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Abstract The unfolding of human apolipoprotein B-100 in its 
native lipid environment, low density lipoprotein (LDL), and in 
a soluble, lipid-free complex with sodium deoxycholate (NaDC) 
has been examined using differential scanning calorimetry 
(DSC) and near UV circular dichroic (CD) spectroscopy. High 
resolution DSC shows that LDL undergoes three thermal transi- 
tions. The first is reversible and corresponds to the order-disor- 
der transition of the core-located cholesteryl esters (CE) 
(T, = 31.loC, AH = 0.75 cd/g CE). The second, previously 
unreported, is reversible with heating up to 65OC 
(T, = 57.1°C, AH = 0.20 cal/g apoB) and coincides with a 
reversible change in the tertiary structure of apoB as shown by 
near UV-CD. No alteration in the secondary structure of apoB 
is observed over this temperature range. The third transition is 
irreversible (T, = 73.5OC, AH = 0.99 cal/g apoB) and coin- 
cides with disruption of the LDL particle and denaturation of 
apoB. The ratio of AH/AH,H for the reversible protein-related 
transition suggests that this is a two-state event that correlates 
with a change in the overall tertiary structure of the entire apoB 
molecule. The second protein-related transition is complex and 
coincides with irreversible denaturation. ApoB solubilized in 
NaDC undergoes three thermal transitions. The first two are re- 
versible (T, = 49.7OC, AH = 1.13 cal/g apoB; T, = 56.4OC, 
AH = 2.55 cal/g apoB, respectively) and coincide with altera- 
tions in both secondary and tertiary structure of apoB. The 
changes in secondary structure reflect an increase in random coil 
conformation with a concomitant decrease in p-structure, while 
the change in tertiary structure suggests that the conformation 
of the disulfide bonds is altered. The third transition is irreversi- 
ble (T, = 66.6OC, AH = 0.54 cd/g apoB) and coincides with 
complete denaturation of apoB and disruption of the NaDC mi- 
celle. The ratio of AH/AH,H for the two reversible transitions 
indicates that each of these transitions is complex which may 
suggest that several regions or domains of apoB are involved in 
each thermal event.-Walsh, M. T., and D. Atkinson. 
Calorimetric and spectroscopic investigation of the unfolding of 
human apolipoprotein B. J. Lipid Res. 1990. 31: 1051-1062. 

Supplementary key words differential scanning calorimetry circu- 
lar dichroism low density lipoprotein sodium deoxycholate micel- 
les cholesteryl esters 

microemulsion containing a neutral lipid core of choles- 
teryl esters and triglyceride that is surface-stabilized by a 
monolayer of polar phospholipids, cholesterol, and apo- 
lipoprotein B (apoB) (2-4). ApoB, the structural protein 
of LDL, also plays a critical physiological role in the 
transport and delivery of cholesterol and is the ligand for 
the receptor-mediated uptake and clearance of LDL from 
the circulation (5, 6). 

ApoB has a molecular weight of -550,000 and is 
monomeric (one of the largest monomeric proteins 
known) (7-9). The primary sequence of amino acids has 
been inferred from cDNA clones and glycosylation sites 
have been predicted by computer-aided analysis and, re- 
cently, determined by chemical methods (10). Although 
the primary sequence of apoB is now known and the func- 
tional and structural domains of apoB that determine 
both LDL structure and metabolism are beginning to 
emerge (9, lo), the detailed organization of apoB on the 
surface of LDL remains to be elucidated. 

The low resolution calorimetric behavior of LDL has 
been reported extensively (2, 3). At a protein concentra- 
tion of 25 mg/ml, LDL has been shown previously to un- 
dergo two thermal transitions (2, 3). The first transition, 
associated with the reversible order-disorder transition of 
the core-located cholesteryl esters, encompasses body 
temperature. The second irreversible transition was asso- 
ciated with disruption of the LDL particle and protein 
unfolding-denaturation over the temperature range 
70-90°C. In addition, the low resolution calorimetric be- 
havior of apoB solubilized in sodium deoxycholate 
(NaDC) has been reported previously (11). ApoB solubi- 
lized in NaDC (1.8 mg/75 p1 = 24 mg apoB/ml) was 
shown to undergo an irreversible endothermic transition 

Abbreviations: T,, temperature of the maximum of the change in 
heat capacity; LDL, low density lipoprotein; apoB, apolipoprotein B- 
100; DSC, differential scanning calorimetry; CD, circular dichroism; 
AH, calorimetric enthalpy; AHvH, van't Hoff enthalpy; NaDC, sodium 
deoxycholate; C,, heat capacity; CE, cholesteryl ester; To, onset 
temperature; T,, end temperature. 

