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Abstract Structural characterization of B17, the 17 %
N-terminal domain of apo B, was carried out using circular
dichroic (CD) spectroscopy, where secondary and tertiary
structures were studied as a function of temperature and
pH. Mild acidic conditions that correlate with histidine
protonation invoked a change in the «-helix and random
coil contents of the protein, with no apparent change in the
f-sheet structural content. Specific changes in the structure
of the protein that occur in response to temperature were
also investigated to understand the stability and confor-
mational changes of B17. Far- and near-UV CDs were used
to probe the thermal changes in the protein. The proton-
ation of some histidine residues was attributed to underlie
the increase in the helical content of the protein.
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Introduction

Apolipoprotein Bjgg is the sole protein constituent of
human low-density lipoprotein (LDL) and is one of the
largest proteins known (Mahley and Angelin 1984). The
primary sequence of the protein consists of 4,593 amino
acids (aa), containing a 27-aa signal peptide. The molecular
mass of the mature sequence is 512,937 Da, but when post-
translationally glycosylated, the sugar moieties add some
3040 kDa to the molecule, and the protein will have a
molecular mass of ~550 kDa. (Chen et al. 1986; Cladaras
et al. 1986; Knott et al. 1986; Law et al. 1986; Yang et al.
1986). While Apo Byg, the 48 % N-terminal portion of apo
Bioo, is made by intestinal cells via a novel splicing
mechanism, the full-length protein is synthesized in the
liver and packaged into VLDL within the inner leaflet of
the endoplasmic reticulum (Olofsson et al. 1987; Pease
et al. 1991).

Sixteen out of 25 cysteine residues in Apo Bygy form
disulfide bonds (Yang et al. 1990; Shelness and Thornburg
1996; Huang and Shelness 1997). Seven of these disulfide
bridges occur in the 17 % N-terminal domain of the pro-
tein, all of which are found in regions that are released
from the particle by trypsin digestion (Yang et al. 1989).

Due to the size and insolubility of Apo Biq, it is so
difficult to determine the structural motifs responsible for
the lipid association that only indirect probing has been
done on this nonexchangeable protein. Biochemical, bio-
physical, and bioinformatical techniques have been used to
study the domain structure and rearrangements of apo B
(Nolte 1994; Khachfe 2002; Al-Ali and Khachfe 2007).
Such approaches have explained much of the domain
arrangement of this huge protein.

However, owing to its huge size and the lack of a crystal
structure, it is imperative to study the structure of the
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protein in pieces, probably corresponding to structural or
functional domains. Accordingly, genetically engineered
truncations have been obtained to study the domain orga-
nization in the protein (Cladaras et al. 1986; Herscovitz
et al. 1991; Khachfe and Atkinson 2011). The 17 %
N-terminal portion of the protein posed an interesting
candidate for structural studies for several reasons: (1) its
homology with lipovitellin—a lipid-transporting protein—
whose structure was solved and opened the door to model
the structure of apo B (Al-Ali and Khachfe 2007); (2) the
optimal interaction of this portion of the protein is shown
with the microsomal triglyceride transfer protein, MTP,
which is an absolute requirement for the assembly of
neutral lipids and phospholipids into chylomicrons and
VLDL particles (Hussain et al. 1997); (3) this part of the
protein readily associates with a variety of phospholipids to
from large discoidal particles (Herscovitz et al. 2001) and
has interesting metabolic behaviors based on its glycosyl-
ation state (Vukmirica et al. 2002); (4) as mentioned ear-
lier, seven out of the eight disulfide bonds found in apo
Bgo are located in the N-terminal domain, suggesting that
this portion is compact, highly organized, and most likely
globular (Prassl and Laggner 2009).

Materials and methods

Pure B17 was obtained as previously described (khachfe
and Atkinson 2011). Samples were dialyzed to the appro-
priate buffer conditions using Slide-A-Lyzer dialysis cas-
settes (10,000 MWCO) obtained from Pierce, USA.

Far- and near-UV CD spectra were measured and
recorded on an Aviv 62DS CD Spectropolarimeter (Aviv
Associates, Inc., Lakewood, NJ) equipped with a thermo-
electric temperature controller. All spectra were recorded
with a 0.5-nm wavelength scan step, 10.0-s average time,
and 2.00-nm bandwidth.

