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Abstract
The N-terminal sequence of apolipoprotein B (apoB) is critical in triacylglycerol-rich lipoprotein
assembly. The first 17% of apoB (B17) is thought to consist of three domains: B5.9, a β-barrel,
B6.4-13, a series of 17 α-helices and B13-17, a putative β-sheet. B5.9 does not bind to lipid while
B6.4-13 and B13-17 contain hydrophobic interfaces that can interact with lipids. To understand how
B6.4-13 and B13-17 might interact with triacylglycerol during lipoprotein assembly, the interfacial
properties of both peptides were studied at the triolein/water interface. Both B6.4-13 and B13-17 are
surface active. Once bound the peptides can neither be exchanged or pushed off the interface. Some
residues of the peptides can be ejected from the interface upon compression but re-adsorb on
expansion. B13-17 binds to the interface more strongly. The maximum pressure the peptide can
withstand without being partially ejected (ΠMAX) is 19.2mN/m for B13-17 compared to 16.7mN/m
for B6.4-13. B13-17 is purely elastic at the interface while B6.4-13 forms a viscous-elastic film.
When spread at an air/water interface, the limiting area and the collapse pressures are 16.6Å2/aa and
31mN/m for B6.4-13, 17.8 Å2/aa and 35mN/m for B13-17, respectively. The α-helical B6.4-13
contains some hydrophobic helices that stay bound and prevent the peptide from leaving the surface.
The β-sheets of B13-17 bind irreversibly to the surface. We suggest that during lipoprotein assembly,
the N-terminal apoB starts recruiting lipid as early as B6.4 but additional sequences are essential to
form a lipid pocket that can stabilize lipoprotein emulsion particles for secretion.

Apolipoprotein B (apoB) -containing lipoproteins including chylomicrons, very low density
lipoproteins (VLDL), intermediate density lipoproteins (IDL) and low density lipoproteins
(LDL) are the major carriers of triacylglycerol (TAG) and cholesterol in human plasma (1,2).
ApoB is the major non-exchangeable component of these apoB-containing lipoproteins. It
exists in two forms in human, the full length of apoB (B100) and the truncated N-terminal 48%
of apoB (B48). B100 in liver and B48 in intestine recruit and assemble phospholipids, TAGs
and cholesterol to form nascent TAG-rich emulsion particles which are secreted into plasma
in the form of VLDL and chylomicrons, respectively. In plasma these lipoproteins are
remodeled by the action of lipid exchange proteins and various lipases. Chylomicrons are
converted to chylomicron remnants and VLDL is converted to IDL and then LDL. These
lipoproteins are taken up mainly in the liver via receptor regulated endocytotic pathways.
Elevated levels of apoB-containing lipoprotein particles are a major risk factor for
atherosclerosis (1,2). However, adequate apoB is required for transporting TAG and
cholesterol in the blood stream to peripheral tissues for energy usage, fat storage, cell membrane
synthesis and maintenance, and steroid hormone production. ApoB binds irreversibly to lipid
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and has an extensive conformational flexibility to fulfill the need to cover and stabilize the
lipoprotein particles of varied sizes and different lipid and apolipoprotein compositions (3-7).

B100 is a huge glycoprotein consisting of 4536 amino acid residues with a molecular mass of
550 kDa. Electron Micrographs of ApoB solubilized in sodium deoxycholate micelles shows
a 650Å-long flexible beaded ribbon of varied width (8). In Electron Microscopy
reconstructions LDL particles appear to be quasi spherical particles approximately 220-240 Å
in diameter with a high density protein ring surrounding a low density lipid core (9). The N-
terminal appears to form a domain projecting from the surface. It is generally accepted that
apoB can be divided into five super domains: NH2-βα1-β1-α2-β2-α3-COOH (10-12). The α2,
α3 and the β1, β2 domains comprise predominantly amphipathic α helix (AαH) and
amphipathic β strand (AβS) structures, respectively, and are believed to be the major lipid
associating motifs of apoB (10-15). On the other hand, the βα1 superdomain encompassing
the N-terminal up to B22 (residues 1-1000), contains both α-helix and β-sheet structure and is
predicted to have a globular, multidomain structure (10). The assembly of nascent lipoprotein
particles happens cotranslationally in the ER, i.e. when the N-terminal of apoB is folded with
lipids to form a precursor lipoprotein, the C-terminal is still being synthesized by the ribosome
(16-18). Moreover, microsomal triglyceride transfer protein (MTP), an essential ER-localized
cofactor is required in lipoprotein assembly (19,20). Two MTP binding sites are present in the
N-terminal βα1 domain, residues 1-300 and 430-570 (21,22). Further evidence shows that loss
of the disulfide bonds in the N-terminal abolishes secretion out of the cell (23-25). Thus the
N-terminal sequence is responsible for initiating lipid recruitment and proper folding of the
ba1 domain is critical in lipoprotein assembly and secretion.

Dashti et al. showed (26) that in McA-RH7777 cells B22 (the first 1000 amino acids) are
necessary for the formation of a nascent lipoprotein particle containing both TAG and
phospholipids. Alternatively, Shellness et al. used apoB/MTP transfected COS cells (27) to
show that B19.5 (the first 884 amino acids) is capable of forming some lipoproteins. B17 (the
first 782 amino acids) secreted from MTP-deficient C127 cells contains a very small amount
of surface lipid (28). However B17 binds to dimyristoylphosphatidylcholine (DMPC) (27,
28), phospholipid-TAG emulsions (29) and TAG droplets (30) in vitro. B19 and B20.1 also
bind to TAG droplets (31). Thus the N-terminal 22% of apoB contains lipid associating
domains and has the required elements to form a primordial lipoprotein particle, and under
certain conditions shorter constructs are also adequate (27).