LOW density lipoprotein &DL) is the major transport 
particle for cholesterol in human plasma ('1. physical 
techniques have provided a model of LDL as being a 
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over the temperature range 47 to 64OC with a T, of 
52OC. The shape of this peak was observed to be quite 
asymmetric. 

Circular dichroic (CD) spectroscopy, far and near UV, 
provides both secondary and tertiary structural informa- 
tion on protein conformation. Measured as a function of 
temperature, structural changes between conformational 
states may be correlated with folding-unfolding events 
and thermodynamic parameters provided by the calori- 
metry experiments. Previous analyses of far UV CD spec- 
tra for elements of secondary structure of apoB in LDL 
(11) have shown that from 0 to 70°C the secondary struc- 
ture of apoB is not altered and contains -40% a-helix, 
20% 0-sheet, and 40% random coil. ApoB in NaDC 
micelles has a secondary structure similar to apoB in LDL 
over the temperature range 5 to 3OOC. Between 30 and 
6OoC reversible changes in secondary structure occur, 
particularly regarding the @-sheet versus random coil 
components, with a-helix decreasing only slightly to 
-38% (11). Thus, unlike apoB in LDL, the secondary 
structure of apoB solubilized in NaDC is responsive to al- 
teration in temperature and undergoes reversible confor- 
mational changes over a temperature range where a 
calorimetric event is also observed. 

High resolution adiabatic calorimetry (12, 13) allows 
the use of relatively dilute solutions ( < 2 mg/ml compared 
to - 25 mg/ml for conventional calorimetry), thus reduc- 
ing the potential for concentration-dependent protein ag- 
gregation. Heating rates used in this technique are more 
directly comparable to those used in other physical meth- 
ods such as CD. We report here a more detailed structural 
and thermodynamic description of the unfolding-denatu- 
ration of apoB in LDL and solubilized in NaDC. The ca- 
lorimetry data has been obtained at higher resolution 
than data presented in previous reports (2, 3, 11). These 
data combined with our previous results from far UV CD 
studies and the new near UV CD experiments provide in- 
sights into both the secondary and tertiary structural or- 
ganization of apoB in detergent solution and in its native 
lipid environment. 

EXPERIMENTAL PROCEDURES 

'Materials 

All chemicals were standard reagent grade unless 
otherwise indicated. Sodium deoxycholate (NaDC) was 
purchased from Calbiochem (La Jolla, CA) and twice re- 
crystallized from 80% ethanol. 

Methods 

Plasma was obtained from freshly drawn blood from 
normal volunteers. For the current studies the number of 
plasma donors was limited to two members of our own la- 
boratory whose LDL had been shown to contain only the 

B-100 form of apoB (14). Disodium ethylenediaminetetra- 
acetic acid (EDTA) and sodium azide (NaN,) were added 
to the freshly drawn plasma to final concentrations of 
0.01% and 0.0276, respectively. LDL was isolated by repe- 
titive ultracentrifugation between salt densities of 1.025 
and 1.050 g/ml (addition of solid KBr) (15). Isolated LDL 
was washed by ultracentrifugal flotation through an over- 
layering solution of d 1.050 g/ml KBr, 0.02% NaN3. All 
spins were performed at 55,000 rpm in a Beckman L8-70 
ultracentrifuge in a 70 Ti rotor for 16 h at 4OC. Purity of 
LDL from other lipoprotein fractions was verified by aga- 
rose electrophoresis (16) by staining with Sudan Black B 
and Coomassie Brilliant Blue. 

Solubilization of LDL and isolation of apoB 

The free sulfhydryl group on apoB of LDL was blocked 
by interaction of LDL with iodoacetamide (17). LDL was 
then dialyzed against 50 mM sodium chloride, 50 mM so- 
dium carbonate, 0.02% NaN,, pH 10 (standard buffer).' 
Disruption and solubilization of the molecular compo- 
nents of LDL was achieved with NaDC as described 
previously (18). After incubation with NaDC, fractiona- 
tion was carried out by gel filtration chromatography on 
Sepharose CL-4B with an elution buffer containing 10 
mM NaDC in standard buffer. ApoB was recovered in 
high yield and was free of lipid. Protein-containing frac- 
tions were pooled and concentrated to 2 mg of proteidml 
by ultrafiltration (Amicon YM-10 filters; Amicon Corp., 
Danvers, MA) and stored at 4OC. 