The full scans were analyzed for their structural con-
tents with the aid of CONTIN (Provencher and Glockner
1981) and PredictProtein (Bohm et al. 1992) computer
packages. The analysis was done with the 35 matrix basis
spectral set, which included the CD profiles of some 35
reference (all-o-helix, all-f-sheet, and o-helix and f-sheet)
proteins.

Analysis of the CD thermal unfolding curves was car-
ried out using the van’t Hoff plots (Pace et al. 1989), In K,
versus 1/T, where K., is the apparent equilibrium constant
and T is the temperature in kelvin, as well as the first
derivative plots of the temperature curves (Pace et al.
1989). If ®,,,,(7) is the observed ellipticity of the protein,
®Ox(T) and Oy(T) are the baselines for the protein folded
and unfolded states determined by the temperature curves,
then the equilibrium constant can be represented by

@ Springer

40
°
£ 20
e b o Mammalian System
“‘E Bacculovirus system
?
(=2
[}
T
> 0-
-«
X
—
%
—
-20

T T T T T T T T T T T T T
190 200 210 220 230 240 250
Wavelength (nm)

Fig. 1 Circular dichroism of B17. Far-UV CD spectra of B17
purified from mammalian and insect (bacculovirus expression, BV)
cell systems. Mammalian B17 at 0.12 mg/ml in 5 mM K-phosphate,
pH 7.4, at 25 °C, was compared to BV B17 at 0.12 mg/ml in
5 mM K-phosphate, pH 7.4, at 25 °C. Both measurements were
carried out in a 2 mm-pathlength cell

®F - ®0bs

Koy = L%
“ ®0bx - ®U

(1)
The plots were fitted—in the transition regions—by the
linear function

AS  [AH, 1
ngq:__( H)x—,
R R T

where R = 1.98 cal/mol K is the universal gas constant,
and AS is the transition entropy.

(2)

Results

The full far-UV CD spectra of B17 from both expression
systems are presented in Fig. 1. The data were recorded at
25 °C for 0.12 mg/ml B17 in 5 mM K-phosphate at pH 7.4.
The CD data show that both mammalian and insect—baccu-
lovirus expression (BV)—cell systems express the protein, as
far as the secondary structure is concerned, with the same
overall conformation. The spectrum is characterized by a broad
negative curve between 208 and 225 nm as well as a positive
peak at around 192 nm. This indicated that B17 is comprised of
o-helix, f-strand (sheet), and turn and coil structures.

All subsequent pH, thermal behavior, and unfolding
experiments using circular dichroic spectroscopy were
done on B17 expressed and purified from both the mam-
malian and insect systems. Identical results were obtained
irrespective of the protein source. Therefore, the results
presented in this report show the data from the BV
expressed protein only.
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Fig. 2 Thermal behavior, I. Far-UV CD spectra of the baculovirus
system (BV) B17 at 0.1 mg/ml in 5 mM K-phosphate, pH 7.4,
recorded at constant temperatures of 25, 40, 60, 70, 80, and 25 °C
after cooling, in a 2-mm-pathlength cell

The concentration dependence of the CD of B17 was
investigated by recording the CD of two samples in the
same buffer at the same temperature: one at 0.1 mg/ml of
B17; the other at 1 mg/ml of B17. Both spectra showed the
exact same characteristics of the spectra in Fig. 1, and
when normalized to concentration, the spectra were indis-
tinguishable (data not shown). This relieved us from wor-
rying about changes due to self-association in the range of
concentrations we intended to use.

Figure 2 shows the full spectra of 0.12 mg/ml B17 from
the baculovirus system (BV) in 5 mM K-phosphate at pH
7.4 recorded at constant temperatures of 25, 40, 60, 70, 80,
and 25 °C after cooling. The spectra demonstrate the
overall behavior of the protein at different temperatures
and also provide its profile after it has been heated to
elevated temperatures. The characteristic negative bands at
~208 and ~222 nm as well the positive bands at
~ 190 nm show—with varying degrees—the changes that
are taking place to the different structural elements.

