buffer exchange proce-
dure. For the POPC/TO/W interface, a  �  i  was set before adding 
protein, with a similar protocol for the  �  EX  measurement. The 
typical procedure was as follows. A certain amount of protein 
( � 5.4–5.8 × 10  � 8  M) was added to the aqueous phase surrounding 
the interface, and  �  was continuously recorded until it reached 
equilibrium. Then the protein in the aqueous phase was removed 
by buffer exchange. After the tension had equilibrated, the inter-
face was slowly expanded at a linear rate of 0.02  � l/s toward a vol-
ume in the range of 25–30  � l. As the surface was expanded, the 
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about 4.4 mN/m. The  � (1-59)(185-243)apoA-I was added 
at this point to the aqueous phase to a fi nal concentration 
of  � 5.4 × 10  � 8  M, causing  �  to drop to 14.4 mN/m and a  �  �  
of  � 13.2 mN/m. A series of experiments were carried out at 
different  �  i s with each protein. Upon addition of the pro-
teins, the  �  � s were plotted against  �  i  and the data were fi t 
to a straight line. The intercept of the straight line at which 
 �  �  = 0 is the  �  EX , the pressure above which protein cannot 
penetrate into the POPC/TO/W interface  .  Figure 2B  shows 
the experiment data of the three proteins and the  �  EX  values. 
These data suggest that apoA-I and  � (1-59)(185-243)apoA-I 
have strong penetration ability, with a  �  EX  of 24.8 mN/m 
for  � (1-59)(185-243)apoA-I and 22.6 mN/m for apoA-I, 
while  � (185-243)apoA-I has a lower  �  EX  of 20.2 mN/m, 
indicating a weak penetration ability in the POPC/TO/W 
interface. The  �  EX  analysis is consistent with the adsorption 
characterization for the three proteins ( Fig. 1C, D ) in that 
both apoA-I and  � (1-59)(185-243)apoA-I have a strong ten-
dency to adsorb or penetrate into the POPC/TO/W interface 
while  � (185-243)apoA-I is more stable in solution. 

 Desorption of bound apoA-I,  � (1-59)(185-243)apoA-I, 
and  � (185-243)apoA-I from the TO/W interface:  � (1-59)
(185-243)apoA-I desorbs at a lower  �  MAX  

 Instant compression and expansion experiments were 
carried out for the three proteins, both before and after 
the buffer exchange procedure. An example of  � (1-59)
(184-243)apoA-I is shown in   Fig. 3A  .  Before buffer exchange 

from  � 25 mN/m to an equilibrium level. Higher protein 
concentrations resulted in lower  �  at equilibrium, and less 
time to reach the equilibrium. The full-length apoA-I and 
 � (1-59)(185-243)apoA-I lowered the  �  to a lower equilib-
rium level compared with  � (185-243)apoA-I, and with a 
slightly faster rate (data not shown). For instance, at the 
protein concentration of  � 6 × 10  � 8  M,  �  was lowered to 
 � 13 mN/m with  � (1-59)(185-243)apoA-I, to  � 15.3 mN/m 
with full-length apoA-I, and to  � 20.4 mN/m with  � (185-
243)apoA-I. The corresponding half time toward the equi-
librium was 195 s for  � (1-59)(185-243)apoA-I, 332 s for 
apoA-I, and 405 s for  � (185-243)apoA-I. Thus  � (185-243)
apoA-I has the weakest lipid binding ability to the POPC/
TO/W interface among the three proteins. 

 Penetration of apoA-I,  � (1-59)(185-243)apoA-I, and 
 � (185-243)apoA-I into the POPC/TO/W interface and 
the  �  EX :  � (185-243)apoA-I is more stable in solution than 
on the lipid interface 

 To compare and quantify the penetration behavior at the 
POPC/TO/W interface, we measured the  �  EX  of each pro-
tein.   Figure 2A   shows  an example of measuring the  �  EX  
data of  � (1-59)(185-243)apoA-I. Starting with a POPC/
TO/W interface with a tension at around 25 mN/m, the 
excess POPC vesicles were removed from the aqueous phase 
by buffer exchange (shown by the bar at left). The  �  was 
then adjusted to  � 27.6 mN/m (setting the  �  i ) by expand-
ing the interface from 29.5 mm 2  to 37.2 mm 2 , i.e., the  �  i  was 

  Fig.   1.  A: Examples of the adsorption isotherms at the TO/W interface.  � (1-59)(185-243)apoA-I (2.3 × 
10  � 7  M),  � (185-243)apoA-I (3.1 × 10  � 7  M), and apoA-I (3.3 × 10  � 7  M) in the aqueous phase (2 mM, pH 7.4, 
phosphate buffer). B: The equilibrium  �  against natural log of the protein concentration plots at the TO/W 
interface. Open triangle,  � (1-59)(185-243)apoA-I; open circle,  � (185-243)apoA-I; solid circle, apoA-I. C: 
Examples of the adsorption isotherms at the POPC/TO/W interface.  � (1-59)(185-243)apoA-I (2.3 × 10  � 7  M), 
 � (185-243)apoA-I (2.1 × 10  � 7  M), and apoA-I (1.7 × 10  � 7  M) in the aqueous phase (2 mM, pH 7.4, phosphate 
buffer). D: The equilibrium  �  against natural log of the protein concentration plots at the POPC/TO/W 
interface. Open triangle,  � (1-59)(185-243)apoA-I; open circle,  � (185-243)apoA-I; solid circle, apoA-I.   
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phase onto the newly generated interface,  �  relaxed back 
to the original equilibrium level. The  �  decreased more at 
larger compressions and rose to a higher value at corre-
sponding expansions because the interface lost more pro-
tein compared with the smaller compressions. During the 
buffer exchange, little change in  �  was observed indicating 
that  � (1-59)(184-243)apoA-I cannot be easily washed off 
the interface. The  � (1-59)(184-243)apoA-I and full-length 
apoA-I cannot be washed off the interface either (data not 
shown). After the buffer exchange, changes in  �  on com-
pression showed similar trends to those before the buffer 
exchange. However, changes in  �  on expansion were different 
than those before buffer exchange. At the small compressions 