Sequence alignment and analysis show that the βα1 domain is homologous in sequence and
amphipathic motifs with lipovitellin (LV) (21,32-36). LV is an ancient lipid transport and
storage protein that delivers lipids into oocytes and appears to be a putative ancestor protein
of apoB (36,37). The crystal structure of Lamprey LV has been solved at 2.8Å resolution
(32). It is comprised of a globular β-barrel domain (also called the N-sheet domain), an α-
helical domain and a lipid binding pocket which is lined up by two anti-parallel β-sheet domains
(the C-sheet and α-sheet). Based on the structure of LV, homologous models for the N-terminal
domain of apoB have been built. Mann et al. (21) modeled the first 587 amino acid of apoB
and showed that the homologous β-barrel domain and the central helical domain are conserved.
Segrest et al. (33) modeled the whole βα1 domain and showed that it contains domains
homologous to the β-barrel, α-helix and two β-sheet domains and proposed a lipid pocket model
for the initiation of the lipoprotein particle assembly.

Limited proteolysis results show that the β-barrel, α-helix and the C-sheet domains are three
independently folded domains in apoB containing secondary structures consistent with the
B20.5 model (Fig. 1) (35,38). Lipid binding experiments show that B5.9 does not bind
phospholipids, while B6.4-13 and B13-17 have hydrophobic interfaces which interact with
DMPC to form discoidal particles (38). Other fragments of apoB such as B6.4-9, B13-15,
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B6.4-15 and B6.4-17 bind phospholipids as well. Thus, B17 contains lipid binding structures
that could bind lipids during, or immediately after translocation to initiate the lipoprotein
assembly.

Oil-drop tensiometry has been used to study the lipid binding of apolipoproteins and consensus
peptides at a TAG/water interface (13,30,31,39-44). It measures the surface behaviors in terms
of surface adsorption, desorption, re-adsorption and elastic properties to yield information
about lipid-protein interactions. In a previous study, Mitsche, et. al. (44) studied the surface
behavior of B6.4-17 which contains both the α-helical (B6.4-13) and the β-sheet domains
(B13-17) of apoB. B6.4-17 binds to a TAG/water interface and cannot be completely ejected
once bound. However, part of the peptide is pushed off the surface if compressed above
16.7mN/m (ΠMAX) and very rapidly snaps back on upon re-expansion. The authors suggested
that the N-terminal 8 or 9 helices (B6.4-9) are the structures being pushed off above 16.7mN/
m while B13-17 remains bound even at high pressures. Thus, this peptide exhibits properties
of both α and β structure and retains some globular structure at the hydrophobic interface. In
the present work, we used a similar approach to study the helical (B6.4-13) and sheet (B13-17)
domains individually to test the lipid associating ability of these domains and determine the
mechanism of lipid-protein interaction.

Experimental procedures
Materials

Two apoB fragments encompassing residues 292-593 (B6.4-13), and 611-782 (B13-17) were
expressed from pET24a vectors (Novagen) in BL21 DE3 E. coli cells, and purified as described
previously (35). Both peptides contain a 6-His tag at the carboxyl terminus. Before interfacial
tension studies, B6.4-13 was desalted to 10 mM sodium phosphate/100 mM sodium chloride
buffer at pH 7.4 using a PD-10 desalting column (GE biosciences, Pittsburgh, PA) and B13-17
was extensively dialyzed against 5 mM sodium phosphate buffer at pH 7.4. Freshly made
B6.4-13 and B13-17 were divided into small aliquots, rapidly frozen in liquid nitrogen and
stored at −80 °C. Each peptide aliquot was thawed right before the experiment and discarded
afterwards. The concentrations of peptide stocks were determined by Lowry protein assay
(45).

Triolein (>99% pure) was purchased from NU-CHEK PREP, INC. (Elysian, MN) and its
interfacial tension against buffer is 32 mN/m. All other reagents are of analytical grade. KCl
was heated to 600°C for 6 h to remove all organic contaminants before use (41).

Interfacial tension (γ) measurements
The interfacial tension of the triolein/water (TO/W) interface in the presence of different
amounts of B6.4-13 or B13-17 in the aqueous phase was measured with an I. T. CONCEPT
Tracker oil-drop tensiometer (Longessaigne, France) (46). Peptide stocks were added to the
aqueous phase (2 mM pH 7.4 phosphate buffer) to obtain different peptide concentrations from
1.9×10−8M to 2×10−7M for B6.4-13 and from 7.5×10−8M to 3×10−7M for B13-17. A 16 μL
triolein drop was formed in the aqueous phase and the interfacial tension (γ) was recorded
continuously until it approached an equilibrium level. The surface pressure, Π, is the γ of the
interface without peptide (γTO=32 mN/m) minus γ of the interface with peptide (γpep), i.e. Π
= γTO − γpep. All experiments were carried out at 25 ± 0.1°C in a thermostated system.

Instantaneous compression and expansion of the interface
To study the desorption and re-adsorption behavior of bound peptides at the interface, near-
instant compression and expansion experiments were carried out. Once γ approached an
equilibrium level, the oil drop (16 μL) was compressed by suddenly decreasing the volume at
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different ratios (6% to 75%). The compressed volume was held for several minutes and then
was increased back to the original volume and held for several minutes until γ re-equilibrated.
The sudden decrease in drop volume (V) instantaneously decreases the drop surface area (A)
and results in a sudden compression causing γ to drop abruptly to a certain level, γ0. The surface
pressure generated is: Π0 = γTO − γ0, where γTO is the surface tension of pure triolein (32 mN/
m). If bound peptide or regions of the peptide, desorbs from the surface γ will rise towards an
equilibrium value (desorption curve). If the peptide does not desorb, then, the γ will remain
essentially constant at the same low level. On re-expansion, free peptide molecules in the
aqueous phase or regions of the peptide being ejected from the surface can re-adsorb onto the
newly formed surface and γ will fall back to the equilibrium (re-adsorption curve). If the re-
adsorption curve (dγ/dt) is the same as the original adsorption curve then we conclude that the
entire peptide is ejected from the surface. If however, dγ/dt is much faster, then only part of
the peptide is pushed off at compression and snaps back very rapidly when the area is re-
expanded (40).

