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ABSTRACT: Apolipoprotein B (apoB) is the essential nonexchangeable protein in chylomicrons and very
low-density lipoprotein-derived lipoprotein particles, including low-density lipoprotein (LDL). ApoB has
been a key target for cardiovascular research because of its essential role in the assembly, secretion,
delivery, and receptor binding of LDL. The three-dimensional structure of apoB has not been determined.
However, the N-terminal region of apoB is homologous to the lipid storage protein lipovitellin, which
allows the modeling of this region based on the X-ray structure of lipovitellin. The model of the N-terminal
17% of apoB (B17) suggests that, like lipovitellin, B17 consists of an N-terminalâ-barrel domain, a
helical domain, and aâ-sheet domain (C-sheet). Here we test the validity of this model by limited proteolysis
of B17 and the characterization of individual domains expressed inEscherichia coliand insect cell systems
that are consistent with the model and proteolysis data. Circular dichroism studies of the individual domains
indicate that they are folded and their secondary structures are in agreement with the model. We find that
the helical domain and C-sheet of apoB interact with each otherin Vitro, suggesting a strong interaction
between these two domains, even without a covalent peptide bond linkage. Our data suggest that the
three lipovitellin-like domains exist in B17. Furthermore, the domains fold independently with secondary
structures and stabilities like those of intact B17.

Apolipoproteins belong to a family of proteins found in
plasma lipoprotein particles, where they pack, stabilize, and
transport lipid emulsions in the circulation (1, 2). Human
apolipoprotein B (apoB)1 is a nonexchangeable apolipopro-
tein in most lipoprotein particles, but not a component of
high-density lipoproteins (HDLs). Two forms of apoB are
present, apoB100 on very low-density lipoprotein (VLDL)
produced in the liver and apoB48 on chylomicrons from the
small intestine (3). In both VLDL and chylomicrons, apoB
plays a primarily structural role in the assembly and secretion
of lipoprotein particles. For low-density lipoproteins (LDLs),
apoB is also a target for the receptor recognition that mediates
the removal of LDLs from the bloodstream (4). ApoB is
directly implicated in many cardiovascular diseases, including
atherosclerosis, the leading cause of death in Western
societies. The interaction between the aberrant apoB and
subendothelium proteoglycans induces the retention of
atherogenic lipoproteins on the artery wall, which is a major
early event in the formation of atherosclerotic plaques (5).

ApoB100 is a secretory glycoprotein with 4536 amino
acids and 16 N-linked oligosaccharides with a molecular
mass of 550 kDa (6, 7). It readily precipitates out of aqueous
solution once it is deprived of the associated lipids (8).
Secondary structure predictions of apoB based on the primary
sequence suggest an NH2-âR1-â1-R2-â2-R3-COOH penta-
partite domain arrangement (9-11). R and â represent
domains composed of internally repeated amphipathicR-he-
lices andâ-sheets, respectively, which confer extremely
strong lipid binding affinity. In contrast to the rest of the
protein, the N-terminalâR1 domain does not have an
extensively repeated amphipathic structural motif, although
many of its predicted helices and sheets display amphipathic
properties. Cryo-electron microscopy studies of human LDL
particles indicate that the N-terminal region of apoB projects
away from the core of the particle like a knob on a ball (12,
13). This observation is consistent with the data published
in several labs which show that the N-terminal domain itself
can be expressed in a lipid poor form (14, 15). A protein
longer than B19.5 is required for initiation of lipoprotein
particle assembly in the presence of microsomal triglyceride
transfer protein (MTP) in COS cells (16).

The major function of the N-terminal domain resides in
its role in the initiation of protein folding and lipoprotein
assembly. The transcription of apoB appears to be constitu-
tive. The regulation of apoB production is controlled
primarily by the balance between secretion and degradation
(17-19). One hypothesis suggests the existence of a transient
translocation pause after the synthesis of the N-terminal 85
kDa of this protein (20). The fate of the protein is largely
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dependent on the folding of this N-terminal region in the
endoplasmic reticulum (ER) and the availability of lipids.
The N-terminal 11% of apoB contains six of eight disulfide
bonds in the intact protein. The formation of correct disulfide
bond pairs in the N-terminal region is essential for the folding
and secretion of apoB (21-23). Furthermore, an N-linked
oligosaccharide at position Asn158, when mutated, leads to
the rapid degradation of the N-terminal 17% of apoB (B17)
in rat hepatoma McA-RH7777 cells (24). The folding of the
N-terminal region in the ER is required for the interaction
with a critical chaperone during VLDL maturation, MTP.
Lipoprotein secretion is blocked in the absence of functional
MTP or the presence of MTP inhibitors (25-27). Two MTP
binding regions have been identified on apoB: residues
1-300 and residues 430-570 (28, 29). Segrest and co-
workers hypothesized that MTP and apoB form a triangular
pocket which precedes the transfer of lipids via MTP as the
pocket expands through the addition of amphipathicâ-strands
from theâ1 domain to eventually form a lipoprotein particle
(30, 31). An alternative model of the initiation is based on
the observation that B17 is able to bind dimyristoylphos-
phatidylcholine multilamellar vesicles and convert the vesicles
into discoidal-shaped particlesin Vitro (14). Therefore, the
N-terminal domain of apoB could, in theory, initiate phos-
pholipid binding itself and serve as a nucleation site for
further lipid incorporation via MTP. However, our current
understanding of the events happening in the ER with regard
to apoB, MTP, and lipids remains limited by the lack of
knowledge of the structure and biophysical properties of
apoB.

The structural analysis of apoB has been difficult, mainly
because of its large size and complications from its bound
lipid. However, lipovitellin, a putative ancestor protein of
apoB found in egg yolk, has been crystallized (32, 33).
Lipovitellin is an ancient lipid transport and storage protein
that delivers lipids into the oocyte. This primitive delivery
pathway existed before the circulating lipoprotein system
evolved (34). The primary sequence of lipovitellin is
homologous to the N-terminal 20.5% of apoB, with 20.8%
identity as calculated with BLAST (35). On the basis of this
homology, several labs have built models of apoB based on
the three-dimensional structure of lipovitellin (11, 29, 36).
According to these models, B17 consists of an N-terminal
â-barrel domain, followed by a largely helical domain and
then aâ-sheet domain comparable to the C-sheet in lipovi-
tellin (Figure 1a). A convincing feature of this model is that
all the cysteine residues localize in proximity to form the
correct disulfide bond linkages, even in the calculations
lacking disulfide information. However, lipovitellin is found
in a much more primitive metabolic pathway in a much
simpler organism, though both are involved in lipid binding.
The huge distance on the evolutionary tree, as well as their
modest homology, casts doubt on the reliability of this model.
Furthermore, even if the structures of the three major
domains in apoB and lipovitellin are conserved, their relative
orientation may be significantly different. In this paper, we
use limited proteolysis, peptide mapping, and biophysical
methods to experimentally test the validity of the lipovitellin-
based model of the N-terminal region of apoB.