(shown by the bar), the area of the TO drop ( � 30 mm 2 ) 
was compressed at different ratios from 3% to 53% and 
expanded back to the original area after being compressed 
for several minutes. Upon compression,  �  fi rst decreased 
to a lower level because the instant compression increased 
the surface concentration immediately. Subsequently,  �  
rose to a new equilibrium level while the compressed area 
was held constant, indicating that the interfacial concen-
tration decreased due to desorption of bound proteins 
from the interface. On expansion,  �  fi rst rose to a higher 
level because the interfacial concentration decreased 
when the interface was expanded. Finally, as a result of the 
readsorption of the free protein molecules in the aqueous 

  Fig.   2.  An example of collecting the data for obtaining  �  EX  (A, on the left), slow expansion and compres-
sion (A, on the right), and the  �  EX  values at the POPC/TO/W interface (B). A: Left: A 16  � l TO drop was 
formed in aqueous phase containing POPC SUVs. POPC adsorbed on the TO/W interface and the  �  fell. 
When the  �  reached  � 25 mN/m, excess POPC SUVs in the aqueous phase were removed by the buffer ex-
change (the fi rst bar). Then the  �  was adjusted to reach a  �  i  of 4.4 mN/m by expanding the interface. After 
the interface was equilibrated, the protein  � (1-59)(185-243)apoA-I was added to the aqueous phase to ob-
tain a concentration of 5.4 × 10  � 8  M and the  �  fell to an equilibrium. Right: After excess protein was removed 
from the aqueous phase (the second bar), the interface was expanded at a linear rate of 0.02  � l/sec until the 
volume reached  � 28.6  � l and the area was about 44.3 mm 2 . The interface was then compressed at 0.02  � l/
sec until  �  exceeded 30 mN/m. B: The  �  �  upon adding the protein was plotted against  �  i  at which protein 
was added. The data were linearly fi t and the  �  EX  values were derived (extrapolated  �  i  at which  �  �  is zero), 
i.e., the  �  above which protein cannot penetrate into the POPC/TO/W interface. Open triangle,  � (1-59)
(185-243)apoA-I; open circle,  � (185-243)apoA-I; solid circle, apoA-I.   

  Fig.   3.  A: An example of instant compression and reexpansion of  � (1-59)(185-243)apoA-I on the TO/W 
interface. After the protein adsorbed to the interface and reached equilibrium, the interface was rapidly 
compressed at different ratios (3–55% in area) and held for several minutes and then reexpanded back to 
the original volume (16  � l). A similar protocol was repeated after excess protein molecules were removed 
from the aqueous phase by buffer exchange (indicated by the bar).  � (1-59)(185-243)apoA-I is 5.4 × 10  � 8  M 
before buffer exchange. B: The  �  MAX  values at the TO/W interface. The surface tension changes over the 
period when the compressed areas were held,  �  � s were plotted against the  � s generated at instant compres-
sions,  �  0 s  . The data were linearly fi t and the  �  MAX  values for each protein were derived (extrapolated  �  0  at 
which  �  �  is zero), i.e., the maximum  �  at which each protein can remain on the TO/W interface without 
being ejected. Open triangle,  � (1-59)(185-243)apoA-I; open circle,  � (185-243)apoA-I; solid circle, apoA-I.   
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ratios on the interface. A higher  �  i  means a smaller area 
available for protein to adsorb, thus less protein bound and 
the POPC/protein ratio was larger.  � -A curves derived from 
the slow compression curves of the three proteins at differ-
ent  �  i s are shown in   Fig. 4A–C  .  The infl ections that show 
the slope changes in the  � -A curves, the  �  E s, refl ect that 
entire proteins start to be ejected from the interface. For all 
three proteins,  �  E  signifi cantly increased at a higher  �  i , 
which corresponds to a higher POPC/protein ratio, dem-
onstrating that it was much harder to eject the protein from 
the interface with a higher POPC/protein ratio. We calcu-
lated the POPC percentage coverage based on  �  i  values 
according to the methods described previously ( 65 ), and 
plotted the  �  E s at different  �  i s against the coverage of 
POPC on the interface in  Fig. 4D .  Figure 4  clearly shows 
that at larger POPC coverage, i.e., larger POPC/protein ra-
tio, the  �  E  value is higher. At similar POPC coverage, the 
order of the  �  E s for the three proteins is  � (185-243)apoA-I 
> full-length apoA-I >  � (1-59)(185-243)apoA-I, indicating 
that  � (1-59)(185-243)apoA-I desorbs from the POPC/
TO/W interface much more easily than  � (185-243)apoA-I 
and apoA-I ( Fig. 4D ). Therefore, once bound,  � (185-243)
apoA-I and apoA-I have higher affi nity for the POPC/
TO/W interface. This result is consistent with the instant 
 �  MAX  result at the TO/W interface, i.e.,  � (1-59)(185-243)
apoA-I desorbs from the TO/W interface much more easily 
with a smaller  �  MAX . 

 In addition,  Fig. 4D  shows that the  �  E s of all three pro-
teins at the POPC/TO/W interface are higher than the  �  E s 
at the TO/W interface. This result indicates that, at the 
POPC/TO/W interface, bound proteins interact with core 
lipid TO as well as with surface lipid POPC, which makes 
the proteins bind to the surface more strongly. This result is 
similar to the observation for another  � -helical protein, 
apoC-I, which shows that it binds more strongly to the 
POPC/TO/W interface than the TO/W interface ( 52 ). 