Determination of the ΠMAX values
To estimate the maximum pressure (ΠMAX) that a peptide can withstand without being fully
or partly ejected from the interface, a series of instantaneous compression and re-expansion
experiments using different changes in surface area and over a wide range of peptide
concentrations were carried out. The tension change, Δγ, over the compression period was
plotted against the instant pressure generated right after the compression, Π0. Then the data
was fitted to a straight-line. The intercept at Δγ=0 gives the Π at which the peptide molecules
show no net adsorption or desorption, this is ΠMAX (40,41).

Oscillation of the interface and the elasticity analysis
Oscillations were carried out after the equilibrium γ (γe) was reached. The drop volume (16
μL) was sinusoidally oscillated at varied amplitudes (6%-50% change in volume) and periods
(8 to 128 sec). The changes in area (A) and γ were followed as the volume (V) oscillated. In
the elasticity analysis, the interfacial elasticity modulus, ε (ε = dγ/d ln A), the phase angle, φ,
between the compression and the expansion, the elasticity real part, ε′, and the elasticity
imaginary part, ε″, were obtained (ε′ =|ε|cosφ, ε″ =|ε|sinφ) (47,48).

Buffer exchange procedure
With the surface tension at equilibrium (γe), the aqueous phase buffer (6 mL) containing the
peptide was exchanged for buffer without peptide using the protocol described previously
(39,44). The aqueous phase was continuously removed from the aqueous surface and the new
buffer was continuously infused near the bottom of the stirred cuvette. At least ~150 mL buffer
was exchanged. If peptide desorbs into the aqueous phase during or after buffer exchange, the
surface concentration of peptide will fall and γ will rise.

The instant compression and expansion experiments and the oscillation experiments were also
carried out after buffer exchange and compared with that before buffer exchange. Three
basically different behaviors are possible. First, if bound peptide is pushed off the surface
during compression, then on re-expansion γ will rise to a higher level and stay there since there
is virtually no peptide available in the aqueous phase to adsorb back onto the newly formed
surface. Second, if only part of the peptide molecule is pushed off the surface on compression,
then on re-expansion γ will fall rapidly back to the same equilibrium level since the ejected
part of peptide re-adsorbs back on the surface. Finally, compression may cause a
conformational change in the peptide which sequesters part of it from the surface and the
sequestered part only very slowly re-binds to the surface after re-expansion to lower γ back to
the equilibrium level (39).
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Langmuir balance studies at the Air/Water (A/W) interface
A solution of each peptide in 30% w/v isopropanol/2 mM phosphate buffer (pH 7.4) was spread
slowly (~50 μL/min) on a clean surface of a 3.5 M KCl, 10 mM pH 7.4 phosphate buffer on a
KSV 5000 mini trough of a Langmuir/Pockles surface balance (Helsinki, Finland) at 25°C,
according to the techniques of Phillips and Krebs (49). Then the surface was compressed at a
rate of 5 mN/m/min and the Π-A curves for the peptide monolayer were obtained. To check
the reversibility of the Π/A isotherms the peptide monolayer was compressed to a certain Π
then re-expanded to a Π lower than 1 mN/m at a rate of 5 mN/m/min, and the compression and
expansion curves were compared. The state of the peptide monolayer (liquid, condensed
viscous or solid phase) was detected by putting talc powder on the surface, directing a fine jet
of air and directly observing the motion of talc particles (50,51). In the liquid state the talc
particles move rapidly and freely, in the condensed viscous state they move slowly and in the
solid state they are nearly stationary.

Results
Both B6.4-13 and B13-17 are surface active and bind to TO/W interface

The equilibrium interfacial tension of TO/W interface was measured with different amount of
peptides present in the aqueous phase. Fig.2A and Fig. 2B are examples of interfacial tension-
time curves of B6.4-13 and B13-17. Both peptides are surface active and lower the surface
tension (γ) of the TO/W interface (32mN/m) to reach an equilibrium level. The equilibrium
γ is dependent on the peptide concentration in the aqueous phase. In general, the higher the
peptide concentration the lower the equilibrium γ, and the less time it takes to reach the
equilibrium. The γ of the TO/W interface (32mN/m) is lowered to 14.1mN/m with
1.5×10−7M B6.4-13 in the aqueous phase, and 12.6mN/m with B13-17 at the same
concentration. Thus, at similar concentrations, B13-17 decreases γ 1.5mN/m more than
B6.4-13 indicating that B13-17 has a higher affinity for the TO/W interface.

B6.4-13 only partially desorbs from the TO/W interface on compression and cannot be
washed off the interface

Fig. 3A shows an example of tension and area changes during the sudden compression and
expansion of the interface for B6.4-13 before and after buffer exchange. The concentration of
B6.4-13 in the aqueous phase is 1.9×10−7M before buffer exchange, and the original volume
of the triolein drop is 16μl. As the figure shows, after γ approaches an equilibrium level
(~13.3mN/m), the drop is compressed by decreasing the volume by 1μL, 2μL, 4μL, 8μL,
10μL and 12μL, respectively. The actual volume changes varied from 5% to 66% and the
corresponding area changes varied from 3% to 51%. Every instant compression makes γ fall
but then γ rapidly rises towards an equilibrium value while the compressed volume is held for
several minutes. The drop is then re-expanded back to 16μl after each compression. Each
expansion makes the γ increase above γe initially. However, γ returnes back to the equilibrium
value (13.4±0.1mN/m) over time. Smaller compressions induces a smaller fall in γ while larger
compression induces a greater fall in γ. For example, at 1μL compression, γ droppes from 13.3
to 12.1mN/m and then rises back to 12.8mN/m; at the following expansion, γ rises to 14.1mN/
m and then relaxes back to the equilibrium (13.3mN/m). While at 12μL compression, the
tension droppes from 13.6mN/m to 3.1mN/m and then rises back to 9.0mN/m; at the following
expansion, γ rises to 17.5mN/m and then relaxes back to the equilibrium (13.5mN/m). After
every compression γ decreases first and then rises to a new equilibrium level indicating that
some material desorbes from the surface on instant compression.