The structural integrity of apoB was verified prior to 
physical chemical measurements by SDS-polyacrylamide 
gradient gel electrophoresis (3-24) (19). LDL was used 
within 1 week of isolation by centrifugation. ApoB solubi- 
lized in NaDC was used up to 2 weeks after purification. 

Analytical methods 

Protein concentration was estimated by the method of 
Lowry et al. (20) utilizing the modification of Markwell et 
al. (21) which incorporates 1% SDS in both bovine serum 
albumin standard and samples. 

Techniques of sample preparation 

lyzed exhaustively against the standard buffer at 4OC. 
LDL ( -  10 mg proteinlml, 2 ml total volume) was dia- 

'The presence and localization of two intramolecular thiolester linkages 
in apoB have recently been reported (50, 51). These investigators utilized 
preparative methods that are very different from those used in our current 
studies, and reported by ourselves and others previously (11, 18, 52). Our 
methods were selected to maintain the structural integrity of apoB and for 
gentleness and thoroughness in delipidation and solubilzation of apoB. Acet- 
ylation of apoB of LDL was accomplished by the method of Him (53). After 
preparation, no free sulfuydryl groups were detected and no degradation or 
aggregation of apoB was detected on SDS-PAGE gradient gels. We have not 
performed analyses on our LDL and apoB-NaDC preprations to determine 
whether or not thiolester bonds are present in apoB. 
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ApoB solubilized in NaDC was dialyzed exhaustively 
against the standard buffer plus 10 mM NaDC at 4OC. 

Circular dichroism 
C D  spectra were recorded in continuous scanning 

mode from 250 to 200 nm (far UV) and from 320 to 270 
nm (near UV) with a Gary Model 61 C D  Spectropolari- 
meter (Varian, Palo Alto, CA) calibrated from 500 to 190 
nm with d-10-camphorsulfonic acid (1 mg/ml in ethanol). 
Spectra were recorded over the temperature range 
5-70°C. The sample temperature was maintained by cir- 
culating ethylene glycol-water through the sample com- 
partment by means of a thermostatted refrigerator-heater 
bath (Neslab, Inc., Portsmouth, NH). Temperature was 
measured to within 0.1OC by means of a copper constan- 
tan thermocouple positioned in contact with the C D  cell 
in the sample compartment. Samples were allowed to 
equilibrate for 30 min in the sample compartment at each 
temperature prior to recording the spectra. For far UV 
C D  spectra (250-200 nm), 0.1-cm or 0.02-cm quartz 
cuvettes were used with a protein concentration of 
0.03-0.3 mg/ml.’ For near UV C D  spectra (270-320 nm), 
a 1-cm quartz cuvette was used with a protein concentra- 
tion of 2-5 mg/ml. 

All spectra reported are the average of three individual 
spectra on three to four different samples and have been 
corrected for baseline contributions (11). Values for trough 
depth were read at 1-nm intervals for each spectrum and 
a mean value for the trough depth at each wavelength was 
obtained. Molar ellipiticity (degrees-cm2/mol) was calcu- 
lated according to standard equations (22-24). 

Calorimetry 

High resolution calorimetry was conducted on an MC- 
2 calorimeter (MicroCal Inc., Amherst, MA) which con- 
tains matched Tantalum sample and reference cells 
(volume = 1.202 ml). The calorimeter is interfaced to an 
IBM PC via a DT-2801 A/D conversion board (Analog 
Devices, Marlboro, MA) which allows automated data 
collection and analysis. Samples were exhaustively dialyzed 
at 4OC against the appropriate buffer. Prior to introduc- 
tion into the calorimeter cells, both dialysate and protein 
were thoroughly degassed under vacuum (without stirring 
for protein-containing samples) at room temperature. 
The reference solution (dialysate), protein sample, and 
calorimeter cells were at room temperature at the time of 
sample introduction, and subsequently cooled. For LDL, 
a typical concentration was - 6 mg protein/ml. For apoB 
solubilized in NaDC, a typical concentration was - 2  
mg/ml. 