FIGURE 1: Three-dimensional structure model of B17 based on
lipovitellin. The model was built based on the structure of
lipovitellin (PDB entry 1LSH) with MODELLER 4 (37). Three
segments, residues 1-18, 676-747, and 777-802, were not
included in the model, because of the lack of homologous
coordinates in the lipovitellin PDB file. The ribbon and surface
potential representations were generated by MOLMOL (51). (a)
Ribbon representation of B17: blue for theâ-barrel domain, red
for the helical domain, and green for the C-sheet domain.
(b-d) Surface potential representations for individual domains in
B17: blue for positive charges and red for negative charges. (b)
Surface potential for theâ-barrel domain. (c) Helical domain. (d)
C-Sheet domain. The right-hand view is a 180° rotation about the
y-axis. Panel d is a view after a 45° rotation along they-axis from
panel c, for a better view of the C-sheet domain.
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EXPERIMENTAL PROCEDURES

Modeling of the N-Terminal Region of ApoB.The apoB
protein sequence was aligned with the lipovitellin sequence
through BLAST 2 SEQUENCE (35). The structure of
lipovitellin [Protein Data Bank (PDB) entry 1LSH], including
two chains (Lv-1N and Lv-1C), was used as a template for
the modeling. An initial model of B17 was generated using
MODELLER 4 with all the cysteine residues in free form
(37). Disulfide bond information was added later based on
the initial structure and previous biochemical information
(7). The secondary structure contents were calculated from
the model with DSSP (38).

Cloning of B17 and Its Domain Constructs.PCR products
encoding B5.9 (residues 1-264), B13 (residues 1-611), and
B17 (residues 1-782) were cloned into pDONR201 (Invit-
rogen) with the N-terminal signal sequence of apoB. B5.9
and B13 contained a six-His tag at their carboxyl termini.
The target genes were transferred from pDONR201 into the
pDEST8 vector (Invitrogen) through site-specific recombina-
tion reactions. The product was transformed into DH10Bac
competent cells (Invitrogen) to generate the bacmid DNA.
Bacmid DNA was isolated and transfected into Sf9 cells to
generate infectious recombinant baculovirus particles (In-
vitrogen). The titer of each virus stock was measured with
a plaque assay (Invitrogen).

For expression inEscherichia coli, B6.4-13 (residues 292-
593), B6.4-15 (residues 292-680), B6.4-17 (residues 292-
782), B13-15 (residues 611-680), and B13-17 (residues
611-782) were cloned into the pET24a vector (Novagen)
using standard protocols (39, 40). All constructs contained
a six-His tag at their carboxyl termini. For B13-15 and B13-
17, an additional Pro residue was introduced after the
N-terminal Met residue to maximize the level of expression.
The DNA sequences of all constructs were confirmed by
DNA sequence analysis at the Boston University Molecular
Genetics Core Facility.

Protein Expression and Purification.B5.9 (with the His
tag and without the His tag), B13, and B17 were expressed
in Sf9 cells (Invitrogen). The Sf9 cells were infected with
recombinant baculovirus at a multiplicity of infection of
1-10 and cell densities between 1.5× 106 and 2× 106 cells/
mL. Three days post-infection, media were harvested and
cleared by centrifugation at 500g for 10 min. Supernatants
were loaded onto a column prepacked with Affi-Gel heparin
(Bio-Rad) and eluted with a step gradient of sodium chloride
(from 0 to 1 M) in 20 mM sodium phosphate (pH 7.5). B5.9
(with the His tag) and B13 were further purified on Ni-
NTA Sepharose (Qiagen) and eluted with increasing imida-
zole concentrations. B5.9 (without the His tag) and B17 after
heparin purification were used for limited proteolysis.

For spectroscopic studies, B5.9 and B17 were further
purified by high-performance liquid chromatography (HPLC)
on a C4 reverse phase column (Vydac). Proteins were eluted
with a water/acetonitrile gradient containing 0.1% trifluo-
roacetic acid. Fractions with the purified protein were
supplemented with 8 M urea to 1.5 times the fraction volume
(final urea concentration of 2.3 M). The volume was reduced
by 2/3 via rotary evaporation (Brinkmann). The denatured
protein solution in 8 M urea then underwent stepwise dialysis
against 20 mM sodium phosphate and 150 mM sodium
chloride (pH 7.5) for refolding.

The constructs lacking the N-terminal B5.9 domain, B6.4-
13, B6.4-15, B6.4-17, B13-15, and B13-17, were expressed
as inclusion bodies inE. coli BL21(DE3) cells. Protein
expression was induced with 1 mM IPTG at an optical
density of 0.6-0.8 at 600 nm. Cell pellets were collected 3
h after induction by centrifugation for 30 min at 3000g. The
cells were lysed with 1 mg/mL lysozyme in 10 mM Tris
and 100 mM sodium phosphate (pH 8.0) for 30 min and
then sonicated three times for 15 min, followed by centrifu-
gation at 90000g for 30 min. Pellets were washed with 1%
Triton X-100 and then 1 M urea. The inclusion bodies were
solubilized in 8 M urea. The denatured proteins were loaded
onto a Ni-NTA Sepharose column and purified with a
gradient of imidazole in 6 M guanidine hydrochloride
(GuHCl) according to the Qiagen Ni-NTA purification
protocol. Unfolded proteins in GuHCl were slowly dripped
into a refolding buffer [50 mM Tris, 0.8 M arginine, 5 mM
EDTA, 10 mM reduced glutathione, and 2 mM oxidized
glutathione (pH 8.0)] and gently stirred for 2 h at room
temperature. Glutathione was omitted for the B13-15 and
B13-17 constructs that lack disulfide bonds. The refolding
reaction mixtures were then dialyzed against 10 mM sodium
phosphate and 150 mM sodium chloride (pH 7.5). All the
proteins were concentrated with an Amicon Ultra concentrat-
ing apparatus (Millipore). Protein concentrations were cal-
culated from the UV absorbance at 280 nm (41).

