ASBMB

JOURNAL OF LIPID RESEARCH

i

Physical properties of apoprotein B in mixed
micelles with sodium deoxycholate and in a vesicle
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Abstract Apoprotein B, the major apoprotein of normal
human low density lipoprotein (LDL) was solubilized with
sodium deoxycholate (NaDC). The protein ws recombined with
the phospholipid dimyristoyl phosphatidylcholine (DMPC) to
produce a complex of DMPC-apoB (4:1 w/w). (Biochemistry. 22:
3170-3178. 1983). Carboxyfluorescein and [*H]dextran entrap-
ment studies show the DMPC-apoB 4:1 (w/w) complex to
encapsulate an aqueous volume of 0.17 pl/gmol of DMPC. From
the chemistry and morphology of the complex and the evidence
that the complex possesses an encapsulated volume, the most
appropriate structural mode! for this assembly is that of a phos-
pholipid single bilayer vesicle into which apoB is incorporated.
Differential scanning calorimetry (DSC) and circular dichroic
spectroscopy (CD) were used to investigate the physical proper-
ties of apoB in the mixed micellar complex with NaDGC and in
the vesicular DMPC-apoB complex. CD studies of apoB in
NaDC mixed micelles show that apoB exhibits a similar
secondary structure as apoB of native LDL over the temperature
range 5-30°C. Reversible structural changes occur between 30
and 50°C. However, above 50°C, disruption of the micellar
particle and endothermic protein unfolding and denaturation
occur with a Ty, of 52°C and an enthalpy of 0.22 cal/g apoB,
as shown by DSC. The DMPC-apoB complex exhibits a revers-
ible thermal transition centered at 24°C (AH = 3.34 Kcal/mol
DMPC) which is associated with the order-disorder transition
of the hydrocarbon chains of DMPC. An endothermic transition
occurs over the range 53-70°C (AH = 2.09 cal/g apoB) which,
as shown by CD and turbidity study, corresponds to protein un-
folding-denaturation and particle disruption. i CD shows
that apoB in the vesicular environment undergoes a series of
conformational changes. The major alterations occur over the
temperature range of the order-disorder transition of the phos-
pholipid. Between 37-60°C, the conformation is similar to that
observed in native LDL. —Walsh, M. T., and D. Atkinson.
Physical properties of apoprotein B in mixed micelles with
sodium deoxycholate and in a vesicle with dimyristoyl phos-
phatidylcholine. J. Lipid Res. 1986. 27: 316-325.
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Numerous investigations have been conducted on the
interaction of the water-soluble apoproteins of plasma
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lipoproteins with phospholipid (1-5). In general, apopro-
teins A-I and A-II spontaneously associate with phos-
phatidylcholines. The composition, structure, and physi-
cal properties of the resulting complex are a function of
the temperature and of the initial lipid-to-protein ratio at
which the complex is formed. The C-apoproteins, C-I,
C-II, and C-III, and apoprotein E also interact with phos-
phatidylcholines and influence the structure of the phos-
pholipid-protein complex (3, 6).

In contrast, apoprotein B (apoB), the high molecular
weight protein moiety of human low density lipoprotein
(LDL) and ligand for the LDL receptor in cells of the
peripheral tissue (7, 8), remains poorly characterized.
Additionally, little is known concerning the details of the
interaction of apoB with the lipids of LDL. This has been
caused primarily by the insolubility of apoB in aqueous
solutions in the absence of detergents (9-11), denaturants
(12), or the lipids of native LDL.

A number of methodologies have now been reported for
the solubilization of apoB from LDL and for the isolation
of apoB in a lipid-free form as a mixed micellar complex
with detergent (11, 13, 14). We have previously reported
the solubilization of apoB using sodium deoxycholate
(NaDC) and described the formation of a 4:1 (w/w)
complex of apoB with the well-characterized phospholipid
dimyristoyl phosphatidylcholine (DMPC) (13). In this
previous study, electron microscopy was used to suggest
that the complex formed with DMPC was a single bilayer
vesicle of DMPC into which apoB had been incorporated.

In the work reported here we extend our previous

Abbreviations: NaDC, sodium deoxycholate; apoB, apoprotein B;
LDL, low density lipoprotein; DMPC, dimyristoyl phosphatidylcholine;
DSC, differential scanning calorimetry; AH, experimental enthalpy;
Ty, midpoint of transition; T,,,, maximum point in transition; CD,
circular dichroism; CMC, critical micellar concentration; SDS, sodium
dodecyl sulfate; CF, 5(6)-carboxyfluorescein.
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studies to describe the thermodynamic characterization
and secondary structure of apoB as a function of tempera-
ture, in association with NaDC and in the complex with
phospholipid. The results demonstrate that the thermal
stability and secondary structure of apoB are dependent
on the precise lipid environment and temperature. In
addition, we provide evidence, using entrapment of
carboxyfluorescein and [*H]dextran, to support a vesicu-
lar structure for the DMPC-apoB complex. These studies
allow a more precise description of the molecular stoichi-
ometry of the complex.