Calorimetric measurements were recorded over the 
temperature range 0 - 5 O  to 6OoC and 0-5OC to 100°C at 
heating rates of 90°C/h (1.5OWmin) or 45’C/h 
(0.75’C/min). Each sample was heated and cooled two to 
five times. All measurements were performed under nitro- 

gen pressure to avoid vaporization of solvent during high 
temperature heating. 

Buffer-buffer or water-water baselines were subtracted 
from buffer-sample scans. Analysis and evaluation of 
data for calorimetric enthalpy (AH) values from the heat 
capacity versus temperature curves and van’t Hoff en- 
thalpy ( A H V ~ )  values were performed using the software 
provided with the MC-2. This analysis uses the methodo- 
logy and theoretical framework described by Freire and 
Biltonen (25-27) and Rigell, de Saussure, and Freire (28). 
The T, for a given transition was taken to be the point 
of maximum excess heat capacity. The AH was calculated 
from the area under each calorimetric peak. Numerical 
integration of peak areas and resolution of overlapping 
peaks were performed using curve-fitting procedures uti- 
lizing either linear baselines (13) or sigmoidal (“spline”) 
baselines (29) when a change in heat capacity of the sam- 
ple accompanied the thermal transitions. Heat capacity 
profiles were subjected to deconvolution analysis as 
described by Freire and Biltonen (25-27) and Privalov 
(12). This type of analysis was applied to sequential tran- 
sitions according to the guidelines of Rigell et al. (28) and 
utilizing DECONV software supplied with the MC-2. 

The ratio of the calorimetric to van’t Hoff enthalpy 
(AH/AHv~)  was calculated according to the formula 

A H / A H v ~  = AH2/Cgm,4RTm2 
(30h 

where AH is the calorimetric enthalpy, Cg,, is the max- 
imum in the heat capacity function, R is the gas constant, 
and T, is the transition temperature. This ratio is 1 if 
the transition is from one state to another (two-state type), 
greater than 1 if more than two states are involved, and 
may be less than 1 in certain cases if the process is irrever- 
sible (30-32). 

The molecular weight of apoB used for calculation of- 
molar quantities was MR 550,000. This value reflects the 
molecular weight contribution from the 4536 amino acid 
residues (7-9) plus carbohydrate (33-36). 

RESULTS 

High resolution calorimetry of low 
density lipoprotein 

High resolution calorimetry of LDL shows that the par- 
ticle undergoes a series of thermal events. Calorimetric 
analysis was performed on ten different LDL samples 
from three different LDL preparations. A representative 
example is presented in Fig. I .  Mean thermodynamic 
data from the results of all ten samples are presented in 
Table 1.  

These spectra wepe recorded as control experiments for the calorimetry 
samples, and WE compared to our previously published data (11, 18). 
Thus, the spectra are not reported in this manuscript. 
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Fig. 1. High resolution calorimetry of low density lipoprotein. LDL was 
dialyzed exha,ustively against the standard buffer at 4°C prior to calorime- 
try. LDL (1.202 ml) containing 7.2 mg apoB, 15.1 mg cholesteryl ester was 
placed in the sample cell. The reference cell contained the dialysate buffer. 
Heating rate was 90"Ch for a-d. Buffer-buffer baselines were subtracted 
from each of the scans. The data were not normalized to either the number 
of mol of CE or a p B  in the sample cell. For complete analysis of the data 
and quantitation with respect to CE mass and the mass and number of 
molecules of a p B ,  see the text and Table 1. LDL was heated from (a) 
0-50°C; (b) 0-65°C; (c) 0-100°C; (d) 0-100"C, second heating. 

Heating from 0 to 5OoC shows that LDL undergoes one 
endothermic transition (Fig. la) which exhibits an asym- 
metry on the low temperature side of the main peak and 
has a T, of -31OC and AH -0.75 cal/g CE. Th'  is tran- 
sition corresponds to the well-characterized, reversible 
order-disorder transition of the core-located cholesteryl 
esters, described previously by others (2, 3). 

On  heating to 65OC, LDL undergoes an additional 
transition that has a low enthalpy (AH - 0.20 cal/g apoB) 
and a T, of -57OC (Fig. lb). Since none of the lipid 
components of LDL are known to undergo a thermal 
transition over this temperature range, the enthalpy for 
this transition is expressed in terms of the mass of protein. 
This previously unreported thermal event is reversible 
upon repeated heatings to 65OC. Reduction of the heating 
rate to 45OC per h does not alter either the transition tem- 
perature or enthalpy of this event (not shown). 