 Sequential slow expansion and compression experiments 
were conducted to obtain further desorption details of the 
three proteins from the POPC/TO/W interface.   Figure 5A   
shows  an example of the sequential slow expansion and 
compression of  � (1-59)(185-243)apoA-I. Instead of com-
pressing only once until the  �  approached over 30 mN/m, 
the interface was gradually compressed multiple times toward 
increased surface pressures, fi nally approaching  � 31 mN/m. 
First, protein was added into the aqueous phase surround-
ing a POPC/TO/W interface with a  �  of  � 25 mN/m and 
adsorbed to the interface until  �  approached equilibrium. 
After the excess protein was removed from the aqueous 
phase, the interface was expanded from 29.7 mm 2  (16  � l) 
to 43.5 mm 2  (28  � l) (expansion 1) and then compressed 
until  �  reached 19.3 mN/m (compression 1). The interface 
was reexpanded to 43.5 mm 2  (expansion 2), and compressed 
further until  �  was 22 mN/m (compression 2). Additional 
compressions to 24.2, 26.6, 27.1, and fi nally 29.3 mN/m 
and reexpansion to the original area followed. The corre-
sponding  � -A curves for the compressions in  Fig. 5A  are 
shown in  Fig. 5B . The  � -A curve for the fi rst compression to 
19.3 mN/m (black) was identical with that of the second 
compression to 22 mN/m (red) in the lower pressure region, 

of about 3–6% change in area (the fi rst and second com-
pressions in  Fig. 3A ), the  �  returned to the original equi-
librium level on expansion, indicating that the protein did 
not desorb on compression, only readjusted the confor-
mation on expansion. On expansion after larger compres-
sions,  �  rose to a higher level than the original equilibrium 
and remained at that level, indicating that bound protein 
molecules had desorbed from the interface. Because there 
was no free protein in the aqueous phase after buffer ex-
change, no readsorption occurred and thus. the  �  re-
mained constant at the new higher level. The observation 
that larger compressions resulted in a higher new  �  level 
on the subsequent expansion indicates that more protein 
desorbed. After several larger compressions, the new  �  
level was almost as high as that of an empty TO/W inter-
face ( � 30 mN/m), indicating that most of the bound 
protein molecules were ejected from the interface. The 
 � (185-243)apoA-I and full-length apoA-I showed similar 
instant desorption trends as  � (1-59)(185-243)apoA-I in 
that they all desorbed from the TO/W interface at specifi c 
surface pressures. As shown in  Fig. 3B , apoA-I and  � (185-
243)apoA-I desorbed at very similar  �  MAX s of 17.5 mN/m 
and 17.4 mN/m, respectively, while  � (1-59)(185-243)
apoA-I desorbed at a lower  �  MAX  of 16.5 mN/m. 

 Desorption of bound apoA-I,  � (1-59)(185-243)apoA-I, 
and  � (185-243)apoA-I from the POPC/TO/W interfaces: 
protein desorption depends on the POPC/protein ratio 
on the surface 

 Linear slow expansion and compression of the POPC/
TO/W interface with bound apoA-I,  � (1-59)(185-243)
apoA-I, or  � (185-243)apoA-I were carried out to compare 
the desorption behaviors.  Figure 2A  (on the right) shows a 
typical procedure of slow expansion and compression of 
 � (1-59)(185-243)apoA-I. Starting with a POPC/TO/W in-
terface (about 16  � l in volume, 30 mm 2  in area) with 37% 
surface coverage of POPC (about 25 mN/m in  � ), excess 
POPC SUVs were removed from the aqueous phase and the 
 �  was either kept at 25 mN/m or reset to a specifi c value by 
compressing or expanding the interface, i.e., setting a dif-
ferent  �  i . In  Fig. 2A , the initial  �  was set to 27.6 mN/m by 
expanding the interface and the  �  i  was  � 4.4 mN/m. 
 � (1-59)(185-243)apoA-I was added into the aqueous phase 
to obtain a concentration of 5.4 × 10  � 8  M. Once protein was 
bound to the POPC/TO/W interface and equilibrated, the 
excess protein in the aqueous phase was removed by buffer 
exchange, fi xing the quantity of protein on the surface. The 
surface was then expanded at a very slow rate of 0.02  � l/s 
until the drop was about 25  � l. After the surface was stable, 
it was compressed at 0.02  � l/s until the surface pressure was 
over 30 mN/m. In our study, we kept the similar amount of 
POPC on the surface by starting with a similar POPC/
TO/W interface, i.e., about 16  � l in volume, 30 mm 2  in 
area, and 25 mN/m in tension, and we set different  �  i s by 
changing the area through either expanding or compress-
ing the interface. Thus the amount of protein that adsorbed 
at different  �  i s was different because the available interfa-
cial area for adsorption was different. Therefore, by setting 
different  �  i s, we were actually adjusting the POPC/protein 
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bound  � (1-59)(185-243)apoA-I was fully ejected from the 
interface, so nothing could desorb during compressions 
5 and 6. 

 Similar experiments were conducted with  � (185-243)
apoA-I and apoA-I, and  � -A curves for the compressions 
are shown in  Fig. 5C, D . For  � (185-243)apoA-I, the  � -A 
curves of the compressions to below 17 mN/m do not 
show  �  E s and are identical showing that bound  � (185-
243)apoA-I was not ejected from the interface at  � s below 
17 mN/m. The  � -A curves of compressions to the  � s of 
19.5 and 22 mN/m do not have clear  �  E s, but show some 
slight changes in the shape of the curves. Because the  � s 
of the interface after the two compressions to 19.5 and 22 
mN/m had changed little from the previous compres-
sions, we speculate that during these compressions, only 
small parts of the protein molecule desorbed from the in-
terface, and that during the following expansions those 
connected but ejected parts readsorbed quickly. The  � -A 
curves of the compressions to 24.5 and 27 mN/m show 
that bound  � (185-243)apoA-I desorbed at  �  E s of around 
23.5 and 24.7 mN/m, respectively. However, unlike the se-
quential compression and expansion of  � (1-59)(185-243)
apoA-I ( Fig. 5B ), the  � -A curves of the compressions to 27 
and 29.7 mN/m are not identical, suggesting that there 
was still some  � (185-243)apoA-I on the interface at  �  above 