MATERIALS AND METHODS

All chemicals were standard reagent grade unless
otherwise indicated. 1,2-Dimyristoylphosphatidylcholine
(DMPC) was purchased from Sigma (St. Louis, MO),
judged to be >99% pure by thin-layer chromatography
in chloroform-methanol-water 65:25:4 v/v, and used
without further purification. [*H]Dextran was purchased
from Amersham (Arlington Heights, IL). Dextran (avg
mol wt 82,200 Clinical Grade) was purchased from Sigma
(St. Louis, MO). Sodium (carboxyl-['*C])deoxycholate
was purchased from Amersham (Arlington Heights, IL)
and judged to be 99% radiopure when chromatographed
on silica gel G in chloroform-methanol-water-acetic acid
65:25:4:1 (v/v). A "C-labeled DMPC stock solution in
chloroform-methanol 2:1 (v/v) was made by adding L-a-
(dipalmitoyl-[ '*C])phosphatidylcholine (100 mCi/mmol)
(New England Nuclear, Boston, MA) to DMPC in
quantities that totalled less than 0.01 mol % of the total
lipid mixture. The specific activity in disintegrations per
min per mg was determined by dividing the disintegra-
tions per min per unit volume by the dry weight (milli-
grams) per unit volume. The specific activity was adjusted
to approximately 100,000 dpm/mg. The solution was
stored at —20°C under N in a sealed vial. 5(6)-Carboxy-
fluorescein was purchased from Eastman Kodak (Rochester,
NY) and recrystailized from ethanol-water 1:2 prior to use.

Lipoprotein isolation

Plasma was obtained from freshly drawn biood from
normal human volunteers. Low density lipoprotein was
isolated by repetitive ultracentrifugation between salt
densities of 1.025 and 1.050 g/ml by the addition of solid
KBr (15). Isolated LDL was washed by ultracentrifugal
flotation through an overlayering solution of d 1.050 g/ml
KBr, 0.02% sodium azide. All centrifugation was per-
formed at 55,000 rpm in a Beckman L8-70 ultracentrifuge
in a 70 Ti rotor for 16 hr at 4°C. Purity of LDL from
other lipoprotein fractions was verified by agarose electro-
phoresis (16) by staining with Oil Red O and Coomassie
Brilliant Blue.

LDL solubilization and apoB recovery

Free sulthydryl groups on apoB were blocked by inter-
action with iodoacetamide (14). LDL was dialyzed against
50 mM sodium chloride, 50 mM sodium carbonate,
0.02% sodium azide, pH 10 (standard buffer). Disruption
of LDL and solubilization of its molecular constituents
was achieved with sodium deoxycholate (NaDC) as pre-
viously described (13, 17). Following incubation with
NaDC, fractionation was carried out by gel filtration
chromatography on Sepharose CL-4B with an elution
buffer containing sodium deoxycholate. ApoB was re-
covered in high yield in a completely delipidated form.
Protein-containing column fractions were pooled and
concentrated to 2 mg protein/ml] by ultrafiltration and
stored at 4°C.

Preparation of DMPC-NaDC mixed micelles and
DMPC-apoB complexes

DMPC-NaDC mixed micelles were prepared essential-
ly as described previously (13) with the exception that
DMPC of the desired mass was obtained from a radio-
labeled “stock solution” as described above, dried under
N,, and desiccated in vacuo at 4°C overnight. Solid
NaDC and 2 ml of standard buffer were then added to the
dried film of lipid.

The DMPC-apoB 4:1 (w/w) complex was prepared as
described previously (13). An initial lipid-to-protein ratio
of 2.5:1 (w/w) was used because, according to previously
published data, this ratio resulted in the highest yield of
the 4:1 (w/w) DMPC-apoB complex and the least amount
of uncomplexed lipid or protein.

The DMPC-apoB 4:1 (w/w) complex was isolated
between the densities of 1.064 and 1.105 g/ml by density
gradient ultracentrifugation (13), and dialyzed against
either standard buffer (DSC samples) or 0.005 M sodium
tetraborate 0.02% NaN,, pH 10 (CD samples).