Upon heating to 100°C, (Fig. IC) in addition to the two 
reversible thermal transitions described above, LDL un- 
dergoes a third transition at a T, of -73OC with AH - 1.0 cal/g apoB. This corresponds to irreversible unfold- 
ing-denaturation and thermal disruption of the LDL par- 
ticle as reported by Deckelbaum et al. (2, 3). Repeated 
scans of LDL show the thermal behavior illustrated in 
Fig. Id, with a single broad transition and a T, of - 30°C and AH = 0.70 cal/g CE, corresponding to cho- 
lesteryl esters that are no longer restricted in their melting 
due to particle constraints and that are free to melt in a 
cooperative manner. 
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sa c Fig. 2: Deconvolution of the heat capacity function for 
apoB in LDL. Original dorimetric data that have been 
baseline-corrected (dotted l i e  with variation); theoretical 
best-fit curve for the raw data (standard deviation of 
fit = 0.3%) (smooth solid line); peak resulting from the 
deconvolution analysis of the fust reversible peak (dashed 
l ie) .  For the two protein-related transitions, the method 
described by Krishnan and Brandts (13) was used to es- 
tablish the baseline between 45 and 80°C. For the first 
peak, deconvolution analysis was performed to fit the 
maximum number of two-state transitions that best ap- 
proximated this reversible transition. The second peak 
was irreversible and was therefore excluded from decon- 
dut ion  analysis. Inset: data replotted from ref. 11; 20 
(e-.) percentage of whelk  (.--.) &structure; 
(A - A) random coil for apoB in LDL. 
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Fig. 2 shows the data fit for the two transitions assigned 
to apoB in LDL over the temperature range 45-80°C, to- 
gether with the thermodynamic deconvolution analysis 
for the first reversible transition centered at 57OC. As in- 
dicated in the data of Table 1, AH/AH,H for the first re- 
versible transition is - 1, indicating that this transition is 
of the two-state type, and thus probably involves a cooper- 
ative structural reorganization of the entire apoB mole- 
cule. The irreversible nature of the second transition 
centered at 71OC suggests that a number of events occur 

simultaneously (e.g., the unfolding-denaturation of apoB 
or domains of apoB, disruption of the LDL particles, lip- 
id-protein reorganizations, high temperature phase 
changes of lipids, etc.). 

High resolution calorimetry of apoB solubilized 
in NaDC 

Calorimetric analysis was performed on ten different 
samples of apoB solubilized in NaDC, isolated from three 
different preparations of LDL. A representative example 
is presented in Fig. 3. The mean data from results of all 
10 samples are presented in Table 2. 

The high resolution calorimetric behavior of apoB solu- 
bilized in NaDC is characterized by an overall increase in 
heat capacity. Subtraction of water or buffer baseline 
scans from the scans of solubilized apoB does not alter the 
slope or compensate for the constant increase in heat 
capacity observed over the temperature range examined. 
A similar observation has been made in the calorimetric 
analyses of apoA-I and apoE (37). 

Fig. 3 illustrates typical high resolution calorimetric 
data for apoB solubilized in NaDC over the temperature 
range 18-80°C. These data are also shown in Fig. 4 after 
compensation for the continuous change in specific heat 
using a spline-fitted baseline between 35 and 7OoC 
(25-28). Initial heating from 0 to 6OoC (shown plotted 
from 18 to 58OC in Fig. 3a) is characterized by two revers- 
ible calorimetric transitions (T, - 49OC, AH - 1.0 cal/g 
apoB; T, -56OC, AH = 2.5 cal/g apoB). Repeated 
heating and cooling between 0 and 6OoC, as well as de- 
creasing the heating rate to 45OC/h (0.75OC/min) does 
not alter either the temperature or the enthalpy of these 
transitions (not shown). Further heating to 100°C (illus- 
trated from 18 to 8OoC in Figs. 3b and 4) shows another 

a o ~ r o s o s o 7 n  
Temperature (deg C) 