Size Exclusion Chromatography.Protein samples were
concentrated to 1-5 mg/mL in 10 mM sodium phosphate
and 150 mM sodium chloride (pH 7.5), then injected into a
200 µL sample loop, and loaded on a Superdex GL 200
column (Amersham Biosciences). The protein was eluted
with a flow rate of 0.5 mL/min in the same buffer at 4°C.
The elution was monitored by UV absorbance at 280 nm.
Column fractions were analyzed by SDS-PAGE.

Limited Proteolysis.TPCK-treated trypsin from bovine
pancreas (Sigma) was freshly prepared at 1 mg/mL in 1 mM
HCl. The trypsin stock solution was added to 250µL of 1
mg/mL B5.9 or B17 to produce the final protein:trypsin ratios
of 10:1, 100:1, and 1000:1 (w/w). To maintain the solubility
of B5.9, which is sensitive to ionic strength, 500 mM sodium
chloride was included in all reaction mixtures. The mixtures
were incubated at 37°C, and 50µL aliquots were taken at
5, 30, 60, and 120 min. The proteolysis in each aliquot was
terminated by the addition of 16µL of gel loading buffer
containing SDS andâ-mercaptoethanol for electrophoresis,
or by the addition of 5µL of 50% acetic acid and flash-
freezing in liquid nitrogen. Digestion products were separated
on Tricine gels (42), transferred onto polyvinylidene fluoride
membranes, and submitted for N-terminal sequencing (Tufts
University Core Facility, Tufts Medical School, Boston,
MA). Large-scale digestion products were purified by HPLC
as described above. Fractions containing purified fragments
were confirmed on Tricine gels and then submitted for mass
spectral analysis (Molecular Biology Core Facilities, Dana
Farber Cancer Institute, Boston, MA).

Cross-Linking. Samples (100µL) contained 0.2 mg/mL
protein in 10 mM sodium phosphate, 150 mM sodium
chloride, and 10% glycerol (pH 7.5). After equilibration at
room temperature for 1 h, glutaraldehyde (EM grade,
American Bioanalytical) was added to final concentrations
of 0, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.5, 1, and
10% (w/v). The mixtures were incubated at room temperature
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for 5 h, with interspersed vortexing every hour. The cross-
linking reactions were terminated by the addition of 15µL
of 0.5 M glycine. Reaction products were analyzed by 12.5%
SDS-PAGE. For most reactions, 0.005% glutaraldehyde was
sufficient for the assay. Higher concentrations of glutaral-
dehyde resulted in the formation of higher-molecular mass
oligomers for all the proteins, including the MBP control.
Unless otherwise specified, the 0.005% glutaraldehyde
reactions are shown.

Circular Dichroism of ApoB Constructs. CD data were
collected on AVIV 62 DS and AVIV 215 instruments.
Protein solutions (1-2 µM) were made in 10 mM potassium
phosphate (pH 7.5), except for those of B5.9 and B13, which
were supplemented with 150 mM potassium fluoride to
increase the solubility of the protein. The exact protein
concentration was determined by UV absorbance at 280 nm
immediately before the scan of each sample. Wavelength
scans are the average of four scans taken in a 1 mmcuvette
with a 5 saveraging time at every nanometer. The scans
were corrected for the signal of the cuvette with buffer only.
The secondary structure contents were calculated with CDPro
(43). The averages of results from the three programs in
CDPro, CONTIN, SELCON3, and CDSSTR, are reported
(44-46).

The 0.1-0.2 µM protein samples in 10 mM potassium
phosphate at pH 7.5 were used for chemical unfolding. The
unfolding was performed using the AVIV titration accessory
by the addition of a protein solution at the same concentra-
tion, prepared in 7 M GuHCl (pH 7.5), in 0.1 M steps to the
2.4 mL native protein solution in a 1 cmcuvette, with a
constant volume throughout the titration. The unfolding of
B5.9 was monitored at 217 nm, which was the closest we
could measure to the wavelength of its maximum signal,
without a loss of signal due to the absorbance of GuHCl.
The other samples were monitored at 222 nm. All the
unfolding experiments were performed at 25°C. After each
denaturant injection, the sample was stirred for 1 min and
equilibrated for 5 s, and then the data were collected with
an averaging time of 20 s.

RESULTS

Expression and Purification of B5.9 and B17. Although
B5.9 is expressed at high levels inE. coli, the protein forms

inclusion bodies that are extremely difficult to refold,
possibly because of the presence of the eight cysteine
residues. Therefore, we use insect cells to express apoB
constructs that include the N-terminalâ-barrel domain. In
Sf9 cells, proteins with an N-terminal signal sequence fold
in the ER and are secreted into the culture media (40). After
a single-step heparin column purification, 90% of the
impurities are removed. We assume that the proteins that
are secreted after passing the ER quality controls are folded
into their native conformation.

Limited Trypsin Digestion of B5.9 and B17. To test the
validity of the lipovitellin homology model of the N-terminal
region of apoB, we use trypsin to cleave both B5.9 and B17.
Well-folded regions within proteins usually resist protease
digestion. Therefore, the protected fragments after trypsin
digestion represent stably folded domains. After trypsinolysis
at different protein:trypsin ratios and varying incubation
times, the digestion products are analyzed by SDS-PAGE
and transferred onto polyvinylidene fluoride membranes for
N-terminal sequencing. Accurate molecular masses of some
fragments are then determined by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry. On
the basis of the N-terminal sequence and the size of each
fragment, we map the cleavage site on the protein based on
the specific cleavage of trypsin at the carboxyl termini of
lysine or arginine residues.