The instant compression and expansion protocol is repeated after buffer exchange (Fig. 3A,
right) to find out whether the whole molecule or only some part of the bound B6.4-13 desorbes
from the TO/W interface during compression. The buffer exchange procedure is started at 7300
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sec when γ is at the equilibrium level and stops at 10300 sec (shown by the bar in Fig. 3A).
About 150 mL buffer is exchanged and the concentration of B6.4-13 in the aqueous phase
reduces to virtually 0. During the buffer exchange γ remaines the same equilibrium value (13.5
±0.1mN/m) which indicates that bound B6.4-13 does not desorb from the interface. Then the
instant compression and expansion procedure is applied to the triolein drop again (Fig. 3A,
right) like that before the buffer exchange (Fig. 3A, left). The changes in γ upon compression/
expansion are very similar to that before the buffer exchange. The γ falls to the similar level
on compression, rises to the similar level and then relaxes back to the similar equilibrium level
after re-expansion. These data clearly show that only some part of the peptide is pushed off
the interface by compression. If the whole peptide molecule is ejected from the interface on
compression then γ will remain high after re-expansion because there are virtually no peptide
molecules in the aqueous phase available to re-adsorb onto the surface.

Furthermore, the re-adsorption curves at each corresponding expansion, before and after the
buffer exchange, are very similar indicating that the re-adsorption is not dependent on the
peptide concentration in the aqueous phase. The ejected part of the bound peptide re-adsorbed
covering the newly generated surface so quickly that free peptide cannot adsorb onto the surface
from the aqueous phase. This data further confirms that only part of the B6.4-13 can be pushed
off the surface. However, before or after the buffer exchange, upon compression, the γ always
equilibrate to a level lower than the value before compression indicating that the remaining
part of the peptide can stand compression and stays compressed to some extent. The fact that
the area can be reduced 51% and on re-expansion the γ returns to equilibrium suggests that
about ½ of the peptide is pushed off the surface in a form that can rapidly rebind.

B13-17 only partially desorbs from the TO/W interface on compression and cannot be
washed off the interface

Fig. 3B shows an example of tension and area changes during the instant compression and
expansion of the interface for B13-17 before (2.1×10−7M in the aqueous phase) and after the
buffer exchange. γ changes in a very different way from that of B6.4-13. There are three kinds
of changes in γ during the compression and re-expansion of the oil droplet at different ratios
before the buffer exchange (Fig. 3B, left), shown as 1, 2 and 3 in Fig. 3B. (1) At smaller
compressions, (e.g. 1μL volume decrease), γ drops from the equilibrium value 12.2mN/m to
11.6mN/m. γ remains constant when the compressed volume is held. Upon re-expansion, γ
rises to 12.4mN/m and quickly equilibrate back to the original value of 12.2mN/m. No
desorption is observed. This indicates that no B13-17 is pushed off the surface and bound
B13-17 is simply compressed at the surface. (2) At intermediate compression, (e.g. 2, 4 or 8
μL volume decrease), γ falls much further and quickly rises (0.5-1.5mN/m) when the
compressed volumes are held. At each following re-expansion, γ rises to a level higher than
the original equilibrium value of 12.2mN/m and then relaxes back towards the equilibrium.
Thus, at these intermediate compressions, part of the peptide (about 25%) is pushed off the
interface but snaps back very quickly upon re-expansion. (3) At bigger compressions, (e.g. 10
and 12μL volume decrease), γ falls deeper but rises back very little. The desorption is slow
compared to those in the intermediate compressions. At the following re-expansion, γ rises
high and falls back rapidly to levels higher than the equilibrium. We suggest that at these bigger
compressions, part of the peptide is pushed off the surface causing conformational changes in
a fraction of the peptide which can't re-spread rapidly. After re-expansion, the ejected region
of the peptide needs a much longer time to re-arrange its conformation to re-adsorb onto the
surface. This results in a very slow change (hours) in γ towards the equilibrium level. Similar
behavior is observed with the AβS domain B37-41 (39).

In contrast with B6.4-13, the desorption curves for B13-17 upon compressions bigger than 1
μL has only a slightly smaller increase in γ while the compressed volume is held. For instance
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at the 8μL compression (about 30% change in the area), the γ falls from the equilibrium to
4.9mN/m and only rises back to 6.2mN/m, that is a 1.3mN/m tension increase and is very small
compare to the tension increase at 8μL expansion of B6.4-13 which is 5.0mN/m (dropped to
5.0mN/m and rises back to 10mN/m). This indicates that there is only a little net desorption of
B13-17 at bigger compression, most part of the peptide stayes compressed on the surface.

A buffer exchange is run (shown as the bar in Fig. 3B) to remove B13-17 in the aqueous phase.
Similar to that of B6.4-13, γ remaines the same during buffer exchange indicating that no bound
peptide desorbes from the interface. Instant compression and expansion measurements are
carried out (Fig. 3B, right) using the same protocol as before the buffer exchange (Fig. 3A,
left). The same there kinds of changes in the desorption and re-adsorption curves are observed
as before the buffer exchange. Therefore only a small part of B13-17 is pushed off the surface
upon compression and the majority of B13-17 remains on the surface. If highly compressed
the ejected region forms a conformation which is slow to re-spread.