Fig. 3. High resolution calorimetry of apoB solubilized in NaDC. 
NaDC-solubilized apoB was dialyzed exhaustively against the standard 
buffer plus 10 mM NaDC at 4OC prior to calorimetry. ApoB-NaDC solu- 
tion (1.202 ml) (1.8 mg of apoB) was placed in the calorimeter cell. Fkfer- 
ence cell contained the NaDC dialysate. Heating rate was 90°C/h. Buffer 
baselines have been subtracted from each xan. Data have not been norma- 
lized to either the mass or number of molecules of apoB in the sample cell. 
For complete analysis, see text and Table 2; (a) 18-58°C; @) 18-80°C. 
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TABLE 2 .  Summary of thermodynamic data for aDoB solubilized in NaDC 

-I-,.,* ' AH AH> H 

[T.,,T,l T,, callg kcallmol kcallmol AHIAH.,< 

Peak 1 [43.5 + 4.3;52.8 k 5.81 1.13 k 0.14 622 k 77 158 It 19 3.9: 1 

Peak 2 [50.3 It 2.9;59.7 k 4.61 2.55 * 0.19 1403 * 105 183 5 19 7.7:l 
49.7 k 4.6 

56.4 1.9 

Peaks resulting from deconvolution analysis of peaks 1 and 2 of Fig. 3a 

1 44.9 567 
2 49.5 385 
3 52.5 324 
4 52.8 405 
5 53.3 344 

Peak 3 [61.8 k 4.0;73.1 + 4.21 0.54 -f. 0.23 297 * 127 181 + 22' 1.6: 1' 
66.6 k 3.5 

All cited temperatures are in " C .  
"Mean * standard deviation. 
*T, and AH values are the average of data from 10 samples. 
'AH/AH,H are reported for this thermal event for comparison only since this transition is irreversible 

peak with T, of -65OC and relatively low enthalpy 
(AH - 0.54 cal/g apoB). Repeated heatings after the ini- 
tial heating to 100°C, show that all of the peaks have dis- 
appeared, suggesting that either the protein has unfolded 
irreversibly or the micellar apoB-NaDC complexes are 
disrupted (or both). 

The presence of multiple discrete transitions (both cal- 
orimetrically reversible and irreversible) suggests that spe- 
cific regions or domains of apoB may be melting or 
"unfolding" at specific temperatures, indicating that when 
solubilized in NaDC, some regions of the large apoB mo- 
lecule may be thermodynamically more stable than 
others. 

Thermodynamic deconvolution analysis was carried 
out on the data shown in Fig. 3 after spline baseline cor- 
rection as shown in Fig. 4. The two lower temperature 
peaks were analyzed together since they are both revers- 
ible. The third peak was baseline-fitted separately and be- 
cause of its irreversible nature was not analyzed further. 
As indicated in Table 2, the first reversible transition has 
AH/AH,H of -4, the second -8, indicating that these 
reversible thermal events do not represent individual, 
simple two-state transitions (12, 31, 32). Therefore, these 
reversible transitions were subjected to thermodynamic 
deconvolution analysis. The deconvolution analysis (Fig. 
4 and Table 2) suggests that the first reversible peak is pre- 

Fig. 4. Deconvolution of the heat capacity function for 
apoB solubilized in NaDC. Original calorimetric data 
that has been baseline-corrected (dotted line with varia- 
tion); theoretical best fit curves for the two laver temper- 
ature-reversible peaks (standard deviation of fit = 0.5%) 
and the higher temperature-irreversible peak (standard 
deviation of fit = 1.4%) (narrow solid line); peaks result- 
ing fmm deconvolution analysis of the two lower temper- 
ature-reversible peaks (heavy solid l ie) .  A sigmoidal 
baseliie was fit between two temperatures by %.plies" 
(29). For these two rewrsible transitions, deconvolution 
analysis was performed to find the maximum number of 
two-state thermal events represented by the two peaks. 
For the higher temperature transition, deconvolution 
analysis was not performed because the transition is irre- 
versible. Inset: data replotted fmm ref. 11; (0-0) per- 
centage of whelk; (.--.) B structure; (A-A) 
random coil as a function of temperature for apoB in 
NaDC micelles. 