Trapped volume determination

The presence of an intravesicular aqueous compart-
ment in the DMPC-apoB 4:1 (w/w) complex was investi-
gated by including [*H]dextran or 5(6)-carboxyfluores-
cein in the buffer during preparation and detergent
dialysis to determine whether the complex traps either
dextran or CF (nonpermeable, water-soluble molecules).

The DMPC-apoB 4:1 (w/w) complex was prepared as
described previously (13), but on a smaller scale, i.e., 2 mg
of NaDC-solubilized apoB was incubated with 5 mg of
NaDC-solubilized DMPC for 1 hr at room temperature.
NADC was removed by dialysis as described below for
each method.

[PH]Dextran entrapment. Dextran was added to the
incubation mixture at a concentration of 0.1% and
[*H]dextran to 63 uCi/2 ml. Dialysis was against three
200-ml changes of 50 mM sodium chloride, 50 mM
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sodium carbonate, 0.02% sodium azide, 0.1% dextran, 63
#Ci/200 ml [*H]dextran, pH 10, for 36 hr and then two
1-liter changes of the same buffer containing cold dextran
but no [*H]dextran. Untrapped (free) dextran and un-
complexed protein (if any) were removed by passage of
the DMPC-apoB-[*H]dextran mixture over a column of
Sepharose CL-4B (1 x 38 cm) equilibrated and eluted
with the same buffer as used for dialysis but without
[*H]dextran. This column was designed to rapidly remove
untrapped [*H]dextran from the DMPC-apoB-[*H]dex-
tran incubation mixture. Column fractions were moni-
tored for *C-labeled phospholipid, [*H]dextran by liquid
scintillation counting, and protein by the method of
Lowry et al. (18) as modified by Markwell et al. (19).
Carboxyfluorescein  entrapment. Recrystallized CF was
added to the apoB-DMPC-NaDC incubation mixture to
a concentration of 220 mM, a concentration at which the
fluorescence of CF is self-quenched (20). The mixture was
then dialyzed against three 100-ml changes of 50 mM
sodium chloride, 50 mM sodium carbonate, 220 mM CF,
0.02% sodium azide, pH 10, over a period of 36 hr at 4°C
and then two 1-liter changes of the same buffer without
CF. Residual untrapped CF was removed by passage of
the DMPC-apoB-CF mixture over a column of Sephadex
G-50, equilibrated, and eluted with CF-free dialysis
buffer. The sample size was 2 ml. Column dimensions
were 1 x 15 cm and the void volume (V,) was 7 ml. The
fraction that eluted immediately after the void volume
(from 7-11 ml) contained DMPC and apoB. The DMPC-
apoB 4:1 (w/w) complex was then isolated from this frac-
tion by density gradient ultracentrifugation as previously
described. The DMPC-apoB 4:1 (w/w) complex (contain-
ing CF) was dialyzed against CF-free dialysis buffer to
remove KBr, Immediately prior to CF quantitation, a
1.5-ml aliquot of the complex (50 pmol of DMPC) was
removed from the dialysis bag, 50 ul of Triton X-100
(0.3% final concentration) was added with rapid mixing,
and the absorbance at 490 was monitored continuously
for 2 hr. The amount of CF present in the complex was
quantitated by measuring the absorbance at 490 nm in a
1-cm cell in a Perkin-Elmer Spectrophotometer (Lambda

5) (21).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measure-
ments were made in a Perkin-Elmer DSC-2 (Perkin-
Flmer, Norwalk, CT) at heating and cooling rates of
5°C/min and a range of 0.2 mcal/sec, unless otherwise
indicated. The DMPC-apoB 4:1 (w/w) complex was
concentrated by vacuum dialysis after isolation by density
gradient ultracentrifugation. NaDC-solubilized apoB was
concentrated by vacuum dialysis after gel filtration
chromatography. Samples were hermetically sealed in
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75-pl sample pans. The reference pan contained an equal
mass of standard buffer or standard buffer plus 10 mM
NaDC. Sample masses were determined either by Lowry
protein (18), liquid scintillation counting, or phosphorus
assay (22). Enthalpies of transition (AH) were calculated
from the areas under the peaks as measured by planim-
etry and related to the area of the crystal-liquid melting
transition of an indium standard (AH = 6.80 cal/g).