ΠMAX values for both B6.4-13 and B13-17
Instant compression followed by re-expansion measurements were carried out at varied peptide
concentrations to estimate the ΠMAX values for both peptides. Fig. 4 shows that ΠMAX of
B6.4-13 is 16.7mN/m and ΠMAX of B13-17 is 19.2mN/m. The data points shown are a mixture
of points taken from the compression and expansion experiments before or after buffer
exchange. For both peptides, the whole peptide molecule is not pushed off the surface at our
study pressures, so the ΠMAX values shown here are the pressures at which parts of the peptides
are ejected. A higher Π is needed to push off the ejected region of B13-17 from the interface
indicating that the ejected region of B13-17 binds to the TO/W interface more tightly than the
ejected region of B6-13. In addition, △γ is always much bigger for B6.4-13 than B13-17 at
the same pressure indicating that more structure of B6.4-13 tends to desorb from the interface
while more structure of B13-17 tends to stay. As a matter of fact, both B6.4-13 and B13-17
can stand a very high surface pressure, e.g. 29mN/m (Fig. 3A and Fig. 3B) at a large
compression, e.g. 12 μL (~50% decrease in area), indicating that both peptides have structures
that bind strongly to the TO/W interface.

B13-17 is almost purely elastic while B6.4-13 has viscous component on the TO/W interface
Equilibrium oscillations of B6.4-13 and B13-17 at different amplitudes and periods were
carried out before and after buffer exchange. These compressions differ from the instantaneous
compressions in that they are slow, steady, sinusoidal compressions that are performed at set
of rates. Two sets of the surface pressure-area (Π-A) curves for B6.4-13 and B13-17 (all at
1.5×10−7M in the aqueous phase) derived from the oscillations before the buffer exchange are
shown in Fig. 5A and Fig. 5B. The Π-A curves for B6.4-13 show significant hysteresis between
compression and expansion. The corresponding phase angles, φ, are relatively larger, up to 30°
(data not shown) indicating a visco-elastic surface. On the other hand, the Π-A curves for
B13-17 show little hysteresis and the phase angles are relatively small, less than 10° (data not
shown) indicating a pure elastic surface. There is very little desorption and re-adsorption of
the B13-17 during these oscillations. This is further evidence that only a small region of B13-17
desorbs and re-adsorbs. We did series study on the elasticity for both peptides over a wide
range of peptide concentration, oscillation amplitude, and oscillation period (data not shown).
The φ values average over all experimental conditions for B6.4-13 is 16.6±7.7° and for B13-17
is 4.5±3.8°, indicating that B6.4-13 forms a visco-elastic surface on TO/W interface while
B13-17 is mainly elastic. Between the two peptides, B13-17 has a higher modulus (38±7.3mN/
m) than B6.4-13 (25.6±6.5mN/m). The elasticity modulus is the increase in the surface tension
for a small increase in area of a surface element (ε = dγǀ d ln A), is the mathematical description
of the surface's tendency to be deformed elastically (i.e., non-permanently) when a force is
applied to it. A higher elasticity modulus indicates a more rigid molecule. This is consistent
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with the larger phase angles for B6.4-13 relative to B13-17. In other words, B13-17 is more
rigid and less compressible than B6.4-13.

Examples for the elasticity modulus, ε, from the oscillations before and after buffer exchange
are compared for both peptides in Fig. 6. Similar results are present either before or after the
buffer exchange at the same peptide, same amplitude and same period. ONE-WAY ANOVA
analysis at 0.05 level showes that the ε, φ and ε' of corresponding oscillations are not
significantly different before and after buffer exchange (data not shown). This indicates that
there is no whole molecule desorption from the interface or re-adsorption onto the interface.

Monolayers of B6.4-13 and B13-17 at the A/W interface
Fig. 7 shows the pressure/area (Π-A) isotherms for B6.4-13 and B13-17. The limiting area for
B6.4-13 is 16.6 Å2/aa and the B6.4-13 monolayer collapses at 31 mN/m at the area of 12.2
Å2/aa. The limiting area for B13-17 is 17.8 Å2/aa and the B13-17 monolayer collapses at 35
mN/m at the area of 13.3 Å2/aa. Both B6.4-13 and B13-17 can be reversibly compressed and
expanded at pressures below the collapse pressure (31mN/m and 35mN/m), respectively (data
not shown). By observing the movement of the Talc powder on the surface, we found that
B13-17 monolayer starts solidify right after the lift up (Π>2mN/m) which is typical for a β
sheet structure (39). In contrast, the B6.4-13 monolayer does not solidify until Π is over 10mN/
m and becomes solid when Π reaches 20 mN/m. The average area per residue for proteins
adsorbed flat on a surface is 15-25 Å2/aa, so both peptides are likely flat at the A/W interface.

Discussion
When proteins or peptides come to hydrophobic interfaces like oil/water or air/water (A/W)
interfaces, different structures behave differently. When some water soluble globular proteins
adsorbs to the hydrophobic interface, since they hide most of their hydrophobic residues in the
core of the molecule, they undergo major conformational changes after binding and denature
to gradually decrease the interfacial tension (47,52). On the contrary, apolipoproteins are
specifically evolved for lipid binding with the characteristic secondary structures of AαH and
AβS (10-14). When approaching a hydrophobic interface, they don't denature, instead they
rapidly adsorb and retain the secondary structures.