Temperature (dog C) 
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dominated by one major transition with T, = 44.9OC, 
comprising 28% of the total AH of both reversible transi- 
tions. Small portions of the onset regions of two other 
peaks overlap this first peak. This suggests that a major 
portion of the apoB molecule (perhaps one specific region 
or domain) is undergoing a conformational rearrange- 
ment independently from most of the other regions of the 
molecule in a two-state process, with other domains con- 
tributing to some extent, thereby elevating the AH/AH,H 
ratio to 4. The second reversible event centered at 52.7OC 
is composed predominantly of four independent two-state 
transitions, all with similar enthalpy (Table 2). Of these 
four transitions, one has a T, at 49.5OC while the three 
other events have very similar T,s (52.5, 52.8, 53.3OC). 
The transition at 49.5OC overlaps the most with the lowest 
peak at 44.9OC. Because of the nature of the high temper- 
ature irreversible transition of T, 65OC, AH = 0.85 
cal/g, the transition was not analyzed further by deconvo- 
lution analysis. All of these data suggest that apoB solubi- 
lized in NaDC undergoes a number of reversible thermal 
events over discrete temperature ranges prior to irrevers- 
ible denaturation. 

Near UV CD studies 

To monitor changes in the tertiary structure of apoB in 
LDL and solubilized in NaDC as a function of tempera- 
ture, particularly structure involving the aromatic amino 
acids Trp, Tyr, and Phe, and the disulfide bonds (38), we 
measured their near UV-CD spectra. The wavelength 
and ellipticity data are summarized in Table 3.  

ApoB in LDL 

Near UV-CD spectra of LDL were recorded as a func- 
tion of temperature at 3-4OC increments from 5 to 64OC. 
Measurements were not made at temperatures above 
64OC since the thermal disruption of LDL particles and 

concomitant release of the core-located CEs and aggrega- 
tion of apoB produces significant sample turbidity. Fig. 5 
shows selected near UV-CD spectra of LDL recorded at 
the temperatures indicated. From 5OC (Fig. 5a) to 34OC 
the curves are similar, with a positive maximum at 290 
nm and similar molar ellipticity (Fig. 6). From 39 to 
55OC the positive maximum, also at 290 nm, has a slight- 
ly greater magnitude. Between 55 and 6OoC, the magni- 
tude of this positive maximum at 290 nm increases. At 
6OoC a shoulder is also observed on the main peak be- 
tween 295 and 300 nm. At 64OC, only one broad positive 
peak is seen with its maximum shifted to 287 nm and a 
decreased molar ellipticity at 290 nm. To characterize 
these changes, the molar ellipticity at 290 nm is plotted as 
a function of temperature in Fig. 6. 

ApoB solubilized in NaDC 
Near UV-CD spectra of apoB solubilized in NaDC 

were recorded as a function of temperature at 3-4OC in- 
crements over the temperature range 4 to 72OC. Fig. 7 
shows near UV-CD spectra of apoB solubilized in NaDC 
recorded at the temperatures indicated. At 7OC (Fig. 7a) 
the spectrum exhibits a negative minimum from 278 to 
282 nm. Near UV-CD spectra recorded from 4 to 4OoC 
are similar to those measured at 7OC, suggesting that over 
this temperature range no alteration in the tertiary struc- 
ture of apoB is occurring. This temperature range coin- 
cides with that of the relatively featureless region of the 
calorimetric profile of apoB solubilized in NaDC. 

At 42OC, the shape of the spectrum changes. The nega- 
tive minimum at 272 nm is now accompanied by a 
shoulder at 280 nm. At 49"C, the negative minimum at 
272 and a shoulder at 282-284 nm are still evident; how- 
ever, their magnitude is diminished. At 55OC, the peak 
broadens with a minimum over the range 270-280 nm, 
and a shoulder from 285-290 nm. If the temperature is 
reversed to 7OC from 55OC or less, the original spectrum 

TABLE 3. Wavelength and ellipticity values for peak minima and maxima in the near UV-CD spectra of 
apoB in LDL and solubilized in NaDC 

T,"C Xmin, max [ e ] ~  deg-cm2/dmol x lo-' 

LDL 5-34 290 + 21.0 
34-55 290 + 29.0 

60 290 + 41 .O 

64 287 + 49.0 
NaDC 7 278-282 - 35.53 

42 272-274 - 37.40 
280 (shoulder) - 29.92 

49 272 - 33.66 
282-284 - 24.31--26.20 

298 (shoulder) + 9.0 

55 270-282 (broad) - 31.79 
64 270 - 31.79 

280-290 (gradual decrease in magnitude) - 24.31--16.83 

LDL: position of maximum shifts only 2-3 nm over the entire temperature range; the major alteration is the 
magnitude of the maximum and development of a shoulder at 298 nm at temperatures greater than or equal to 6OOC. 