Circular dichroism

Circular dichroic (CD) spectra of native LDL, the
DMPC-apoB complex, apoB-NaDC mixed micelles, and
DMPC vesicles were recorded over the temperature range
5-70°C on a Cary 61 spectropolarimeter calibrated with
d-10-comphorsulfonic acid. The sample temperature was
maintained by circulating ethylene glycol-water through
the sample compartment by means of a thermostatted
refrigerator-heater bath. Temperature was measured to
within 0.1°C by means of a copper constantan thermo-
couple positioned in contact with the CD cell in the
sample compartment. Either a 1-cm or a 1-mm quartz cell
was used for measurements over the wavelength region
250-205 nm. Protein concentrations ranged from 0.03 to
0.3 mg/ml. All samples that had been prepared in stan-
dard buffer were dialyzed extensively against 0.005 M
sodium tetraborate, pH 10 (+ 10 mM NaDC as appropri-
ate) before recording CD spectra.

All spectra reported are the average of four individual
spectra on each of three to four different samples and have
been corrected for baseline contributions. The possibility
of a contribution to the CD spectrum from protein-free
small DMPC vesicles was examined. The spectra of the
protein-free vesicles at a DMPC concentration identical
to that used for DMPC-apoB measurements were
recorded over the wavelength region 200-250 nm at
temperatures from 0 to 60°C. No contribution to the CD
spectrum was observed at the lipid concentration used for
this study over this wavelength region and temperature
range. Following calculation of the molar ellipticity, the
percentage of a-helix was calculated and the percentage
of random coil and §-structure was estimated according
to the method of Greenfield and Fasman (23).

We have calculated the a-helical content of apoB based
on the molar ellipticity at 222 nm (the wavelength that
corresponds to the n—7* transition of the peptide bond),
utilizing the modified equation of Morrisett et al. (24). At
222 nm, the well-documented reports of differential light
scattering and absorption flattening due to particle size
(25, 26) are minimal. This method provides a more pre-
cise description of the «-helical content of apoB, and thus
the overall secondary structure of apoB, than similar
calculations based on the molar ellipticity at 208 nm.
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RESULTS

Differential scanning calorimetry and circular
dichroism of mixed micelles of apoB-NaDC

The calorimetric behavior of apoB in mixed micelles
with NaDC is shown in Fig. 1 and summarized in Table
1. On heating from -5 to 100°C, a single endothermic
transition occurs over the temperature range 47 to 64°C
(Fig. 1A). This transition exhibits a Tp,, of 52°C, is
asymmetric, has an enthalpy 0of 0.22 + 0.02 cal/g of apoB,
and is not reversible within the time-frame of this conven-
tional DSC experiment (Fig. 1B).

Fig. 2A-E presents characteristic CD spectra of
NaDC-solubilized apoB at a number of selected tempera-
tures. At 6°C (Fig. 2A) and 12°C (not shown), the CD
spectra are both characterized by negative minima at 220
nm. At 24°C, the minimum of the spectrum also occurs
at 220 nm accompanied by a small shoulder from 209-214
nm with the molar ellipticity at 222 nm of -14.0.! With
increasing temperature up to 30°C, the magnitude of the
molar ellipticities at 217 and 222 nm decrease only slight-
ly, indicative of only a minor alteration in the secondary
structure of apoB. Above 30°C, as shown in the spectrum
recorded at 36°C (Fig. 2C), the magnitude of the molar
ellipticities at 217 and 222 nm are decreased slightly with
respect to those observed at 24°C. These lower values at
36°C indicate that apoB has slightly less a-helix, relative-
ly little B-structure, and a greater amount of unordered
structure as temperature is increased. At 42°C (Fig. 2D)
the molar ellipticities at 217 and 222 nm are similar to
those observed at 36°C, which indicates that the struc-
tural features of apoB are relatively stable between 36 and
42°C. Only minor variations in the overall appearance of
the spectra are evident.

These alterations in secondary structure of apoB in
NaDC-mixed micelles are reversible up to 45°C. Heating
the sample above 50°C as shown by the spectrum re-
corded at 60°C (Fig. 2E) results in the loss of the
secondary structure of apoB. This conversion of the
ordered region of apoB to unordered or random coil co-
incides with the thermal event observed by DSC to occur
with T., of 52°C.