In the digestion of B5.9 expressed in Sf9 cells, protected
fragments are only observed at a low trypsin concentration
(1000:1 protein:trypsin weight ratio) (Figure 2a). Two major
fragments with molecular masses of 20 and 22 kDa are
observed. N-Terminal sequencing reveals that the 20 kDa
fragment starts at residue 21 (HLRKY...), while the 22 kDa
fragment begins right from the N-terminus (EEEML...)
(Table 1). The cleavage near the N-terminus is consistent
with the missing electron density of the N-terminal region
of the lipovitellin crystal structure, indicating that it may be
unfolded. Furthermore, mass spectral analysis shows that the
22 kDa fragment is actually a mixture of two species (Table
1). These two cleavage sites map to positions within the
conserved hydrophobic loop that extends from theâ-barrel
domain and interacts with the helical and C-sheet domains.
The masses of the two fragments are closest to those ex-
pected for cleavage at Lys189 and Arg192 within the

FIGURE 2: Limited trypsin digestion of B5.9 and B17. B5.9 and B17 at 1 mg/mL in 50 mM sodium phosphate and 500 mM sodium
chloride (pH 7.5) were supplemented 10:1, 100:1, and 1000:1 (w/w) with trypsin. Samples were taken after 5, 30, 60, and 120 min and
separated on a Tricine-SDS gel. (a) Proteolysis of B5.9: lane M, molecular mass markers; lane 1, B5.9 before digestion; lanes 2-5, 10:1
protein:trypsin ratio; lanes 6-9, 100:1 protein:trypsin ratio; and lanes 10-13, 1000:1 protein:trypsin ratio. (b) Proteolysis for B17. Same
as panel a, except that B5.9 is replaced with B17.
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187RF189KPI192R sequence (Table 1). Cleavage at Arg187 is
just within the error of the mass spectral data and cannot be
rigorously ruled out. However, in addition to the larger
difference in mass, Arg187 is predicted to be at the very
beginning of the hydrophobic loop and is less likely to be
accessible. Therefore, we refer to the 22 kDa fragments as
ending at residues Lys189 and Arg192. Although the 20 kDa
fragment did not yield a peak during mass spectral analysis,
the size of the fragment on SDS-PAGE is consistent with
cleavage at the these same sites in the hydrophobic loop (i.e.,
Lys189 and Arg192).

The digestion of B17 expressed in Sf9 cells shows a
different pattern at different trypsin concentrations. At the
1000:1 protein:trypsin weight ratio,∼50% of the 85 kDa
protein is degraded to a 70 kDa fragment within 5 min and
completely degraded in 2 h (Figure 2b). A 20 kDa fragment
is also produced, and N-terminal sequencing indicates that
it starts at the beginning of the C-sheet domain (Table 1 and
Figure 2b). This 20 kDa fragment most likely ends at or
near the C-terminal residue of the B17 construct (residue
782).

At 100:1 and 10:1 protein:trypsin ratios, B17 is degraded
to a 40 kDa fragment in three consecutive steps (Figure 2b).
The intensity of this fragment is not significantly diminished
after 2 h, even at a 10:1 protein:trypsin weight ratio,
suggesting the fragment is stable and tightly folded. N-
Terminal sequencing and mass spectral data indicate that this
fragment begins after a loop between the second and third
helices of the helical domain and extends to the middle of
the C-sheet domain (Table 1). It is noteworthy that this
fragment also ends within a region missing in the electron
density of the lipovitellin structure.

Protein Expression, Purification, and Refolding. On the
basis of the limited proteolysis data, we made a series of
constructs encoding different domains within B17. Two
expression systems were adopted to express those domains.
Constructs containing the N-terminalâ-barrel domain, i.e.,
B5.9, B13, and B17, were cloned for expression in Sf9 insect
cells, and the rest of the constructs were expressed inE. coli
(Figure 3).

In insect cells, proteins expressed and secreted into the
media are first purified with a heparin column. The eluant
from the heparin purification is then loaded onto nickel resin
and eluted with imidazole. B5.9 and B13 expressed in Sf9
cells are glycosylated at Asn158, with a sugar of 1041 Da,
as determined by electrospray ionization mass spectrometry
(data not shown). Removal of this sugar by mutating Asn158
to Ala completely blocked the secretion of B5.9 and partially
blocked the secretion of B13, which is consistent with the

report on the N158Q mutation in B17 (ref24 and unpub-
lished data).

In contrast to the four pairs of disulfide bonds that do not
efficiently re-form in thein Vitro refolding of the constructs
containing theâ-barrel, the two pairs of disulfide bonds in
the helical domain constructs re-form in an appropriate redox
buffer. Proteins expressed fromE. coli are purified on nickel
resins under denaturing conditions. Highly concentrated
proteins containing the helical domain (B6.4-13, B6.4-15,
and B6.4-17) in 6 M GuHCl are dripped into the refolding
buffer with an optimized redox potential. The refolded
proteins are then dialyzed into suitable oxidizing buffers for
further biochemical analysis. Size exclusion chromatography
indicates that the entire helical domain, B6.4-13, is a
homogeneous species after refolding, with an apparent
molecular mass close to that of a dimer (Figure 4). B6.4-15
exhibits a concentration-dependent monomer-dimer equi-
librium. More dimer is observed at higher concentrations,
suggesting that the beginning of the C-sheet may compete
with the site for dimerization of the helical domain (data
not shown). B6.4-17 has a molecular mass close to its
monomer size as determined by size exclusion chromatog-
raphy (Figure 4).

Constructs containing the C-sheet, B13-15 and B13-17,
are expressed and purified in a manner similar to that of the
helical domain constructs. Refolding is done in the same
refolding buffer but without redox reagents, since they
contain no cysteine residues. Both proteins are stable at low
concentrations but aggregate readily at concentrations above
1 mg/mL, particularly B13-17. Both proteins elute from a
size exclusion column before the volume predicted for a
monomer, suggesting dimer formation (Figure 4). Some other

Table 1: Summary of Limited Proteolysis on B5.9 and B17

fragment
size (kDa)

N-terminal
sequence

experimental
MW

calculated
MWb

predicted
fragment

calculated vs experimental
MW error

B5.9 20 HLRKY N/Aa 20065c/20432c (19779c/20065c) 21-189/21-192 (21-187/21-189) N/A
22 EEEML 22548/22798 22386c/22752c (22110c/22386c) 1-189/1-192 (1-187/1-189) -0.7%/-0.2% (-1.9%/-1.8%)

B17 20 SVSLP N/Aa 18296 615-782 (C-terminus) N/A
40 GLSDE 39426 39363 (40483) 330-680 (330-690) -0.2% (2.7%)
70 EEEML 70611 70415c (69605c) 1-614 (1-608) -0.3% (-1.4%)

a No significant peak was observed in the mass spectrum of the 20 kDa fragment from B5.9 or the 20 kDa fragment from B17.b Values in
parentheses correspond to the values for the next closest possible fragment.c B5.9 and B17 have an N-linked oligosaccharide at Asn158. The size
of the oligosaccharide in B5.9 was 1041 Da as measured in a separate experiment. The size of the sugar is included in calculating the theoretical
molecular weights of these fragments that contain Asn158 and its N-linked oligosaccharide.