The specific thermal responses of the structural elements
were monitored by thermally unfolding B17 at 0.12 mg/ml
in 5 mM K-phosphate at pH 7.4 while recording the
change in CD at 217 nm for fi-sheets, 222 nm for a-helices,
and 203 nm for loops. These measurements are shown in
Fig. 3. The curves indicate that the a-helix, f-sheet, and
turn and coil structures each undergo separate two-state,
cooperative unfolding processes.

To examine the reversibility of the thermal unfolding in
more detail, CD data were collected at these specific
wavelengths, showing cooling at different rates. Figures 4
and 5 present the results of the cooling at different rates
monitored at two wavelengths characteristic of the a-helix
and f-sheet. The thermal unfolding of the p-sheets
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Fig. 3 Thermal unfolding of B17. Behavior of BV B17 as a function

of temperature monitored at selected wavelengths: 203 nm (loops),

217 nm (f-sheet), and 222 nm (a-helix). The measurements were

carried out on 0.1 mg/ml B17 in 5 mM K-phosphate, pH 7.4, in a
5-mm-pathlength cell
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Fig. 4 Thermal behavior and reversibility of B17—I. The behavior
(and its reversibility) of BV B17 as a function of temperature
monitored at 222 nm (o-helix). Average time per point is: (A) 1 min,
(B) 5 min, and (C) 10 min. The measurements were carried out on
0.1 mg/ml B17 in 5 mM K-phosphate, pH 7.4, in a 5-mm-pathlength
cell

(monitored at 217 nm) up to ~70 °C—which is the
approximate mid-temperature of the transition observed in
Fig. 3 (217 nm)—refolded completely upon cooling, irre-
spective of the rate at which cooling took place. Sub-
sequent unfolding and cooling at different rates produced
results similar to those for the «-helix thermal unfolding.
Visual inspection revealed that no aggregation was seen in
any thermal unfolding experiment.
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Fig. 5 Thermal behavior and its reversibility in B17—II. The

behavior (and its reversibility) of BV B17 as a function of

temperature monitored at 217 nm (ff-sheet). Average time per point

is: (A) 1 min, (B) 5 min, and (C) 10 min. The measurements were

carried out on 0.1 mg/ml B17 in 5 mM K-phosphate, pH 7.4, in a
5-mm-pathlength cell
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Fig. 6 pH behavior, I. The effect of pH changes on the structural
elements of BV B17 at 0.1 mg/ml in 5 mM K-phosphate at selected
pHs taken at 25 °C in a 2-mm-pathlength cell. The same sample was
dialyzed to the desired pH, and its concentration was checked prior to
recording the data

The behavior of B17 with respect to pH is shown in
Fig. 6. The full spectra of 0.12 mg/ml B17 in 5 mM K-
phosphate were recorded at a pH range from 7.4 to 6.5.
Similar to the case of temperature change, the spectra
corresponding to different pH points always retained
characteristic negative and positive bands that correspond
to the different structural elements in the protein. However,
a progressive increase in the ellipticity was observed with
decreasing pH, suggesting that conformational changes are
taking place.
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Fig. 7 pH behavior, II. Near UV-CD spectra of BV B17 at 0.5 mg/ml
in 5 mM Na-phosphate, pH 7.4-6.5, and 25 °C in a 5-mm-pathlength
cell. The same sample was dialyzed to the desired pH, and its
concentration was checked prior to recording the data

The near-UV CD spectra of 1.5 mg/ml B17 in K-phos-
phate at 25 °C and pH 7.4, 7.1, 6.9, and 6.5, are shown in
Fig. 7. The spectrum at pH 7.4 is characterized by a
positive maximum at ~280 nm, with a shoulder at
~290 nm. These peaks have been reported to correspond
to the tyrosine and tryptophan side chains (Kahn 1979;
Strickland 1972, Strickland et al. 1972a, b; Strickland and
Mercola 1976). Figure 8 shows the near-UV CD spectra of
1.5 mg/ml B17 in K-phosphate at 25, 40, 60, 70, and
80 °C. The basic spectrum characteristics are seen at 260,
280, and 290 nm.