In an effort to characterize the molecular basis for the
behavior observed by DSC and CD, a turbidity experi-
ment was performed. The optical density, at 280 nm,
of NaDC-solubilized apoB was measured (ODgg nm
= 0.31], l-cm quartz cuvette, apoB = 0.90 mg/ml).
Three identical aliquots of NaDC-solubilized apoB were
placed in test tubes and heated in a water bath to 55, 70,
or 100°C, cooled to room temperature, and the optical
density was again measured. At each of the temperatures
examined, the optical density had increased to 0.865. A
visible aggregated flocculant material was present which

endo

Relative Heat Capacity

n 1 I N

0 10 20 30 40 50 60 70 80
Temperature, °C

Fig. 1. Differential scanning calorimetry of apoB-NaDC mixed
micelles. The mass of protein contained in the sample pan is 1.8 mg. A,
Heating, -5-100°C; B, final heating.

precipitated with time. Storage of the samples at room
temperature overnight did not reverse this aggregation.
The high concentration of NaDC (10 mM), which is well
above the critical micellar concentration of NaDC in this
buffer, does not restore the secondary structure of apoB,
as shown by the CD measurements, and apoB remains
aggregated. Thus, the calorimetric transition which
occurs at 52°C and is characterized by the loss of secon-
dary structure, may be attributed to the thermal unfold-
ing of apoB and disruption of the micellar complex.

DMPC-apoB 4:1 (w/w) complex intravesicular
aqueous compartment determination

Measurement of the amount of solute trapped by a
specific amount of phospholipid has been used to provide
evidence to support a vesicular structure for phospholipid
systems and to provide a measure of the internal volume
of a vesicle (27). The internal volume defines the size of
the single bilayer vesicle.

Fig. 3 shows the gel filtration chromatographic separa-
tion of the DMPC-apoB-[*H]dextran incubation mix-
ture. [*H]dextran elutes as two distinct peaks. The first

!Data are expressed as the negative of the molar ellipticity [8] x 107
degrees centimeters squared per decimole. The negative sign is indica-
tive of negative absorption in the CD.
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TABLE 1. Calorimetric data for the phase transitions of the apoB-NaDC mixed micellar complex
and the DMPC-apoB vesicular complex

T, °C T, °C AH keal/mol AH cal/g
Scanning Sequence DMPC ApoB DMPC ApoB

ApoB-NaDC

Initial heating, - 5-100°C 52 0.22 + 0.02°
DMPC-apoB

Initial heating, - 5-50°C 24 3.34 + 0.16%

Heating, - 5-100°C 24 62 3.34 + 0.16 2.09 + 0.91°

Final heating, - 5-50°C 24 4.41 + 0.23

“Number of samples (n) = 9 (mean + standard deviation).

‘n = 5.

peak elutes after the void volume of the column at ~15
g of effluent and co-elutes with [**C]phospholipid and
protein over two fractions. The weight ratio of DMPC to
apoB in these two fractions is 4:1. The second [*H]dextran
peak elutes over the range of 20 to 30 g of effluent, a posi-
tion which is well separated from the phospholipid and
protein-containing fractions and represents untrapped
[*H]dextran. This corresponds to the same elution posi-
tion as [*H]dextran applied to the same column in the
absence of either DMPC or apoB.?

The trapped volume of the DMPC-apoB 4:1 (w/w)
complex was calculated for the DMPC-apoB-containing
column fractions using the number of moles of dextran in
the fraction (specific activity of [*H]dextran = 682,582
dpm/mg), the molarity of dextran in the dialysis buffer
and column buffer, and the number of moles of DMPC
in the sample. These calculations gave a value for the
trapped volume of the DMPC-apoB complex of 0.168
ul/pmol (+ 0.013 pl/pmol; average from four samples).

A similar study was also performed utilizing the more
widely used method of CF entrapment at a self-quenching
concentration (20). Retention of CF at 220 mM in the
complex after complete removal of untrapped CF con-
firms the presence of an aqueous compartment in the
DMPC-apoB 4:1 (w/w) complex. This measurement
yielded a trapped volume of 0.171 ul/umol of DMPC
(£ 0.005 pl/umol, average of three determinations).

Differential scanning calorimetry and circular

dichroism of the DMPC-apoB complex

The calorimetric behavior for the DMPC-apoB com-
plex is summarized in Fig. 4 and Table 1. On heating the
DMPC-apoB complex from -5 to 50° (Fig. 4A), an
endothermic transition is observed between 19 and 30°C.
The transition is symmetrical with a Ty, at 24°C, has an
enthalpy of 3.34 + 0.16 Kcal/mol DMPC, and is com-
pletely reversible (Fig. 4B) with 3°C of undercooling.

On heating the DMPC-apoB complex to 100°C (Fig.
4C), a second endothermic transition occurs over the
temperature range ~50-70°C. This transition is not
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reversible over the time-frame of this experiment and is
generally asymmetric. The mean onset of the transition at
a heating rate of 5°C/min was at 52.3 + 8.0°C with an
end temperature of 69.3 + 7.4°C. The peak temperature
was 62.0 + 8.0°C. As shown in Table 1, the mean
enthalpy for five samples was 2.09 + 0.91 cal/g of apoB.
The temperature range of this transition is very broad.
The onset and end of the transition are very gradual and
therefore are difficult to determine. However, within a
preparation of complex, multiple DSC samples yielded
similar data.