FIGURE 3: Schematic map of B17 and its domain constructs. B17,
B5.9, and B13 were expressed in Sf9 cells. B6.4-13, B6.4-15,
B6.4-17, B13-15, and B13-17 were expressed inE. coli. B5.9 was
cloned in two forms, one with a six-His tag at the carboxyl terminal
and one without. Except for B17, all other constructs had six-His
tags at their carboxyl termini: white for the signal peptide, gray
for the â-barrel domain, and black for the helical domain. Lines
represent the C-sheet domain, and stippled regions represent se-
quences that are homologous to the regions missing in the lipovi-
tellin crystal structure. The residue numbering is marked above B17.

Dissecting the N-Terminal Region of Apolipoprotein B Biochemistry, Vol. 44, No. 4, 20051167



higher-molecular mass species are observed for B13-17,
suggesting the formation of oligomers or small aggregates.

Chemical Cross-Linking of IndiVidual Domains from B17.
The molecular mass determined from size exclusion chro-

matography can be influenced by the molecular shape. The
results are also biased by the high protein concentration
necessary for detection. To observe the unbiased aggregation
state in a more dilute solution, we use glutaraldehyde to
cross-link the proteins at very low concentrations.

B5.9 appears to form some dimer in solution as determined
by size exclusion chromatography (Figure 4). The cross-
linking data clearly indicate the presence of a cross-linked
dimer band at∼60 kDa (Figure 5). The helical domain,
B6.4-13, after refolding is a homogeneous species, eluting
at an apparent dimer molecular mass on the size exclusion
column (Figure 4). Cross-linking confirms that B6.4-13 exists
as a dimer in solution, with a band at 66 kDa formed (Figure
5). Little monomeric protein remains after cross-linking. In
contrast, B6.4-17 is predominantly monomeric in solution.
The 50 kDa band remains essentially unchanged after cross-
linking, except for the presence of a smear toward the larger
size, possibly from additional glutaraldehyde molecules on
the protein (Figure 5).

The refolded B13-17, corresponding to the C-sheet, tends
to aggregate in solution. Size exclusion chromatography of
B13-17 indicates the formation of both aggregates and dimers
(Figure 4). The cross-linking of B13-17 produces large-scale
aggregation, as most of the proteins remain in the well after
cross-linking. Still, a band at 40 kDa, corresponding to the
dimer, can be observed (Figure 5).

Cross-linking of a negative control, maltose-binding
protein (MBP), demonstrates that the cross-linking we
observe is specific (Figure 5). MBP is a monomeric protein
with many lysines on the surface. It remains monomeric after
cross-linking under the same conditions.

We have also examined the interaction between different
domains by mixing neighboring domains in the presence of
glutaraldehyde (Figure 5). The cross-linking between B5.9
and B6.4-13, which would reconstitute most of B17 except
for the C-sheet, is complicated by their similar molecular

FIGURE 4: Size exclusion chromatography for the B17 domain
constructs. Approximately 200µL of a 1 mg/mL protein sample
was prepared in 10 mM sodium phosphate and 150 mM sodium
chloride (pH 7.5) and loaded onto a Superdex GL 200 size exclusion
column. The protein was eluted with a flow rate of 0.5 mL/min at
4 °C. Protein elution was monitored by UV absorbance at 280 nm.
The data for the molecular standard are depicted with a solid
line. B5.9 (inverted triangles) was a monomer/dimer mixture.
B17 (triangles) appeared as an almost homogeneous monomer.
B6.4-13 (diamonds) eluted at its dimeric size. B6.4-15 (right-
pointing triangles) eluted as a mixture of a monomer and dimer.
B6.4-17 (left-pointing triangles) was mainly a monomer. B13-15
(circles) eluted as a homogeneous dimer, but aggregated over time.
B13-17 (pentagons) was a mixture of dimers and other oligomers.

FIGURE 5: Cross-linking of B17 domain constructs. B17 domain constructs (0.02 mg/mL) were mixed in 10 mM sodium phosphate, 150
mM sodium chloride, and 10% glycerol at pH 7.5 for 1 h. Glutaraldehyde (GA) was added to a concentration of 0.005%, except for
B6.4-13 with B13-17 and B6.4-17 with B13-17, where 0.002% glutaraldehyde was used. Samples were analyzed on 12.5% SDS-PAGE
gels and stained with Coomassie blue: MW, molecular mass marker; lanes 1 and 2, maltose binding protein
MBP); lanes 3 and 4, B5.9; lanes 5 and 6, B6.4-13; lanes 7 and 8, B6.4-17; lanes 9 and 10, B13-17; lanes 11 and 12, B5.9 and
B6.4-13; lanes 13 and 14, B5.9 and B13-17; lanes 15 and 16, B5.9 and B6.4-17; lanes 17 and 18, B6.4-13 and B13-17; and lanes 19 and
20, B6.4-17 and B13-17.
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masses. Although a dimer band is clearly formed, it is
difficult to differentiate whether it is from the two possible
homodimers, the B5.9-B6.4-13 heterodimer, or a combina-
tion of all three species (Figure 5). B5.9 and B13-17 do not
form specific cross-links with each other, which is consistent
with the model, as they do not have a large interacting surface
in the B17 model based on lipovitellin (Figure 5). B5.9 does
not cross-link to B6.4-17 either (Figure 5), which makes the
ambiguous dimer band in the B5.9 and B6.4-13 cross-linking
reaction more likely to be homodimers. B6.4-13 and
B13-17 form specific cross-links to each other, producing a
band with the same size as B6.4-17 (Figure 5), indicating
B6.4-13 and B13-17 interact with each other in a 1:1 manner.
Given that B6.4-13 is a dimer by itself and B13-17 is a dimer/
oligomer mixture, this heterodimeric interaction between
B6.4-13 and B13-17 must have a lowerKd that can
outcompete the homodimer interactions. The fact that
B6.4-17 and B13-17 do not cross-link to each other suggests
that B13-17 interacts with B6.4-13 in a specific manner
(Figure 5). In addition to B6.4-13, B13-17 also cross-links
to B13, forming a single heterodimer band on a Tricine-
SDS gel (Figure S1 of the Supporting Information). There-
fore, it is likely that the B13-17 and B6.4-13 interactionin
Vitro is similar to the intrinsic interaction that occurs in
B6.4-17 and in intact B17.