Discussion

CONTIN and PredictProtein analysis of the far-UV CD
spectrum of Fig. 1 shows that the secondary structure
composition of B17 contains 29 % a-helix, 26 % f-sheet,
and 45 % turns and random coil. A representative fit for
such an analysis is shown in Fig. 9. These results are
consistent with previously reported CD analysis of the
protein (Herscovitz et al. 2001), as well as with the struc-
ture of the homologous region of lipovitellin (Mann et al.
1999). Table 1 gives a summary of the CD analysis of B17
and lipovitellin. The values in the “Measured CD” row, as
well as the rest of the data in Tables 2 and 3, correspond to
the deconvolution output + SD of three to five average CD
spectra for B17—recorded from three to five different
samples under the same conditions of temperature and
pH—with respect to a set of basis spectra.

Heating B17 caused the protein to undergo changes in
all structural elements. Table 2 gives a summary of the
deconvolution analysis of the spectra in Fig. 2. While these
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Fig. 8 Thermal behavior, II. Near-UV CD spectra of BV B17 at
0.5 mg/ml in 5 mM Na-phosphate, pH 7.4, recorded at constant
temperatures of 25, 40, 60, 70, 80, and 25 °C after cooling, in a
5-mm-pathlength cell

Fana Data: B17 pH 7.4

\ Model: All

chi’* = 0.10576
20 - R® = 0.99845

% a-helix =29

% p-sheet =26
% TiC =45

0 _‘:‘A_‘-,owcm
A
}J."

20 - \\ s f

iy

[6]x 10° deg-cm’/dmol

Exp. data
CONTIN
> PredictProtein

A
AR

T T T v T T T T T T T T T
190 200 210 220 230 240 250

Wavelength (nm)

Fig. 9 CD analysis. A deconvolution analysis of the B17 CD
spectrum of Fig. 1

spectra show that, upon heating the protein, all the struc-
tural elements are involved in the changes taking place, the
table pinpoints the observation that these changes take
place in phases. Between 25 and 40 °C, no recordable
effect occurs. At around 60 °C, some of the f-sheet content
begins to unfold to unordered turns and coils, so that by
70 °C, this change manifests itself clearly, whereas the
unfolding of «-helices is just beginning. The unfolding of
o-helices and f-sheets in this profile reaches its apex at
around 80 °C when the content of both helix and sheet
become around 10 %, whereas the percent content of turns
and random coils is about 80 %. Upon cooling the protein
back to 25 °C, the structural elements do not refold

region only)

Percent occurrence of the different structural elements in B17 as
measured in this study and reported by Herscovitz et al. (2001), and
the comparison with the homology region of lipovitellin as determined
by the count of residues per structural element reported in the crystal

structure

Table 2 The change in the structural elements of B17 as a function

of temperature

% o-helix % [-sheet % Turns and coils
25 °C 288 £ 0.6 256+04 456 =+0.38
40 °C 29.1£05 259+0.1 46.0=+0.7
60 °C 280+ 03 221 +04 49.0=£0.1
70 °C 252 +05 164 +06 58405
80 °C 124+ 06 113 +02 763 +0.6
25 °C (after cooling) 15.1 £0.2 11.1 £0.6 73.8 +0.2

The table corresponds to the CD data reported in Fig. 2. Deconvo-
lution analysis was carried out using CONTIN and PredictProtein.
Standard deviations are calculated based on the values of repeated
measurements under the same conditions

completely to their native state; rather, they adopt a con-
formation in which only some of the a-helices refold, while
the f-sheets stay in their 80 °C unfolded state.

This thermal behavior is more apparent in the spectra of
B17 as a function of temperature, as shown in Figs. 3, 4
and 5. These data show that the f-sheets begin unfolding at
~60 °C and continue to ~80 °C. The o-helices begin
unfolding ~70 °C and after 10 °C reach an unfolded state
plateau. Although the CD signal at 217 nm represents the
sum of contributions of all structural elements, the fact that
the helical content monitored—and solely contributed to by
helices—at 222 nm does not begin to unfold until the
217 nm curve has passed its midpoint temperature is a
clear indication that the 217-nm thermal unfolding curve is
predominantly contributed to—at least up to ~70 °C—by
the f-sheets of B17.