Based on the thermal behavior of DMPC single bilayer
vesicles and multilamellar liposomes (28-31), the transi-
tion observed at 24°C for the DMPC-apoB complex may
be attributed to the gel to liquid crystalline transition of
the hydrocarbon chains of the DMPC bilayer. This transi-
tion occurs with an enthalpy similar to that observed for
small single bilayer vesicles of DMPC.

After repeated heating and cooling of the DMPC-apoB
complex, over the range -5 to 100°C, the transition at
24°C sharpens and increases in enthalpy (Fig. 4D and
Table 1) compared to the transition that is seen on the
initial heating of the DMPC-apoB 4:1 (w/w) complex
(Fig. 4A). The enthalpy approaches that observed for the
corresponding transition in multilamellar liposomes of
DMPC, and thus this transition represents the thermal
transition of the lipid that has been liberated from the
disrupted DMPC-~apoB complex.

Fig. 5A~E shows characteristic CD spectra for apoB in
the DMPC-apoB complex at a series of temperatures. At
6°C (Fig. 5A) the spectrum is characterized by a broad
negative minimum from 220 to 225 nm and a small
shoulder at ~217 nm. At this temperature the molar ellip-
ticities at 217 and 222 are of a similar magnitude, —20.4

2Since this ratio corresponds to the ratio found in the DMPC-apoB
complex, these fractions were not subjected to density gradient ultra-
centrifugation to purify the complex, because the complex had already
been purified and eluted as two column fractions, well separated from
either free phospholipid or protein.
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Fig. 2. Circular dichroic spectra of apoB in the mixed micellar complex with NaDC as a function of temperature. A, 6°C; B, 24°C; C, 36°C; D,
42°C; E, 60°C.

and -21.7, respectively. At 18°C (Fig. 5B), the spectrum
exhibits a narrow minimum at 225 nm accompanied by
a shoulder from 215 to 220 nm. The molar ellipticities at
217 and 222 have decreased to -19.1 and -18.3, respec-
tively, indicative of an alteration in conformation of apoB
as temperature has been increased. At 24°C (Fig. 5C),
the spectrum exhibits a minimum at 225, with a slight
shoulder at 215 nm. The molar ellipticities at 217 and 222
(-16.3 and -19.8, respectively) are indicative of a large
amount of ordered structure and a greater amount of a-
helix than at 18°C. At 42°C (Fig. 5D) the spectrum is
characterized by a broad trough from 220 to 228 nm with
a slight shoulder at 217 nm. The molar ellipticities at 217
and 222 nm decrease to -14.6 and -18.2, indicating a
further decrease in the helical content. These changes in
spectral characteristics are reversible up to 60°C. As
shown in the spectrum recorded at 60°C (Fig. 5E), the
magnitude of the molar ellipticity at 222 nm is -15.6,
indicative of a further reduction in the a-helical content
of apoB in the vesicular complex with DMPC. Heating
the sample above 60°C results in the conversion of all
structured elements to random coil (not shown).
Similar to the experiment described for NaDC-solu-
bilized apoB, a turbidity experiment was performed on
the DMPC-apoB complex. ODggopm of the DMPC-apoB
complex was measured at room temperature (1-cm quartz
cell;, DMPC = 3.3 mg/ml, apoB = 0.83 mg/ml; ODyg,
= 0.256). Identical samples were then heated to 55, 70,
and 100°C, cooled to room temperature, and the optical
density at 280 nm was measured again. Little change in
optical density was observed after heating to 55°C
(ODggo = 0.331). However, when the samples were heated
to 70°C or 100°C, a large increase in turbidity was
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observed (70°:0Dgg = 0.534; 100°:0Dyg = 0.932). The
turbidity did not reverse with storage at room tempera-
ture for 24 hr. Thus, the thermal event observed by DSC
that is centered at 62°C, and the alteration in secondary
structure monitored by CD, may be attributed to the
disruption of the vesicular DMPC-apoB complex and
denaturation of apoB.
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Fig. 3. Gel filtration chromatography of the DMPC-apoB-[*H]dex-
tran incubation mixture on a 1 x 38 cm column of Sepharose Cl-4B
equilibrated and eluted with 50 mM sodium chloride, 50 mM sodium
carbonate, 0.02% sodium azide, 0.1% dextran, pH 10. Arrows mark V,
and V,; (@ - - @) phospholipid, mg/fraction; (ll--M) protein, mg/frac-
tion; (A --A) pg [*Hldextran/fraction; (A -- A) mg [*H]dextran/
fraction.
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Fig. 4. Differential scanning calorimetry of DMPC-apoB 4:1 (w/w)
(sample masses: 0.52 mg DMPC, 0.13 mg apoB). A, Initial heating,
-5-50°C; B, cooling, 50--5°C; C, heating, -5-100°C; D, final heat-
ing after several cycles over the temperature range -5-100°C.