Secondary Structure of the N-Terminal ApoB Domains.
To examine the secondary structure of the different N-
terminal apoB constructs, we have used circular dichroism
(CD) spectroscopy (Figure 6). The far-UV CD spectra of
B5.9 expressed in Sf9 cells indicate aâ-sheet-dominated
structure (39%â-sheet) with a minimum at 210 nm (Figure
6a and Table 2). The spectra of B13 and B17 indicate a
mixture ofR- andâ-structures. The mean residue ellipticities
of B13 and B17 are very close to each other, except that
B13 has a stronger signal at 207 nm, which comes from the
larger contribution of theâ-barrel domain (Figure 6a). The
calculated secondary structure contents are also very close

to each other. The constructs containing the helical domain,
B6.4-13, B6.4-15, and B6.4-17, are easily identified as helical
proteins with characteristic minima at 222 and 209 nm. The
helical content of the three constructs decreases from
B6.4-13 to B6.4-15 to B6.4-17 as expected (60, 53, and 46%
helical, respectively), due to the increase in size of the
C-sheet (Figure 6b and Table 2). B13-15 is largely unfolded
with a minimum at 200 nm in the CD spectrum (Figure 6b).
This observation is consistent with the results of our limited
proteolysis and modeling where B13-15 is only expected to
fold when associated with the helical domain (B6.4-15) or
as part of the C-sheet (B13-17). Surprisingly, B13-17 gives
a helical spectrum with 31%R-helix and 19%â-sheet (Figure
6b and Table 2). A possible explanation is that the region
not visible in the crystal structure of lipovitellin adopts some
helical secondary structure. In fact, on the basis of the
primary sequence, a large part of the missing region of the
C-sheet is predicted to be helical. However, since the
truncated C-sheet is not as highly soluble in solution, the
helical content could be induced by domain truncation and/
or protein self-association. It is also possible that some
segments of B13-17 adopt helical structures, while more
â-sheets are formed in those segments in the context of
B6.4-17.

To examine whether the three domains, theâ-barrel (B5.9),
the helical domain (B6.4-13), and the C-sheet (B13-17), have
the same conformation in isolation as in B17, we compared
the B17 spectra with the sum of the spectra of the individual
domains. The three summation spectra (B5.9+ B6.4-17, B13
+ B13-17, and B5.9+ B6.4-13 + B13-17) overlap with
the B17 curve to a close approximation. This suggests that
the three domains can fold independently and no large
secondary structure change occurs when the three domains
are assembled as B17.

We have also examined the stability of the individual
domains by monitoring their thermal and chemical unfolding
by CD. The thermal unfolding of B5.9 results in an

FIGURE 6: Far-UV CD spectra of B17 domain constructs. Each sample contained∼2 µM (exact molar concentration determined by UV
absorbance) protein in 10 mM potassium phosphate (pH 7.5). B5.9 and B13 were supplemented with 150 mM potassium fluoride to maintain
their solubility. Experiments were performed in a 1 mmcuvette at 25°C. Each spectrum is the average of four scans with an averaging time
of 5 s atevery 1 nm wavelength. (a) Constructs containing theâ-barrel domain: B5.9 (3), B13 (0), and B17 (4). (b) Constructs lacking
the â-barrel domain: B6.4-13 (]), B6.4-15 (right-pointing triangles), B6.4-17 (left-pointing triangles), B13-15 (O), and B13-17 (<). (c)
Comparison of B17 spectra to the sum of the individual domain construct spectra. The summation spectra were produced by adding the
mean residue ellipticity of the individual domains weighted by their relative contributions to B17 (i.e., the ratio of residue numbers in the
fragment to the 782 residues in B17): B17 (4), B5.9 and B6-17 (6), B13 and B13-17 (5), and B5.9, B6-13, and B13-17 (2). For clarity,
only every eighth data point is shown.

Dissecting the N-Terminal Region of Apolipoprotein B Biochemistry, Vol. 44, No. 4, 20051169



irreversible aggregation at 80°C (data not shown). In
contrast, the thermal unfolding of the helical domain
constructs, B6.4-13 and B6.4-15, is not complete even at 98
°C (data not shown). To compare the stability of different
domains under the same conditions, we use GuHCl to
chemically unfold the protein. Of the three tested domains,
B5.9, B6.4-13, and B13-17, B5.9 unfolds first at 1 M GuHCl
(Figure 7). The B5.9 unfolding curve indicates a cooperative
unfolding process, suggesting theâ-barrel domain is a single
folding unit. The C-sheet construct, B13-17, starts to unfold
at a higher denaturant concentration than B5.9 and loses 90%
of its signal at 222 nm at 2 M GuHCl (Figure 7). The
unfolding also appears to be a cooperative event. The
unfolding transition of helical domain construct B6.4-13
covers a wide GuHCl concentration range from 1 to 4 M
(Figure 7). It is a much less cooperative process and may
involve several intermediate states. This indicates the helical
region does not contain a single folding unit but, instead,
many local folding units exist that unfold independently. The
unfolding curve of B17 reflects the combined effect of the
three independent domains (Figure 7). At low GuHCl
concentrations, most of the signal loss is due to the unfolding
of the C-sheet, B13-17, and to a lesser extent theâ-barrel

domain, B5.9, at 222 nm. The loss of signal at higher GuHCl
concentrations primarily results from the unfolding of the
helical domain. Thus, the three domains within B17 are
different in their chemical stability and unfolding cooperat-
ivity. The folding and assembly of the three domains into
B17 do not provide a new more stable hydrophobic core.
Instead, the intrinsic forces involved in the folding of the
three individual domains appear to be independent of the
domain-domain interactions in B17.