AαH and AβS structures show characteristic interfacial properties at TO/W interface in terms
of the adsorption, the desorption and re-adsorption, the elasticity and the compressibility. Both
AαH and AβS structures are surface active, they adsorb onto the surface and lower the surface
tension rapidly (13,15,40,43). AβS structures show strong irreversible binding to TO/W
interface (13,39). They can be compressed to a very high surface pressure (about 28-29 mN/
m) and stay compressed without leaving the surface. Bound AβS structures display purely
elastic properties with very small phase angles at the surface when the surface area changes
less than 15% (13). When applied to an A/W interface on a monolayer trough, AβS structures
quickly interact with each other when compressed to a low pressure and form solid monolayer
suggesting a large extended β sheet structure at very low pressure (1 to 2 mN/m) (39). This
large β sheet can be compressed and expanded reversibly up to its collapse pressure (usually
around or higher than 35mN/m) (39 and unpublished data). AαH structures show reversible
binding to TO/W surface. In general they desorb from the surface when the surface is
compressed above 13-19mN/m (15,40,42) and re-adsorb quickly when the surface is re-
expanded. This reversible on and off behavior of AαH was proposed in the review by Segrest,
et al. (10). Some AαH structures with lower surface affinity, like the N-terminal domain of
apoA-I (residue 1-44), can partially desorb from the surface without compression during
exchanging the peptide out of the aqueous phase (43 and unpublished data). AαH show purely
elastic properties only at smaller changes in the surface area and at fast rates, otherwise they
are visco-elastic at the surface (15,40,42). When applied to an A/W interface, AαH structure
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does not become a solid monolayer until the pressure reaches well above 10 mN/m. As observed
for AβS, AαH monolayer can also be reversibly compressed and expanded as long as the
pressure remains below the collapse pressure.

According to the LV homology model of B17, B6.4-13 and B13-17 are distinct domains
containing α and β structures with amphipathic features (35,38, and Fig. 8). Our study show
that B6.4-13 binds to TO/W interface (Fig. 2A) but unlike most AαH, cannot be completely
pushed off the TO/W interface (Fig. 3A). B6.4-13 does show typical partial desorption and re-
adsorption curves of AαH structures, i.e. fast desorption at compression and fast re-adsorption
at re-expansion towards the equilibrium. This indicates that the majority of the secondary
structure of this domain is AαH. This is consistent with the model prediction and the CD spectra
that show nearly 60% its secondary structure is α helix in B6.4-13 (35). Up to 50% of B6.4-13
desorbs from the TO/W interface at pressures above 16.7 mN/m (Fig. 4). This is within the
ΠMAX range for the AαH structures in exchangeable apolipoproteins (13-19 mN/m) and is
consistent with the ΠMAX value of B6.4-17 (16.7 mN/m) (44). Thus, when B6.4-17 is
compressed at the interface, regions in the B6.4-13 domain are pushed off at lower pressures
than B13-17. The B13-17 domain has a higher lipid binding affinity with a ΠMAX of 19.2 mN/
m (Fig. 4), but most of the peptide remains bound, is elastic and cannot desorb. B6.4-13 has
visco-elastic properties at the TO/W interface like other AαH structures in the exchangeable
apolipoproteins as well. At an A/W interface, the limiting area for B6.4-13 monolayer is 16.6
Å2 per residue and the collapse pressure is 31 mN/m indicating that the peptide is lying flat on
the surface (Fig. 7).

That B6.4-13 cannot be pushed off the interface is a little surprising because all other AαH
structures (apoA-I, apoA-I fragments and the consensus peptides) we have studied can be
pushed off the interface by compression (15,40,42). We note that some of the α helix structures
in B6.4-13 domain are not those classic type A or type Y AαH found in exchangeable
apolipoproteins or in the α2 or α3 domains of apoB (Fig. 8). Some of the α-helixes are very
hydrophobic without a clear hydrophilic face, e.g. helices 5, 6 and 8. These helices are more
similar to transmembrane α-helices, but shorter. We speculate that they may fully insert into
the hydrophobic lipid and then cannot be pushed off by compression. Helices 5, 6 and 8 face
the lipid pocket in the B17 model (Fig. 8), especially helix 6 and 8 that bind to the lipid directly
in the LV structure. Some helices in the C-terminal of B6.4-13 are typical for globular proteins
and have a lot of charged residues. They do not show strong lipid binding affinity for DMPC
(38). In the LV homology model, those charged residues interact with the charged side of the
β sheet formed by B13-17 domain. Mitsche, et. al. (44) have studied the interfacial properties
of B6.4-17 which encompasses both the α-helical domain (B6.4-13) and the β-sheet domain
(B13-17) at TO/W and A/W interfaces. Only about 60% of the expected area of B6.4-17 binds
to the A/W interface. The authors suggest that the C-terminal part of the helical domain (B9-13)
retains protein-protein interactions with the hydrophilic face of the β sheet domain and thus
does not contact the surface. In our study, lacking protein-protein interactions with B13-17,
those C-terminal helices of B6.4-13 with charged residues might partially denature like a
globular structure and irreversibly bind to the hydrophobic interface. That is another possible
reason for B6.4-13 not being fully pushed off by compression.

B13-17 showes strong binding to the TO/W interface (Fig. 2B). It has a very high ΠMAX value
of 19.2 mN/m (Fig. 4) and is almost purely elastic (Fig. 5B). B13-17 cannot be washed off or
pushed off the interface (Fig. 3B). Only a small region of the sequence can be pushed off the
interface by compression as shown by the very small increase in the surface tension after
compression (Fig. 3B). This is the typical desorption behavior of AβS structures (13,39), and
is consistent with the model which predicts that B13-17 contains 6 anti-parallel β strands
forming a β sheet (Fig. 8). The re-adsorption curves of B13-17 at intermediate compression
shows a very rapid fall back to the equilibrium level (Fig. 3B), and at larger compression, the
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re-adsorption curves return to near the equilibrium values, and there is no significant difference
after the buffer exchange. Together, this suggests that only a small region of B13-17 is pushed
off the surface and re-adsorbed rapidly.