demonstrating that nothing was pushed off at the fi rst com-
pression to the  �  of 19.3 mN/m and that the fi rst compres-
sion and expansion was a reversible process. During the 
second compression to the  �  of 22 mN/m, bound  � (1-59)
(185-243)apoA-I started to desorb from the interface as 
shown by a sharp decrease in slope at  �  E  of  � 20.9 mN/m 
(the short arrow in  Fig. 5B ). When the interface was ex-
panded back to the original area, there was less protein on 
the interface as shown by a higher  �  (lower  � ) at point c 
compared with points a and b in  Fig. 5A . The loss of protein 
at compression 2 can also be seen in the  � -A curves ( Fig. 5B ). 
The starting  �  of compression 3 (green line) was smaller 
than that of compression 2 (red line) by about 1.4 mN/m 
and, when the interface was compressed further, more pro-
tein was pushed off the interface as shown by higher  �  E s 
and smaller starting  � s of the given compressions. This re-
sult confi rms that  �  E  is dependent on the POPC/protein 
ratio on the surface. During the sequential slow compres-
sions and expansions, increasing amounts of protein were 
ejected from the interface. As the amount of POPC remained 
the same on the interface, the POPC/protein ratio increased 
and the  �  E  rose concomitantly. For  � (1-59)(185-243)
apoA-I, compression 5 (cyan line) to 27.1 mN/m was identi-
cal to that of compression 6 (magenta line) to 29.3 mN/m, 
indicating that at compression 4 (blue line) to 26.6 mN/m, 

  Fig.   4.   � -A curves derived from the slow compressions of  � (1-59)(185-243)apoA-I (A),  � (185-243)apoA-I 
(B), and apoA-I (C) at the POPC/TO/W interface. Typical slow compression protocol is shown in  Fig. 3A . Simi-
lar slow compressions were conducted at different  �  i s. At an empty TO/W interface,  �  i  is 0. The compression 
(Comp.) is indicated by the arrow. The concentrations of  � (1-59)(185-243)apoA-I,  � (185-243)apoA-I, and 
apoA-I in the aqueous phase were 5.8 × 10  � 8  M, 6.1 × 10  � 8  M, and 5.6 × 10  � 8  M, respectively. D: The  �  E  against 
the percentage area coverage of POPC plot.  �  E  is the change in slope (infl ection) shown in the  � -A curves. The 
percentage area coverage of POPC on the interface was calculated according to the method in reference ( 65 ). 
Open triangle,  � (1-59)(185-243)apoA-I; open circle,  � (185-243)apoA-I; solid circle, apoA-I.   
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 � (185-243)apoA-I both contain some high lipid affi nity seg-
ments bound to the surface more tightly. Parts of the pro-
teins desorb at lower  � s and the entire proteins desorb at 
much higher  � s. The maximum  �  ( �  E s in this case) at 
which the proteins could remain on the surface without be-
ing ejected depends on the POPC/protein ratios. Less pro-
tein on the interface results in higher  �  E s, and it is harder 
to eject the protein. This behavior would allow some apoA-I 
to remain on the interface at very high pressures. 

 DISCUSSION 

 In the present paper, we studied the adsorption and de-
sorption properties of apoA-I and its two deletion mutants, 
 � (1-59)(185-243)apoA-I and  � (185-243)apoA-I, at both 
TO/W and POPC/TO/W interfaces as a function of sur-
face pressure. We adopted the structural model of mono-
meric  � (185-243)apoA-I (  Fig. 6B  )  from Mei and Atkinson’s 
( 19 ) proposal based on the crystal structure of dimeric 
 � (185-243)apoA-I. In the proposed structure, an N-terminal 

27 mN/m and that  � (185-243)apoA-I contains a segment 
with a higher lipid affi nity. Similar partial desorption in 
the sequential compression and expansion of apoA-I is seen 
in  Fig. 5D .  � -A curves of the compressions to 16 and 
19 mN/m show reversible compressions and expansions with 
identical curves, and no protein desorption. During the 
compression to 22 mN/m, partial apoA-I was ejected from 
the interface but readsorbed quickly on expansion, as shown 
by a small shape change in the  � -A curves and a similar in-
terfacial  �  compared with that after previous compressions. 
Bound apoA-I was gradually pushed off the interface during 
compressions to  � s of 24, 27, 29, and 30 mN/m, with the 
 �  E s at approximately 22, 23.7, 25, and 25.6 mN/m. Even at 
a compression to 30 mN/m, protein was still being ejected 
from the interface, as shown by the small infl ection, indi-
cating that some part of apoA-I binds to the lipid interface 
very strongly. 

 Therefore,  � (1-59)(185-243)apoA-I,  � (185-243)apoA-I, 
and apoA-I desorb differently once bound on the POPC/
TO/W surface. The  � (1-59)(185-243)apoA-I desorbs as 
a whole protein at relatively lower  � , while apoA-I and 

  Fig.   5.  An example of gradual slow compression and expansion for  � (1-59)(185-243)apoA-I (A) and  � -A curves derived from gradual 
compressions for  � (1-59)(185-243)apoA-I (B),  � (185-243)apoA-I (C), and apoA-I (D) at the POPC/TO/W interface. A:  � (1-59)(185-
243)apoA-I was added to the aqueous phase when  �  reached  � 25 mN/m to obtain a protein concentration of 5.8 × 10  � 8  M. After  �  
reached equilibrium, excess protein molecules were removed from the aqueous phase (second bar). Then the interface was gradually 
expanded at a slow rate of 0.02  � l/sec until the drop volume was 28  � l and the area was about 43.5 mm 2 , and then the interface was 
compressed at a slow rate of 0.02  � l/sec to a  �  of 19.3 mN/m. The slow compression and expansion procedure was repeated to com-
press the interface to increasing  � s, until  �  exceeded 30 mN/m. The corresponding  � -A curves for the compressions are displayed in 
(B). The small arrow in (B) shows the change in slope and the pressure there is the  �  E . Similar gradual expansion and compression 
experiments were conducted for both  � (185-243)apoA-I and apoA-I. The corresponding  � -A curves for the compressions are displayed 
in (C) and (D). The protein concentration was 6.1 × 10  � 8  M for  � (185-243)apoA-I (C) and 5.6 × 10  � 8  M for apoA-I (D). The compression 
(Comp.) is indicated by the arrow.   
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structure through a domain swap mechanism in which the 
helix 5 region (residues 121-142) acts as the fl exible hinge. 
The C-terminal domain encompassing residues 185-243 is a 
less organized extended structure domain with a little A � H 
structure, presumably helix 10 (residues 220-241) at the end. 
Helix 10 was suggested to be an A � H in solution and with a 
high exclusion pressure on an egg POPC/A/W interface 