DISCUSSION

DSC has demonstrated that apoB in a mixed micellar
complex with NaDC undergoes an endothermic transi-
tion over the temperature range 45-68°C with a T, of
52°C and an enthalpy of 0.22 + 0.02 cal/g apoB. This
transition is associated with thermal disruption of the
micellar complex and denaturation of apoB.

A more detailed analysis of the CD spectra in terms of
the major components of secondary structure is shown in
Fig. 6. Over the temperature range 0-30°C, apoB in
NaDC mixed micelles exhibits a similar secondary struc-
ture (~40% o-helix, ~20% B-sheet, ~40% random
coil) to apoB in native LDL. Between 30 and 50°C, the
percentage of a-helix decreases slightly; however, the
percentage of B-sheet decreases to nearly 0. The amount
of unordered structure increases concomitantly to 60%.
The amount of & and 8 structure remains relatively stable
at those values until 50°C. Up to 50°C the structural
alterations are fully reversible. At this temperature the
percentage of a-helix decreases to ~10%, the percentage
of B-sheet increases to 10%, with the major portion of
apoB (80%) exhibiting an unordered structure. This
change is not reversible over a 24-hr time period. This loss
of secondary structure occurs over the same temperature
range as the endothermic transition shown by DSC (Fig.
1).

Prior to the characterization of the physical properties
of the DMPGC-apoB complex, two experiments were
conducted to provide additional evidence that the appro-
priate structural model for this complex is a phospholipid
single bilayer vesicle into which apoB is incorporated.
Entrapment of either 6-carboxyfluorescein or [*H]dextran,
which are water-soluble impermeable markers, has pro-
vided firm evidence that this complex encapsulates an
aqueous space and a quantitative measure for the size of
this encapsulated volume. Both experiments yield a value
for the entrapped volume of 0.168-0.171 ul/pmol of
DMPC.
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Fig. 5. Circular dichroic spectra of apoB in the vesicular complex with DMPC as a function of temperature. A, 6°C; B, 18°C; C, 24°C; D, 42°C;

E, 60°C.
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Fig. 6. A plot of the percentage of each secondary structural element (a-helix, 8-sheet, random coil) against temperature for apoB of LDL, NaDC-
solubilized apoB, and apoB in a vesicular complex with DMPC. These data were derived from CD spectra recorded at the indicated temperatures
as outlined in Methods (error bars 1+ 1 standard deviation of the mean derived from four or five samples). LDL exhibits its characteristic far UV-CD
spectrum (13, 36-38) with a wide trough from 220 to 210 nm with molar ellipticities at 222 and 217 nm of -12.6 and -12.8, respectively, indicative
of a large amount of ordered structure. Only small fluctuations in secondary structural elements of apoB of native LDL are observed over the tempera-
ture range 0 to 70°C in agreement with results reported previously by Dearborn and Wetlaufer (39).

Assuming a bilayer thickness of 45A (32) and a DMPC
cross-sectional area of 70A? (33), a trapped volume of
0.17 pl/pmol would be calculated for a spherical, unilamel-
lar vesicle of 200- A diameter in the absence of protein.
This value is in excellent agreement with the diameter
(210A) for the DMPC-apoB complex determined by
electron microscopy (13). Trapped volume measurements,
in general (27), yield a value for the internal volume that
represents an average over all vesicles in the sample
population. Thus, the experimental value is heavily
weighted towards vesicles of a larger size. The excellent
agreement between the experimental and calculated
values for the entrapment of CF and [*H]dextran indi-
cates the uniformity in enclosed volume of all the vesicles
in the sample population and thus the relative homogene-
ity of the DMPC-apoB 4:1 (w/w) complex.