DISCUSSION

ApoB is a key protein in the metabolism of lipoproteins.
A high-resolution structure of apoB has long been awaited,
but has still not been determined. The N-terminal region of
apoB is unique and critical for the assembly and secretion
of VLDL particles (47). On the basis of its homology to
lipovitellin, a putative ancestor of apoB, three-dimensional
models have been constructed in several labs (11, 29, 36).
In this paper, we combine biochemical and biophysical
approaches to test the validity of this model experimentally.

One validation of the model is the model itself. The
localization of all the cysteine residues in sites favoring the
formation of disulfide bonds provides strong support for the
model, given that the cysteine positions in apoB and
lipovitellin differ. The tertiary packing of the helical domain
in the model is similar to that of lipovitellin not only in the
shape of the two layer helices but also in the distribution of
hydrophilic and hydrophobic residues. Like the helical
domain in lipovitellin, the helical domain in apoB also
consists of two layers of helices with a large hydrophobic
space between them, tethering the two layers together. The
C-sheet domains are amphipathic in both proteins, with one
side negatively charged, interacting with the helical domain,
and the other side hydrophobic, possibly making a lipid-
binding surface (Figure 1d).

Our limited proteolysis data also support the lipovitellin-
based model. The proteins tested are B5.9 and B17 expressed

Table 2: Summary of the Secondary Structure Contents (%)
Predicted by CD

CDa modelb δc

B5.9 R-helix 7.1 8.9 1.8
â-strand 38.6 44.2 5.6
others 54.6 40.1 -7.8
not calcdd 6.7

B13 R-helix 32.9 34.4 1.5
â-strand 17.1 19.3 2.2
others 49.7 42.5 -3.3
not calcdd 3.9

B17 R-helix 33.0 27.5 -5.5
â-strand 16.9 21.7 4.8
others 49.7 38.5 1.1
not calcdd 12.3

B6.4-13 R-helix 59.7 59.5 -0.2
â-strand 5.1 0 -5.1
others 34.9 38.2 5.6
not calcdd 12.3

B6.4-15 R-helix 52.5 47.2 -5.3
â-strand 8.5 9.9 1.4
others 38.6 39.9 4.3
not calcdd 3.0

B6.4-17 R-helix 46.3 38.2 -8.1
â-strand 12.0 10.2 -1.8
others 41.4 34.5 10.1
not calcdd 17.0

B13-15 R-helix 4.9 0 -4.9
â-strand 30.7 50.0 19.3
others 63.4 33.3 -13.4
not calcdd 16.7

B13-17 R-helix 30.7 16.7 -14.0
â-strand 19.2 28.3 9.1
others 49.8 20.0 18.2
not calcdd 48.0

a The reported data are the average of secondary structure contents
calculated on the basis of the CD wavelength scan from 250 to 185
nm by CDPro, which contains three prediction tools: SELCON3,
CONTIN, and CDSSTR (43-46). b The secondary structure annotation
in the model was created by DSSP (38). c δ is the difference in
secondary structure between the predictions from CD and the model.
d Three types of sequences were not in the model and thus could not
be annotated: the sequence not modeled due to the lack of PDB
coordinates in lipovitellin, the N-terminal Met, and the C-terminal six-
His tag.

FIGURE 7: Chemical unfolding of B17 domain constructs. Each
sample contained∼0.2µM protein in 10 mM potassium phosphate
(pH 7.5) in a 1 cmcuvette. The unfolding was performed under
the constant volume mode, at 25°C, by adding 7 M GuHCl (pH
7.5) at 0.1 M steps with stirring for 1 min followed by a 5 sdelay.
Data were collected with a 20 s averaging time at 222 nm, except
for B5.9 that was monitored at 217 nm. The raw unfolding curves
were converted to percent unfolded: B5.9 (3), B6.4-13 (]),
B13-17 (<), and B17 (4). For clarity, only every fifth data point
is shown.
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in Sf9 cells. The secretion of B5.9 and B17 through the
quality control systems of the ER in Sf9 cells and the addition
of a carbohydrate at the expected position are strong
indications of correct folding. The advantage of using trypsin
as the protease is its specific cleavage at lysine and arginine
residues, making it simpler to map the cleavage sites.
Conversely, it cannot identify unfolded regions lacking those
residues. Additionally, we have not identified every fragment
observed in the digestion; instead, we have focused on the
stable, long-lived fragments. The observation of a cleavage
indicates that the lysine or arginine is in an unstructured
region. However, it is possible that the fragments are still
associated with each other, with nicks in the loop regions.

The two fragments from the digestion of B5.9 are
consistent with the lipovitellin-based model. The lipovitellin
crystal structure is missing the 18 N-terminal residues,
suggesting that this region may not be well folded. The
cleavage site at position 20 indicates that the N-terminus of
apoB adopts an unfolded state similar to lipovitellin after
the signal peptide is cleaved. The cleavage sites at positions
189 and 192 can also be predicted according to the model,
since a long loop from residue 188 to 203 exists in the
lipovitellin-based model. This loop connects the 10th and
11th strands and interacts with the helical domain and C-sheet
domain. From residue 21 to 187, there are 22 lysine or
arginine residues, but no major loops are found in the
lipovitellin-based model, consistent with the protease protec-
tion we observed with the 20 kDa fragment.

The cleavage patterns observed in the B17 digestion are
more complicated. A complete C-sheet fragment of 20 kDa
is observed at low trypsin concentrations. However, a 40
kDa fragment starting from the third helix in the helical
domain to the middle of the C-sheet is observed at high
trypsin concentrations. This indicates that the 40 kDa
fragment adopts a more stable conformation than the C-sheet,
which can be observed only at low trypsin concentrations.
The C-sheet observed at the low trypsin concentration might
be an intermediate product during the proteolysis, which will
be further degraded, given more reaction time or protease.
Additionally, the C-sheet fragment is observed together with
many other unidentified fragments, suggesting that the
C-sheet can still be in association with the helical domain,
although it is nicked at the connecting region. This explana-
tion is supported by the observed cross-linking between the
helical domain and the C-sheet domainin Vitro.

Trypsin cleavage occurs at accessible residues. Proteolysis,
such as the cleavage of the C-sheet, may result in further
unfolding and complete degradation of the protein, which
could explain why only a small ratio of B17 is cleaved to
the 40 kDa fragment at high trypsin concentrations. The
protection of the 40 kDa fragment is the result of a specific
sequential cleavage event. Since we did not identify each
fragment at each reaction time point, we are not able to draw
conclusions about the kinetics of the trypsin proteolysis.
Instead, we focus on the major protected fragments in
understanding why they are not susceptible to proteolysis.