 � -helical bundle domain (residues 1-184) consists of four 
segments, the exon 3 encoded N-terminal sub-domain (resi-
dues 1-43), the exon 4 encoded helix 1 (residues 44-65), 
helix 2-4 (residues 66-120), and helix 6-7 (residues 143-184). 
The helix 6-7 segment adopts the same conformation and 
interactions with the other helical segments of the bundle 
as helix 6-7 of the symmetry-related molecule in the dimer 

  Fig.   6.  A: Illustrations of the helix distribution from sequence analysis ( 10 ),  � (185-243)apoA-I crystal structure ( 19 ), and the predicted 
monomer secondary structures  . G*stands for the type G* A � H, H stands for the predicted Helix 1 to 10 (10), B and A stand for the B and 
A repeats of A � Hs of apoA-I (19), and P stands for proline. B: Predicted monomer structures of  � (185-243)apoA-I, full-length apoA-I, and 
 � (1-59)(185-243)apoA-I in solution based on the crystal structure of the  � (185-243)apoA-I dimer ( 19 ). The full-length apoA-I consists of 
an N-terminal  � -helix bundle domain (residues 1-184), and a less organized C-terminal domain (residues 185-243). The four parts of the 
N-terminal  � -helix bundle domain are the exon 3 encoded N-terminal region (residues 1-43, in green), helix 1 (residues 44-65, in cyan), 
helix 2-4 (residues 66-120, in purple), and helix 6-7 (residues 143-184, in blue), which folds back on the bundle by a hinge at helix 5 (resi-
dues 121-142, in orange). The C-terminal domain (residues 185-243, in red) extends away from the bundle and has an A � H at the end (resi-
dues 220-241). Proline residues are labeled in yellow in the monomer structures. The domain distributions are colored accordingly. The 
missing residues 1-59 from the  � (1-59)(185-243)apoA-I structure are shown in gray for comparison purposes.   
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185-243 residues, the opening of the N-terminal  � -helix 
bundle is the rate controlling step for lipid binding. As shown 
by the structure model ( Fig. 6B ), the N-terminal 1-59 resi-
dues are very important to maintain the N-terminal  � -helix 
bundle conformation. Our results suggest that destabilizing 
the helical bundle restores the rapid lipid binding. While 
 � (185-243)apoA-I is more stable in solution, and  � (1-59)
(185-243)apoA-I favors the interface, the full-length apoA-I 
has the fl exibility to adapt in both environments. 

  � (185-243)apoA-I has slower kinetics and lowers the in-
terfacial tension less compared with the full-length apoA-I 
and  � (1-59)(185-243)apoA-I when adsorbed to the TO/W 
and the POPC/TO/W interfaces ( Fig. 1 ). However, once 
bound to the interfaces,  � (185-243)apoA-I displays a de-
sorption behavior similar to apoA-I, but  � (1-59)(185-243)
apoA-I behaves differently. At the TO/W interface, apoA-I 
and  � (185-243)apoA-I desorb at similar higher  �  MAX s of 
17.5 and 17.4 mN/m, respectively, but  � (1-59)(185-243)
apoA-I desorbs at a lower  �  MAX  of 16.5 mN/m ( Fig. 3B ). At 
the POPC/TO/W interface, the  � s at which the proteins 
desorb depends on the POPC/protein ratio at the inter-
face ( Fig. 4 ). The higher POPC/protein ratio requires 
higher  � s to eject the proteins. At similar POPC/protein 
ratios, apoA-I and  � (185-243)apoA-I are ejected from the 
POPC/TO/W interface at higher  � s than  � (1-59)(185-
243)apoA-I ( Fig. 4D ). Thus  � (1-59)(185-243)apoA-I is an 
“easy on and easy off” protein. 

 Several studies suggest that different  � -helical domains in 
apoA-I have different lipid binding abilities ( 27, 38 ). Phil-
lips’ group measured the  �  e s of eight synthesized tandem 
repeating 22-mer domains of apoA-I at an egg POPC/A/W 
interface ( 27 ) and showed that among the 22-mers, the N- 
and C-terminal peptides (44-65 and 220-241) exhibited the 
highest  �  e s (28 mN/m and 30 mN/m, respectively) indicat-
ing higher affi nity to egg POPC. Other central peptides ex-
hibited lower  �  e  values (<23 mN/m) indicating lower 
affi nity. We have shown ( 38 ) that part of apoA-I can be 
pushed off the TO/W interface at low pressure ( � 15 mN/m), 
while the full-length apoA-I is ejected from the interface at 
a much higher pressure ( � 19 mN/m). Compared with 
 � (1-59)(185-243)apoA-I,  � (185-243)apoA-I contains a strong 
lipid binding domain (residues 44-65). Once bound,  � (185-
243)apoA-I associates with the lipid more strongly.  � (1-59)
(185-243)apoA-I contains only the central  � -helical domains 
with weak lipid binding affi nity, so it desorbs much more 
easily at lower  � s. 

 That  � (185-243)apoA-I displays a slow kinetic on ad-
sorption, but a strong surface stability during desorption, 
suggests that the binding of  � (185-243)apoA-I to the lipid 
interface involves a signifi cant conformational change in-
cluding the opening of the N-terminal  � -helical bundle. 
The opening of the N-terminal  � -helical bundle is the rate-
controlling step, slowing the adsorption of  � (185-243)
apoA-I. On the other hand, once bound, the N-terminal 
helices in residues 1-59 are bound and desorption of the 
protein is controlled by the strong lipid affi nity of the  � -
helical domains, probably in the N-terminal residues 44-65, 
which anchor the protein more strongly. Thus  � (185-243)
apoA-I is a “hard on and hard off” protein. 

( 27, 29, 58, 66 ). The domain distributions of the three pro-
teins are illustrated in  Fig. 6A . The predicted monomer 
structures in solution of the three proteins are illustrated in 
 Fig. 6B . In the model of the  � (1-59)(185-243)apoA-I mono-
mer in solution ( Fig. 6B ), the deleted residues 1-59 are col-
ored in transparent gray illustrating that there is unlikely to 
be a tightly packed N-terminal  � -helical domain in this pro-
tein and some of the hydrophobic residues are exposed. 