We notice that at larger compression, the re-adsorption curves do not fall back to the
equilibrium level (different by 1-2mN/m). We have shown similar phenomena in our study of
B37-41, a large AβS structure (39). When B37-41 is compressed by 36% and then re-expanded
γ rises to 23.9 mN/m then relaxes back in 40 min to 22.7 mN/m (6.5 mN/m higher than the
equilibrium, e.g. 16.2 mN/m). Then after ~12 hours, the tension gradually fell back to 19.7
mN/m. We suggest that larger compression causes some conformational changes of the ejected
region that requires more time to return to the equilibrium. In the LV homology model of B20.5
(Fig. 1), a large loop of amino acids (656-729) between strands 4 and 5 of the β-sheet in B13-17
is missing because this part is not present in the LV structure. This region has been predicted
to contain an AαH structure (33). CD study shows 30.7% of a content in B13-17 (35). Those
helical structures might be the region that leaves the surface upon compression and re-adsorbs
at expansion.

Thus, both B6.4-13 and B13-17 display strong lipid binding to TO/W interface. Both of them
contain structures irreversibly bind to lipid. B13-17 has a higher affinity and is more elastic
than B6.4-13. They show typical surface behaviors of AαH and AβS structures suggesting that
the main secondary structures of the two domains are α-helix and β-sheet respectively, which
are consistent with the homologous B17 model and with the surface study of B6.4-17 (Table
1) (35,38,44).

There are two competing models for the initiation of apoB lipoprotein assembly. A lipid pocket
model is proposed that the N-terminal 1000-residues βα1 domain of apoB forms a lipid pocket
homologous to that of lamprey lipovitellin during translation, which contains two β sheet
connected by a central α-helical domain and a helix-turn-helix motif close the pocket (53). This
pocket is gradually filled with phospholipids and converted to a nascent TAG-core emulsion
particle as the translation continuous. While the βα1 domain contains the required sequence
and structural elements for initiating assembly, the amino acid residues between 931 and 1000
maybe critical for the formation of a stable, bulk-lipid containing nascent lipoprotein particle
(53). In an alternative “intercalation/desorption model”, the two sides of the lipovitellin-like
cavity form solvent-accessible surfaces with strong interfacial binding properties interact with
the ER membrane to sequester neutral lipids to nucleate the oil droplet formation and ultimately
desorbs from the membrane as a small neutral lipid core-containing precursor particle (27).
The suggestion that B19.5 is secreted in a small particle with a neutral lipid core (27) and that
B17, B19 and B20.1 bind to a TAG/W interface (30,31) are used in support of this model. Both
models agree that the N-terminal domain contains the structure and required elements for lipid
binding. But they differ on the mechanism and what sequence is involved in the lipid binding.

Our study shows that as early as B6.4 in the N-terminal domain of apoB, the structure possesses
the ability to bind to neutral lipids. Both B6.4-13 and B13-17 contain the elements that strongly
bind lipids. This is consistent with the study showing that B6.4-17, B17, B19 and B20.1 all
bind to TAG interface in vitro (30,31,44). In vivo studies show that truncated apoB of different
size is secreted with different lipid composition. B17 is secreted with only a small amount of
phospholipids (28). B22 and B19.5 are claimed to be the minimum size required for lipoprotein
particle assembly and secretion in different cell lines (26,27). We think that the lipid recruitment
may start early but only sequences containing a more complete lipid pocket (i.e. B19.5 or B22)
can stabilize the emulsion particle and be secreted. B32.5, B37 and B41 are secreted as stable
lipoprotein particles containing increasing core lipids (54). So, during apoB translocation, the
lipid recruiting may start as early as B6.4 but future sequences as translation continues are
required to produce a stable emulsion particle which can be secreted.
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In summary, our interfacial studies on the two distinct domains (B6.4-13 and B13-17) in the
LV homologous N-terminal domain of apoB show that both domains contain lipid associating
structures. The majority secondary structure of the two domains is AαH and AβS respectively,
which is consistent with the B20.5 model. The two domains show different surface behaviors
at TO/W interface but they work together to form a hydrophobic face to bind to TAG surface.
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Abbreviations