The 40 kDa fragment from the B17 digest, containing most
of the helical domain and part of the C-sheet, must be tightly
folded within B17, as it protects 22 lysine and 10 arginine
residues. The helical domain is cut after the first two helices
at R329, in the loop connecting helix 2 and helix 3. However,
there are many other sites in similar turns, such as R400,

R412, K427, K480, K485, K493, K506, K510, R604, K605,
and R608, within the 40 kDa fragment that are protected
from digestion. Thus, the loop between the second and third
helix may be longer than the model predicts or unstructured,
allowing for cleavage. K480, K485, and K491 in the long
loop from residue 469 to 493 in the model are not cleaved
in the 40 kDa fragment, suggesting that this region folds
into a stable structure. In the alignment between apoB and
lipovitellin, a large part of this loop region lacks a homolo-
gous sequence in lipovitellin. This is a demonstration that
the quality of homologous modeling is highly dependent on
the accuracy of the alignment. More interestingly, the loop
from residue 596 to 609, connecting the helical domain and
the C-sheet, is also protected in this fragment, as R604, K605,
and R608 are not cleaved. It indicates that this loop can adopt
a folded conformation in B17. Finally, the 40 kDa fragment
ends in a region missing in the lipovitellin structure,
suggesting the C-sheet of apoB may contain an unstructured
region like lipovitellin.

The lipovitellin-based model is also supported by the
independent refolding of the three domains within B17in
Vitro. The fact that B13-15 does not fold on its own is in
agreement with our limited proteolysis data, which show that
this region is within the protected fragment of either B6.4-
15 or B13-17. Size exclusion chromatography and cross-
linking experiments indicate that almost all the domains
exhibit intermolecular interaction to some extentin Vitro.
As full-length apoB is monomeric, the homodimer interaction
we observe is the result of the artificial domain truncation
and the exposure of hydrophobic patches. It is noteworthy
that B5.9 contains a largely hydrophilic surface in the model
(Figure 1b). Interestingly, it is suggested that theâ-barrel
domain, B5.9, is one of the docking sites for MTP, when
the latter is shuttling lipids to apoB during the assembly of
VLDL in the ER (29). Given that the N-terminal region of
MTP is also homologous to lipovitellin, one possibility is
that this B5.9 homodimer mimics the dimer interaction
between B5.9 and the N-terminal region of MTP.

In the model, a long loop, connecting the 10th and 11th
strand in B5.9, sits in the groove between the helical domain
and the C-sheet. This loop, which is composed of mainly
hydrophobic residues with two basic residues on each side,
is conserved in lipovitellin. In the B5.9 construct, this
hydrophobic loop is cleaved by trypsin, but the loop is
inaccessible in B17. This suggests that the B5.9 hydrophobic
loop is buried in B17 and interacting with the helical and
C-sheet domain as it does in lipovitellin. In our cross-linking
experiments, B5.9 does not cross-link to B6.4-13, B13-17,
or B6.4-17, suggesting that the loop is probably not sufficient
for locking B5.9 in the right position or it must be inserted
cotranslationally. Actually, in the lipovitellin structure, the
other major component stabilizing theâ-barrel domain is
the A-sheet sitting at the bottom of the barrel, suggesting
the B17-20 region could be interacting with B5.9 in apoB
(48, 49).

In contrast to B5.9, B13-17 cross-links to B6.4-13 specif-
ically. The negatively charged face of B13-17 likely interacts
with the positively charged half of the inside layer from the
helical domain, generating a continuous hydrophobic surface,
including the hydrophobic side of B13-17 and the hydro-
phobic half of the inside layer from the helical domain
(Figure 1c,d). This interaction is so strong that it outcompetes
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the homodimer interaction of both B6.4-13 and B13-17.
Notably, in lipovitellin, the C-sheet uses this charge-charge
interaction to associate itself with the helical domain and
forms a hydrophobic pocket together with the A-sheet,
creating an entirely hydrophobic surface for lipid binding
(49). This structural scheme may be inherited by apoB for
initiation of lipid incorporation and nucleation of the VLDL
assembly.

The three domains within B17 expressed separately contain
secondary structure similar to that predicted by the model.
B6.4-13 has essentially the same helical content as predicted
in the model (Table 2). Theâ-sheet content of B5.9 is 5.6%
lower than the model predicts, which is reasonable, consider-
ing the less accurateâ-sheet prediction by CD (Table. 2).
Surprisingly, the CD spectrum of B13-17 exhibits a signifi-
cant helical signal, with 30.7% helix, 19.2%â-sheet, and
49.8% random coil (Table. 2). This fragment contains a 40-
residue region that is missing from the electron density of
the lipovitellin crystal structure. The helical CD spectrum
indicates that a large amount of the unmodeled regions in
B13-17 could be in a helical form. However, it is also
possible that higher than expected helicity is an artifact of
domain truncation since the B13-17 construct is not highly
soluble. No significant difference is observed between the
measured B17 CD curve and those produced by summing
the spectra of the different domains, suggesting that no large
secondary structure changes occur when the three domains
fold into B17. Furthermore, the B17 chemical denaturation
curve is close to the sum of the denaturation curves of the
three individual domains, indicating the three domains are
likely to fold independently in B17. In contrast to the
cooperative chemical unfolding of B5.9 and B13-17, the
unfolding of B6.4-13, corresponding to the helical domain,
is essentially linear, suggesting multistep, noncooperative
unfolding. This observation is somewhat surprising, given
the prediction based on the structure of lipovitellin where
the helical domain contains a large global hydrophobic core
between the two layers of helices (48, 50). However, the
flexible and adaptable property of this domain may be
important in the assembly and secretion of VLDL.

In conclusion, our biochemical and biophysical data
provide direct experimental support for the current B17
model based on lipovitellin. Most of our limited proteolysis
data can be explained by this model. The three domains
within B17 are independent folding units and contain the
secondary structures predicted by the model. The clarification
of the domain packing and the identification of loop regions
in the N-terminal region of apoB should provide new
strategies for the structural characterization of this protein.
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