 In our study, full-length apoA-I and  � (1-59)(185-243)
apoA-I show similar adsorption behaviors on both TO/W 
and POPC/TO/W interfaces. They bind to both interfaces 
much faster and lower the  �  signifi cantly to stabilize the in-
terfaces.  � (185-243)apoA-I has a relatively slow adsorption 
rate and lowers the  �  less ( Fig. 1 ). These results are con-
sistent with the  �  EX  data at the POPC/TO/W interface 
( Fig. 2B ), which clearly shows that apoA-I and  � (1-59)(185-
243)apoA-I penetrate into the interface more easily. The 
slow and weak binding of  � (185-243)apoA-I to the TO/W 
and the POPC/TO/W interfaces may indicate that the miss-
ing C-terminal 185-243 residues ( Fig. 6B ) are important in 
initiating the lipid binding of apoA-I. However additional 
features must be key to the slow binding because  � (1-59)
(185-243)apoA-I has no C-terminal residues 185-243, but 
binds rapidly and strongly. It is reasonable to speculate that 
because  � (185-243)apoA-I forms a well-packed indepen-
dent domain ( Fig. 6B ), it needs more energy and time to 
open the  � -helical bundle to expose its hydrophobic resi-
dues to favorably bind to the hydrophobic lipid interface, or 
it needs to be pulled closer to the interface to open up and 
bind as would occur if the C-terminal domain was attached. 
For the full-length apoA-I, a segment of the extended less 
organized C-terminal domain (residues 185-243), probably 
the most hydrophobic sequence residues 220-241 ( 27 ), may 
bind to the interface initiating lipid binding. This binding 
would be followed by the binding of the whole C-terminal 
region and the formation of a more A � H structure. In this 
way, the N-terminal bundle may be positioned close to the 
surface, which fi nally triggers the opening of the N-terminal 
bundle exposing the hydrophobic interface, and the whole 
molecule is bound quickly.  � (1-59)(185-243)apoA-I shows a 
similar fast binding as full-length apoA-I but the mechanism 
is different. Because  � (1-59)(185-243)apoA-I does not have 
the N-terminal 1-59 residues that form the tight N-terminal 
 � -helix bundle ( Fig. 6B ), some of the hydrophobic central resi-
dues are exposed and can bind to the hydrophobic inter-
face and lower the  �  rapidly. Mei and Atkinson (unpublished 
observations) have shown that the 1-anilinonaphthalene-
8-sulfonate (ANS) fl uorescence signal of  � (1-59)(185-243)
apoA-I is higher than that of WT apoA-I and  � (185-243)
apoA-I, suggesting that  � (1-59)(185-243)apoA-I has more 
exposed hydrophobic areas. These results are consistent 
with previous ANS binding experiments ( 35, 67 ), which 
have demonstrated that there is an increase in hydrophobic 
surface when the N-terminal region of apoA-I is disrupted. 
A major increase in ANS binding has been shown in the 
N-terminal truncated  � (1-43)apoA-I compared with the 
WT apoA-I, and disruption of the N-terminal region by pro-
line mutagenesis increases the hydrophobic exposure and 
ANS binding. Therefore, in the absence of the C-terminal 
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desorption when apoA-I exchanges among different lipo-
protein particles. In our previous studies ( 38 ) of the interfa-
cial behavior of apoA-I and a consensus sequence peptide at 
the TO/W interface, we proposed a model for the adsorp-
tion and desorption of apoA-I onto a spherical lipoprotein 
particle. The main concept is that apoA-I binds to the lipo-
protein particle rapidly to stabilize the lipoprotein surface 
effi ciently, and because different domains of apoA-I have 
different lipid binding affi nity, they desorb at different pres-
sures. Our present study further shows that different do-
mains of apoA-I play different roles in lipid binding (  Fig. 7  ).  
Regions in the C-terminal domain (residues 185-243), and 
presumably helix 10 (residues 221-242) with the highest ex-
clusion pressure ( 27 ), are important to initiate the lipid 
binding (step 1 in  Fig. 7 ). This interaction triggers the open-
ing of the adjacent N-terminal  � -helical bundle to convert 
the hydrophobic interactions between the  � -helices to he-
lix-lipid interactions at the interface (steps 2 and 3 in  Fig. 7 ). 
During the opening of the N-terminal  � -helical bundle, the 
fl exible hinge regions, helix 5 (residues 121-142), residues 
35-43, and the loop region (residues 65-68), unhinge and 
the protein spreads on the interface. On desorption, differ-
ent domains of apoA-I desorb in a sequential order depend-
ing on their different lipid binding affi nity. The N-terminal 
1-43 residues presumably desorb fi rst at very low surface 
pressure followed by the central domains, with the excep-
tion of residues 44-65 and 221-243. Finally these most 
strongly bound segments desorb and the apoA-I molecule 
refolds in the solution [steps 4, 6, and 8 in  Fig. 7 ]. When the 
interface re-expands to the original state [steps 7 and 5 in 
 Fig. 7 ], because apoA-I is still anchored on the interface, the 
ejected part of apoA-I readsorbs on the interface rapidly. 

 In a hydrogen exchange and mass spectrometry study of 
the helical structure and the stability of apoA-I in discoidal 
HDL particles, Chetty et al. ( 37 ) have shown that the 
apoA-I molecule incorporated around the edge of small 
HDL particles (7.8 nm) has 20% more residues out of di-
rect contact with the phospholipids than in larger HDL 
particles (9.6 nm) due to the increase in packing density 
of the protein. These detached segments form disordered 
loops and are the same segments that form loops in the 
lipid-free state. In our study, when apoA-I partially or fully 
desorbs from the model lipoprotein interface (steps 4, 6 
and 8 in  Fig. 7 ) at certain threshold pressures, we specu-
late that the desorption reverses the corresponding ad-
sorption process, and the conformational changes are 
reversible too. As shown in step 4 of  Fig. 7 , the N-terminal 
sub-domain (residues 1-43) and the central segments, ex-
cept the two strong lipid binding regions (residues 44-65 
and 221-243), are detached from the interface forming ei-
ther helical or extended structures as they were previously 
in solution; in step 6 of  Fig. 7 , residues 44-65 are detached 
from the interface and the entire  � -helical bundle refolds; 
and in step 8 of  Fig. 7 , residues 221-242 are detached even-
tually and the entire apoA-I molecule refolds in solution. 