Figures 4 and 5 explore the reversibility of these thermal
unfolding scans. In each figure, the curves show that while
the unfolding process is similar at all three wavelengths,
the refolding is kinetically controlled: the refolding of the
a-helices is dependent on cooling and on time. In addition,
Fig. 5 (upper panel) shows the complete reversibility of
unfolding for the f-sheets should this unfolding stop at
70 °C. Beyond that, the sheets behave in a fashion similar
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Table 3 The change in the structural elements of B17 as a function
of pH

% o-helix % p-sheet % Turns and coils
pH 7.4 28.8 £ 0.6 25.6 £ 04 45.6 £ 0.8
pH 7.1 282 £ 0.8 26.0 £ 0.3 453 £ 0.7
pH 6.8 304 £0.2 258+ 0.5 438 £ 0.3
pH 6.5 323+ 04 25.1 £ 0.7 42.6 £ 04

The table corresponds to the CD data reported in Fig. 6. Deconvo-
lution analysis was carried out using CONTIN and PredictProtein.
Standard deviations are calculated based on the values of repeated
measurements under the same conditions

to the helices (lower panels). This may suggest that B17 is
composed of two domains that, up to ~70 °C, are ther-
mally independent, but beyond 70 °C, the two domains
unfold—and eventually refold—cooperatively.

The rather unusually high melting temperatures for these
structural elements in B17 compared to other apolipopro-
teins may be due to its special structural arrangement. For
instance, disulfide bridges—six of which are found in
B17—have been reported to cause a notable increase in the
thermal stability of proteins (Wakarchuk et al. 1994).
Engineered peptides as well as native proteins have shown
that upon inclusion of a disulfide bridge, the thermal sta-
bility of an «-helix can increase by ~ 10 °C (Turunen et al.
2001; Wakarchuk et al. 1994).

The effect of pH change on the structure of B17 is
summarized in Table 3. The data clearly show that upon
decreasing the pH below 7.1, the a-helical content begins
to increase, and the turn and coil structural content begin to
decrease, with no substantial change in the f-sheet struc-
ture. At pH 6.5, the deviations from the pH 7.4 values for
o-helix, ff-sheet, and turns and coils become 3.5, —0.6, and
—3 %, respectively. This shows that with a mild acidity
change, the f-sheet content of B17 undergoes little or no
change, while some residues that used to form turns and
coils reorganize into a-helices. It is worth noting that below
pH 6.5, the scans became irreproducible under the same
conditions, suggesting further deterioration in the structure
of the protein.

The near-UV CD spectra showed the behavior of the
tyrosine and tryptophan residues as a function of temper-
ature or pH. When correlated with the far-UV CD spectra
taken at different temperatures, the thermal changes of the
tyrosine and tryptophan residues can be associated with the
individual unfolding of the f-sheets and a-helices,
respectively. As the temperature was increased from 25 to
60 °C, only changes in the tyrosine CD (280 nm) were
seen, concomitant with the change in f-sheet content seen
in the full spectra. Beyond 60 °C, the changes are also
associated with the thermal changes seen in the full spectra
as well as the thermal unfolding scans of B17.

@ Springer

On the other hand, the fact that the change corre-
sponding to pH in the tryptophan exposure is concomitant
with the change in o-helical/coil content suggests that these
residues are located in regions independent of the f-sheets.
It might also suggest that there is some kind of domain
arrangement in B17 in which the «-helices—or most of
them—form a domain independent—at least with respect
to pH—from the rest of the protein. A close look at the
amino acid sequence of B17 reveals that the three trypto-
phans residues found in the protein are located in the
second half of the structure. This gives the impression that
the second portion of the sequence might comprise a good
portion of an o-helical domain.

The reversibility upon prolonged cooling, observed
when the heat capacity curve of a long-cooled sample
looked almost identical to the heat capacity curve (Khachfe
and Atkinson 2012), confirmed the CD observation con-
cerning both the reversibility of the refolding and the
kinetic nature of the process.

The CD data taken at characteristic wavelengths with
respect to temperature attest to that. As was shown in
Figs. 4 and 5, the CD measurements taken within a time
frame similar to that of other calorimetry experiments
(Khachfe and Atkinson 2012) did indeed show the irre-
versibility of the structure once it is heated beyond 70 °C.
However, when the time step was increased to allow the
protein more time before the acquisition of each data point,
the CD measurement showed that B17 refolds almost to its
original state.