DSC has shown the vesicular DMPC-apoB 4:1 (w/w)
complex to exhibit a reversible thermal transition at a T,
of 24°C with an enthalpy of 3.34 Kcal/mol of DMPC,
which may be ascribed to the gel to liquid crystalline
transition of the hydrocarbon chains of the phospholipid
bilayer. Comparison of the transition enthalpy for DMPC
in association with apoB in the vesicular complex with
that observed for DMPC sonicated unilamellar vesicles

(3.74 Kcal/mol) (30) shows that the enthalpy calculated for
the protein-free vesicles and the DMPC-apoB complex
are not significantly different. Thus a negligible amount
of DMPC is withheld from the transition by interaction
with apoB and all phospholipid molecules are available to
undergo a cooperative transition.

The DMPC-apoB complex undergoes a second endo-
thermic transition with a Ty, of 62°C, which, as verified
by a turbidity study, is associated with particle disruption.
However, the T, of the transition is at 62°C and the
enthalpy associated with this transition is 2.09 + 0.91
cal/g apoB, values that are significantly greater than the
enthalpy associated with the high temperature transition
observed in mixed micelles of apoB with NaDC (0.22
cal/g apoB).

Fig. 6 illustrates the temperature dependence of the
secondary structure of apoB in the complex with DMPC.
Over the temperature range 0-15°C, the a-helical content
decreases from 64 to 54% and is significantly greater than
that observed for apoB in LDL or in NaDC micelles (Fig.
6, left and center panels, respectively). This decrease in a-
helix is accompanied by a corresponding increase in un-
ordered structure. “Random coil” structure undergoes its
major change at low temperature where the DMPC bi-
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layer would be in the ordered “gel” phase and reaches a
constant value of ~45% prior to the onset of the phase
transition at ~18%C. Over the same temperature inter-
val there is little 8-structure. From 18 to 32°C, which
corresponds to the temperature range of the order-dis-
order transition of the DMPC, the amount of a-helix
increases slightly, accompanied by a gradual, steady
increase in the amount of B-structure to ~10%. At 28°C,
random coil decreases to 40%. From 38 to 60°C, all of the
structural elements of apoB in the vesicular complex
remain relatively constant (¢ ~49.5%, § ~10.5%, RC
~40.0%), values which are close to those observed in
native LDL (~40% o-helix, ~20% (-sheet, ~40%
random coil) over this temperature range. These changes
in secondary conformation are reversible up to 59°C.
Above 60°C, the w«-helical and B-sheet regions are con-
verted to random coil and, as shown in the turbidity
study, the vesicular particle is disrupted.

Thermodynamic characterization by DSC has shown
that LDL undergoes two distinct thermal transitions (34).
The first transition occurs reversibly over the temperature
range 20-40°C in normal LDL and has been shown to be
associated with an order-disorder transition of the core-
located cholesteryl esters. The conformation of apoB in
LDL is not altered in response to temperature over the
range of 0-70°C. The secondary structural components
of apoB of LDL apparently are not sensitive to this altera-
tion of the physical state of the core lipids since the struc-
ture of apoB does not change in response to the phase
transition and is invariable until ~70°C. ApoB in the
mixed micellar complex with NaDC exhibits structural
properties similar to apoB in its native lipid environment
over the temperature range 0-30°C. From 30 to 50°C,
however, reversible structural changes occur that are
reflected in the §-sheet and random coil components.
Above 52°C, all secondary structure is lost and the
micellar structure is disrupted. The structural compo-
nents of apoB in the vesicular environment with DMPC,
however, do respond to an increase in temperature,
particularly over the region of the bilayer transition. This
may indicate that the conformation of apoB is deter-
mined, at least in part, by the physical state of the bilayer
lipid.

A second transition in LDL occurs over the tempera-
ture range of 80-90°C and is associated with disruption
of the LDL particle and protein unfolding-denaturation.
Reassembled LDL complexes formed by the interaction
of NaDC-solubilized apoB with preformed phospholipid-
cholesteryl ester microemulsions (35) also exhibit this
high tempeature transition over a similar temperature
range. Comparison of the behavior of apoB in mixed
micelles, vesicles, and the native or reassembled LDL
particle suggests that in the vesicular complex apoB has
a greater thermal stability than in the mixed micellar
complex with NaDC. The presence of a phospholipid bi-
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layer may impart a certain amount of structural stability
to apoB, since particle disruption occurs at a temperature
10°C higher in the vesicle. However, the maximum
stability is provided by either the native lipid environment
of LDL or phospholipid-cholesteryl ester microemulsion
in the reassembled complex. In both of these systems
particle disruption occurs at a high temperature. This
stabilization is not due to particle size since LDL and the
reassembled LDL complexes are approximately the same
size as the DMPC-apoB complex. However, the presence
of the cholesteryl ester core and the heterogeneity in the
classes of phospholipid in the monolayer surface may
be the components that ultimately stabilize the apoB
molecule. B8
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