 During lipid metabolism, apoA-I adsorbs on, partially or 
fully desorbs from, and exchanges among different lipopro-
teins in the plasma to fulfi ll its multiple functions. On one 
hand, apoA-I binds to lipoproteins to modify the surface 

 In addition, our sequential slow expansion and compres-
sion experiments on the POPC/TO/W interface suggest 
some desorption details in terms of partial desorption ( Fig. 5 ). 
Only part of apoA-I desorbs at  � s below 22 mN/m. The 
whole apoA-I molecule desorbs at  � s above 22 mN/m as in-
dicated by the  �  E  ( Fig. 5D ). Part of  � (185-243)apoA-I de-
sorbs at  � s below 23.5 mN/m, and the whole protein molecule 
desorbs at higher  � s ( Fig. 5C ).  � (1-59)(185-243)apoA-I does 
not show a partial desorption at lower  � s, instead the whole 
protein molecule is ejected at around 21 mN/m at the lowest 
POPC/protein ratio (the starting ratio).  � (1-59)(185-243) is 
missing the exon 3 encoded N-terminal residues 1-43. Previ-
ous studies in our lab ( 53, 58 ) have shown that a synthesized 
N-terminal peptide of apoA-I encompassing residues 1-44 has 
a weaker lipid binding affi nity at both the TO/W and the 
POPC/TO/W interfaces, compared with a C-terminal pep-
tide encompassing residues 198-243. In fact when equal 
amounts of the N-terminal peptide (residues 1-44) and the 
C-terminal peptide (residues 198-243) were added to the 
aqueous phase surrounding a TO/W interface, they both ad-
sorbed on the interface but the C-terminal peptide (residues 
198-243) gradually pushed off the N-terminal peptide (resi-
dues 1-44) to leave only the C-terminal peptide (residues 198-
243) on the interface ( 58 ). We speculate that once bound to 
the POPC/TO/W interface, the N-terminal 1-43 residues are 
the fi rst region to be ejected at relatively lower  � s. This re-
gion readsorbs quickly upon reexpansion.  � (1-59)(185-243) 
lacks this domain and the sequences encompassing residues 
44-65 and 220-241 supposed to have strong lipid binding 
ability ( 27 ), and this protein maintains an average moder-
ate lipid binding affi nity. Thus, it desorbs from the POPC/
TO/W interface more like a whole unit without showing 
any partial desorption behavior. 

 All three proteins bind to the POPC/TO/W interface 
faster than to the TO/W interface, as shown by the ab-
sence of a lag phase in the adsorption isotherms, and the 
equilibrium  �  is much lower at the same protein concen-
tration ( Fig. 1 ); whereas, bound proteins desorb from the 
POPC/TO/W interface at much higher surface pressures 
( Fig. 4D ). Thus POPC molecules enhance the lipid bind-
ing and the protein stability on the interface. We suggest 
that, in addition to the interaction between the protein 
and the core lipids, the protein has a much stronger inter-
action with POPC molecules. It is possible that POPC aids 
the opening of the N-terminal domain. In the N-terminal 
 � -helix bundle, there is an opening between the extended 
region formed by helix 1 and the body of the bundle at the 
N-terminal end ( 19 ), through which the POPC molecules 
might contact the hydrophobic core of the bundle and as-
sist the opening and unhinging of the bundle. 

 The well-established two step lipid binding mechanism 
model ( 18, 27 ) concerning the conformational changes 
when apoA-I adsorbs to the lipoprotein surface suggests 
that the C-terminal domain of lipid-free apoA-I initiates the 
lipid binding, and subsequently the N-terminal helical bun-
dle domain undergoes a conformational unhinging to open 
to bind to lipid. Our present study focuses on the lipid as-
sociation of apoA-I with spherical lipoprotein particles and 
the conformational changes involved in the adsorption and 
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pressure changes are likely to occur during all these remod-
eling and reactions. ApoA-I is a very fl exible protein in that 
it adopts a structure similar to the molten globular state 
( 68 ). The multiple A � Hs in apoA-I exhibit stabilization 
free energies in the range of 3–5 kcal/mol indicating high 
fl exibility and dynamic folding and refolding in seconds 
( 37, 66 ). Thus apoA-I is very sensitive to changes in the 
environment, i.e., the size, shape, composition, and most 
importantly the surface pressure changes of the lipopro-
tein particle with which it associates. The surface pressure 
changes in HDL also probably trigger the conformational 
reorganization, induce the conformational changes, and 
even desorption of apoA-I from HDL. 