Conclusions

Apolipoprotein Bjgg (apo B) is the only protein found on
human low density lipoprotein (LDL) particles. LDL is the
agent provocateur for atherosclerosis and other coronary
heart diseases. Apo B is a large (4,536 amino acids,
550 kDa) secretory glycoprotein that has unique structural
properties. The large size of apo B necessitated that it be
studied in pieces corresponding to its structurally organized
domains. In the present work, we studied the conforma-
tional and stability properties of the 17 % N-terminal
domain of apo B, B17, based on its circular dichroic
behavior. This portion of the protein is secreted predomi-
nantly lipid-free and plays an important role in the initia-
tion and assembly of the LDL particle (Herscovitz et al.
2001).

Limited conformational and structural characterizations
were carried out using far- and near-UV circular dichroic
(CD) spectroscopy. The secondary structure and tertiary
interactions were studied with CD as a function of tem-
perature and pH. At 25 °C and pH 7.4, B17 is a globular
protein comprised of 29 % a-helix, 26 % [-sheet, and
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45 % turn and coil structures. The full far- and near-UV
spectra of B17 at 25, 40, 60, 70, and 80 °C showed a
gradual decrease in the a-helical and f-sheet structural
content—with f-sheets unfolding first—concomitant with
an increase in the structural content of turns and coils.

The full far-UV spectra at 25 °C showed an increase in
the o-helical content upon decreasing the pH from 7.4 to
6.5, accompanied by an increase in the molar ellipticity of
the near-UV CD peaks of tyrosine (280 nm) and trypto-
phan (290 nm).

Scanning the protein at specific wavelengths as a func-
tion of temperatures allowed for the determination of the
melting temperatures of the different structural contents
and the investigation of the reversibility of the unfolding
upon cooling. These procedures revealed that the o-helices
and f-sheets have melting temperatures of 73.5 and
69.9 °C, respectively. They also revealed that the refolding
is kinetically controlled in that it depends both on tem-
perature and time and that reversibility does indeed take
place upon prolonged cooling.

The sequence of apo B has been proposed to adopt a
pentapartite structure (Nolte 1994; White et al. 1994,
Segrest et al. 2001), with the N-terminal region consisting
of a globular domain that acts independently of the bulk
lipid of the apo B-containing lipoprotein particle (Segrest
et al. 2001). Truncation studies suggested an independent
state of the amino-terminal region of the protein (Hersco-
vitz et al. 1991).

Cryoelectron microscopic studies by Spin and Atkinson
reported images of LDL at approximately 30 A resolution.
Some of these images were egg-shaped and contained a
pointed end that was postulated to represent the N-terminal
globular region (fa;) of apo B (Spin 1997). Poulos and
Atkinson, as well as other researchers, also reported a
knob-like electron-dense region on the surface of the LDL
particle, with dimensions that approximate the SC globular
domain of lipovitellin (Poulos 2001; Orlova et al. 1999).

Our circular dichroic results are consistent with these
observations, as well as the previously reported CD results
(Herscovitz et al. 2001), showing that the 17 % N-terminal
region of apo B consists of a globular domain. In addition,
the current work analyzed the thermal behavior of this fu;
domain independent of neighboring protein domains or
lipid. It showed that while the full length apo B on either
LDL particles or solubilized in NaDC has transition tem-
peratures observed in other apolipoproteins (Walsh and
Atkinson 1990), the independent B17 domain has consid-
erably higher transition temperatures that may be the result
of a tighter fold that it exhibits when it is not in contact
with either other protein domains or a lipid core (Privalov
1982).

The behavior that B17 shows upon lowering the pH might
be the beginning of a series of structural rearrangements that

apo Bjgp undergoes following LDL endocytosis and the
formation of the endosome. The endosome has an acidic
milieu, which causes the LDL-receptor complex to disso-
ciate so that the former begins the degradation process while
the latter is recycled back to the cell membrane (Mathews
and van Holde 1996). While we cannot at the moment relate
between changes in the N-terminal region of apo B and the
dissociation of the LDL receptor, it seems that changes to the
overall structure of apo B begin to take place concomitant
with the dissociation of the lipoprotein from the LDL
receptor.
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