ApoB apolipoprotein B

VLDL very low density lipoprotein

IDL intermediate density lipoprotein

LDL low density lipoprotein

TAG triacylglycerol

B100 the full length of apoB

B48 the N-terminal 48% of apoB

AαH amphipathic α helix

AβS amphipathic β strand

MTP microsomal triglyceride transfer protein

DMPC dimyristoylphosphatidylcholine

LV lipovitellin

TO/W triolein/water

A/W air/water
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Fig. 1.
Homology model of B20.5. (A) Comparison of domain structures of lipovitellin (LV) and
B20.5. Only the N-terminal 20.5% of apoB is colored by proposed domains. β-barrel domain,
green; α-helical domain, cyan; C-sheet, red; A-sheet, dark blue; missing regions in the structure
of LV, white. (B) Ribbon representation of B20.5 model colored by domain as in panel (A).
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Fig. 2.
Examples of the interfacial tension (γ) versus time curves for B6.4-13 (A) and B13-17 (B) at
TO/W interface. A 16 μl triolein drop was formed in 2mM, pH7.4 phosphate buffer with
different amounts of peptides. A. The concentration of B6.4-13 in the aqueous phase was (a)
2×10−8M; (b) 3.8×10−8M; (c) 1.5×10−7M; and (d) 2.0×10−7M. B. The concentration of B13-17
in the aqueous phase was (a) 7.5×10−8M; (b) 1.5×10−7M; and (c) 3.0×10−7M. All the
measurements were carried out at 25 ± 0.1°C.
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Fig. 3.
Examples of the interfacial tension (γ) and the area versus time curves for B6.4-13 (A) and
B13-17 (B) at TO/W interface and the instant compression and re-expansion measurement
before and after buffer exchange procedure. (A) The concentration of B6.4-13 in aqueous phase
was 1.9 × 10−7 M before the buffer exchange and virtually zero after the buffer exchange. A
16 μl triolein drop was formed in 2 mM pH 7.4 phosphate buffer. After γ reached an equilibrium
level, the triolein drop was compressed by decreasing the volume by 1, 2, 4, 8, 10 and 12 μl
(corresponding to about 3% to 51% changes in area), and then after several minutes re-
expanded back to the original volume 16 μl after each compression. About 150mL buffer was
exchanged during the buffer exchange procedure (shown by the bar). After the buffer exchange,
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the triolein drop was compressed by decreasing the volume by 1, 2, 4, 8, 10 and 12 μl (×2),
and re-expanded back to the original volume 16 μl after each compression. (B) Similar protocol
applied to B13-17. The concentration of B13-17 in aqueous phase was 2.1 × 10−7 M before
the buffer exchange and virtually zero after the buffer exchange. After γ reached an equilibrium
level, the triolein drop was compressed by decreasing the volume by 1, 2, 4, 8, 10 and 12 μl
(×2) (corresponding to about 1% to 49% changes in area), and then after several minutes re-
expanded back to the original volume 16 μl. About 150mL buffer was exchanged during the
buffer exchange procedure (shown by the bar). After the buffer exchange, the triolein drop was
compressed by decreasing the volume by 1, 2, 4, 8, 10 and 12 μl (×2), and re-expanded back
to the original volume 16 μl. All experiments were carried out at 25 ± 0.1°C.
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Fig. 4.
ΠMAx of B6.4-13 (solid circles) and B13-17 (open circles) at TO/W interface. The interface
was instantly compressed to generated pressure Π0, and the change in the interfacial tension
(Δg) while the compressed volume was held for several minutes was plotted against Π0 and
the data were fitted to a straight line. The intercept of the fit lines at Δγ=0 gives ΠMAx, the
pressure at which peptides shows no net desorption or adsorption. The data points shown are
a mixture of points taken from the compression and expansion experiments before or after
buffer exchange. The numbers of the data points taken for each peptide are shown in the
parentheses.
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Fig. 5.
Surface pressure (Π) versus area plots of B6.4-13 (A) and B13-17 (B) at TO/W interface
derived from oscillations before the buffer exchange procedure. After the equilibrium tension
(γe) was reached a 16μl triolein drop was oscillated at 16−/+2μl and different periods from 8
to 128sec. (A) The concentration of B6.4-13 in the aqueous phase was 1.5×10−7M. (B) The
concentration of B13-17 in the aqueous phase was 1.5×10−7M. All experiments were carried
out at 25 ± 0.1°C.
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Fig. 6.
Comparison for the changes of the elasticity modulus (ε) as a function of the oscillation period
of B6.4-13 and B13-17 at the TO/W interface derived from the oscillations before and after
the buffer exchange procedure. The peptide concentration in the aqueous phase before buffer
exchange was 2.0×10−7M for B6.4-13 or 2.1×10−7M for B13-17. After buffer exchange, both
peptides were absent from the aqueous phase. Solid symbols are for B6.4-13; open symbols
are for B13-17; squares are for pre-exchange; circles are for post-exchange; black symbols are
for 16±2 μl oscillations; red symbols are for 16±8 μl oscillations.
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Fig. 7.
The pressure/area (Π-A) isotherm for B6.4-13 and B13-17 at an A/W interface. B6.4-13 (12
μg)or B13-17 (11.25 μg) in 30% (wt/vol) isopropanol/phosphate buffer at pH 7.4 was spread
on a 3.5 M KCl/10 mM phosphate pH 7.4 sub-phase at 25°C. The monolayer was compressed
at 5 mN/m per min to produce the Π-A isotherm. The lift off area is 16.6 Å2/aa for B6.4-13
and 17.8 Å2/aa for B13-17 ; while the collapse pressure is 31mN/m (12.2 Å2/aa) for B6.4-13
and 35mN/m (13.3 Å2/aa) for B13-17.
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Fig. 8.
(A) B6.4–13 structural model derived from lipovitellin homology by Jiang et al (35). In this
model, B6.4–13 is an α-helical domain with 17 amphipathic helices forming two layers (lower
panel). The helical wheel diagram of the 17 amphipathic α-helices is shown in the upper panel.
Green is hydrophobic, gray is neutral, blue is positively charged and red is negatively charged
residues. There is a hydrophobic core with a hydrophobic surface created by helices 4, 6, and
8, and a positively charged surface on helices 10, 12, and 14 which stabilize the negatively
charged face of the β-sheet domain B13-17 (C-sheet, red). The grey bar underneath the
Edmondson wheels of helices 4, 6, and 8 marked with the “lipid pocket” indicates that helices
4-8 may form a lipid binding pocket, while the red bar underneath the Edmondson wheels of
helices 10, 12 and 14 marked with “C-sheet” indicates that helices 10-14 may interact with the
C-sheet. The surface area of B6.4-17 at the A/W interface is 16.6Å2/aa indicating the 17 α-
helices must all lie flat on the surface. We suggest that they also lie flat on the TO/W interface.
The very hydrophobic helix 6 is most likely buried into the oil phase preventing the peptide
from being pushed off the interface. (B) B6.4-17 structural model derived from lipovitellin
homology by Jiang et al (35), in which B13-17 (in red) interacts with B6.4-13 (in cyan). B13-17
is a β-sheet domain consists a 6 stranded β-sheet with an un-modelled region between strands
4 and 5. The surface area of the isolated B13-17 at the A/W interface (17.8Å2/aa) is consistent
with all the amino acids interacting with the surface. We suggest that the 6 β-strands would lie
flat at the TO/W interface at low and high pressure. The missing region between strand 4 and
strand 5 could be the region desorbs from the interface upon compression.
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