 The surface pressure changes maybe transient or more 
long-term. For instance, newly secreted TAG-rich lipopro-
teins (CMs and VLDLs) have low cholesterol/PL ratios. 
They take up cholesterol when they enter the plasma. The 
surface pressure will gradually increase as cholesterol in the 
surface takes up more space and pushes the surface mole-
cules closer together. In addition, nascent CM absorbs cer-
tain soluble apolipoproteins from plasma, e.g., apoCs and 
apoA-I, rapidly increasing the surface pressure. When the 
surface pressure increases, all lipoprotein surface compo-
nents are pushed together, i.e., the area per molecule de-
creases. As a result, some loosely bound lipids, like short- to 
mid-chain fatty acids, may desorb, and also lightly bound 
apolipoproteins like apoA-IV (which is secreted with CM) 
come off rapidly once in plasma. Thus, the circulating 
plasma CM has a different surface composition and pres-
sure than the nascent CM. The higher surface pressure can 
cause some apolipoproteins to desorb into plasma or cause 
others to change their surface conformation. Some enzymes 
in the plasma also act on the surface of CM. Lipoprotein li-
pase and its cofactor apoC-2 bind to the interface and hydro-
lyze TAG to half ionized fatty acids and 2-monoacylglycerol. 
They are strongly surface active and go to the surface, tran-
siently increasing the surface pressure further. As core TAG 
is depleted the core shrinks which, unless the surface is dis-
torted from its spherical shape, will further increase the sur-
face pressure to a potentially high level. Apolipoproteins at 
the surface sense this high lateral force placed on them and 
those weakly bound apolipoproteins desorb. Complex apo-
lipoproteins like apoA-I (and apoB) stay partly bound by 
domains with higher surface affi nity desorbing loosely bound 
domains into the adjacent aqueous phase. These changes 
would decrease the surface area of apolipoproteins and sta-
bilize or buffer the surface pressure in the short term. But, 
as lipoprotein lipase continues to hydrolyze, TAG pressure 
would rise again. Some relief from high pressure will occur as 
albumin removes fatty acids and perhaps 2-monoacylglycerol 
from the interface. Note that apoB is irreversibly bound to 
CM and VLDL by its amphipathic  	  strand domains ( 60 ), 
whereas its other loosely bound domains can desorb, thus 
decreasing the area covered by apoB ( 62 ). These detached 
domains probably have an altered conformation and per-
haps change their ligand binding properties. 

 Many other enzymatic/transfer proteins in plasma can 
alter the surface pressure. For example, removal of phos-
pholipids from the lipoprotein surface by phospholipases 

for enzyme reactions, receptor binding, or lipid transfer 
activities; on the other hand, lipoprotein particles con-
stantly change in size, shape, and composition as a result 
of enzyme reactions and lipid transfer activities. Surface 

  Fig.   7.  A schematic model for the adsorption and desorption be-
haviors of apoA-I on the TO/W interface. Step 1 (1): The adsorp-
tion of lipid-free apoA-I to the TO/W interface is initiated by the 
binding of some sequences in the C-terminal domain, presumably 
the sequence between residues 220 and 243; then the whole C-
terminal domain binds forming the A � H domain and pulls the 
N-terminal  � -helical bundle into close proximity to the TO/W 
interface. The fl exible hinge regions in the N-terminal  � -helical 
bundle are indicated by dashed circles (residues 35-43 and 121-
142) and pointed to by a dashed arrow (residues 65-68). Step 2 (2): 
The hinge regions unhinge and the N-terminal  � -helical bundle 
opens up and binds to the interface. Upon binding the helix 5 re-
gion (residues 121-142) changes its structure from a loop to an 
A � H structure. Some loop regions, like the sequence between resi-
dues 44 and 55, may also form A � H structures. Step 3 (3): Once 
the interface is saturated by apoA-I molecules, it reaches equilib-
rium. The protein is fully spread on the surface with most, if not all, 
of the A � Hs engaged in the TO/W interface. Step 4 (4): Small 
decreases in the surface area give rise to small increases in surface 
pressure. When the surface pressure goes above a threshold pres-
sure ( � 15 mN/m) ( 38 ), conformational changes occur in apoA-I, 
which allow some portion of the apoA-I to disassociate from the 
TO/W interface leaving the strong lipid binding regions of the 
protein, presumably helix 1 (residues 44-65) and helix 10 (residues 
220-243), attached. Step 5 (5): If the area is suddenly restored to 
the original area, then these portions rapidly snap back onto the 
surface. Step 6 (6): Further compression ejects more regions of 
apoA-I from the surface, probably only the helix 10 region remains 
on the surface. Step 7 (7): Reversible readsorption occurs when the 
surface is expanded back to the previous state. Step 8 (8): If the 
area of the droplet is decreased to increase the surface pressure to 
above  � 19 mN/m ( 48 ), then the entire protein disassociates into 
the aqueous phase and refolds. Once some apoA-I desorbs, the sur-
face pressure relaxes and some apoA-I remains on the surface. 
Most of the apoA-I will desorb only if the pressure continues to in-
crease, i.e., the area available continues to decrease  .   
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or phospholipid transfer protein could lower surface pres-
sure. On the other hand cholesteryl ester transfer protein 
could decrease the core volume and increase the surface 
pressure by exchanging a large molecule   (TAG, volume is 
 � 1460 Å 3 ) for a smaller CE molecule ( � 1140 Å 3 ) ( 69 ). In-
creasing the surface pressure has many effects. It can desorb 
weakly bound apolipoproteins and lipids, change apolipo-
protein conformation in weakly bound domains making 
them ligands for other interactions, change the surface 
density of the lipid monolayer, and force the surface located 
TAG (and CE) back into the core. Therefore, we speculate 
that the surface interaction, adsorption, and desorption of 
apolipoproteins at the lipoprotein surfaces, and the actions 
of enzymes and transfer proteins all work together to modu-
late the surface pressure and composition to potentially al-
ter the conformation and reactivity of apolipoproteins at 
the surface  . HDL is a target for LCAT, cholesteryl ester 
transfer protein, phospholipid transfer protein, hepatic li-
pase, and endothelial lipase. The surface pressure of HDL 
changes during HDL remodeling and enzyme reactions. 
The conformational reorganization of apoA-I enables it to 
stabilize HDL particles, and to interact with enzymes, recep-
tors, and lipid transfer proteins. A large number of confor-
mational states can exist between fully (all helices) bound 
and unbound. These include the partly adsorbed and partly 
ejected states where the ejected part(s) may have a specifi c 
conformation necessary for binding to a cofactor, ABC trans-
porter, lipid transfer protein, or apolipoprotein receptor. 
Furthermore, the different lipid association abilities of dif-
ferent domains and the cooperativity of different domains 
make apoA-I a very elastic and fl exible protein, so that it can 
easily unfold and refold to adapt to different environments. 
Diverse conformations of apoA-I also allow it to act as either 
labile for exchange or stable on the lipoprotein surface to 
help maintain the lipoprotein structure. We suggest that 
during lipoprotein remodeling, surface pressure-mediated 
adsorption, partial or full desorption, and readsorption un-
derlie the conformational fl exibility of apoA-I, which allows 
apoA-I exchange among different lipoproteins and facili-
tates its multiple functions.  
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