Walsh and Atkinson Investigation of the unfolding of human apoB 1057 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


280 290 300 

Wavelength (nm) 
Fig. 5. Near UV circular dichroic spectra of apoB in LDL. LDL samples were - 5 mg of apoB/ml in 50 mM NaCI, 50 mM sodium carbonate, 0.02% 
NaN3, pH 10. Cell pathlength was 1.0 cm. *AU near UV-CD spectra were recorded from 320 to 260 nm. The data, however, are reported only from 
305 to 280 since, at wavelengths greater than 305 nm, the molar ellipticity values were zero, suggesting that no absorptions were occurring over these 
wavelengths and merely reflected baseline zero values (see Methods for experimental details); (a) 5+34OC (identical); (b) 39-+55OC (identical); (c) 
60°C; (d) 64OC. 

at 7OC returns (not shown), indicating that any alteration 
in the tertiary structure of apoB over this temperature 
range is complete1,y reversible. At 64OC, only a shallow 
trough from 270 to 272 nm is apparent with a rather weak 
shoulder at 280 nm. Heating above 64OC leads to com- 
plete disruption of the apoB-NaDC micelle and irrevers- 
ible protein unfolding. 

10 20 30 40 50 60 

Temperature (Oc)  

Fig. 6. 
LDL. 

Molar ellipticity at 290 nm versus temperature for apoB in 

DISCUSSION 

Calorimetric measurements of proteins represent the 
only method available for the direct measurement of the 
enthalpy associated with temperature-induced changes in 
state of a protein (30-32). Calorimetric studies have re- 
vealed important information on the structural and func- 
tional domains in fibrinogen (39), prothrombin (40), 
plasminogen (41), and fibronectin (42). The folding-un- 
folding process of proteins or domains of proteins is gene- 
rally a highly cooperative process, but, the physical 
reasons governing this process are not completely clear. 

LDL, the native lipid environment of apoB, represents 
a complex chemical milieu in which apoB is solubilized in 
a lipid “microemulsion” particle (2, 3, 43). The micellar 
particle of apoB solubilized in NaDC is a less complex 
system than the native lipid environment of LDL. How- 
ever, apoB maintains many of its native characteristics 
solubilized in NaDC (11, 18). 

LDL 

From 5 to 4OoC, a temperature range encompassing 
the CE order-disorder transition, both far (11, 44, 45) and 
near UV-CD spectroscopy have shown that both the se- 
condary and tertiary structural organizations of apoB in 
LDL are unaltered, undergoing no detectable conforma- 
tional changes (Fig. 2, inset; Figs. 5 and 6). 

Between 48 and 57OC, a previously unreported thermal 
event is detected by high resolution calorimetry. This re- 
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Wavekngth (m) 
Fig. 7. Near UV circular dichroic spectra of apoB solubilized in NaDC. ApoB-NaDC samples were -2 mg apoB/ml in 50 mM NaC1, 50 mM so- 
dium carbonate, 10 mM NaDC, 0.02% NaNs, pH 10. Cell pathlength was 1.0 cm. See * in legend for Fig. 5 (see Methods for experimental details); 
(a) 7OC; (b) 42OC; (c) 49°C; (d) 55OC; (e) 64OC. 

versible transition has a ratio of AH/AH,H of unity, sug- 
gesting that the entire apoB molecule is undergoing a 
reversible structural reorganization in a cooperative man- 
ner over this temperature range. Far UV-CD studies 
show no alteration in the secondary structure of apoB 
(Fig. 2, inset, and ref 11) in this temperature range. How- 
ever, the near UV-CD data presented in these studies 
suggest that an alteration in the tertiary structural organi- 
zation of apoB does occur at temperatures coinciding with 
this thermal event. 

In the wavelength range of 270 to 290 nm of the near 
UV region, Tyr, Trp, Phe, and disulfide bonds absorb (38, 
46, 47). While it is not possible at this time to assign a 
positive identity at a molecular level to the maximum 
observed at 290 nm in the near UV-CD spectrum, both 
the magnitude and wavelength of the maximum are 
altered in response to temperature and correlate with the 
reversible thermodynamic events observed by calorimetry. 
This low enthalpy thermal event may thus result from a 
cooperative reversible change in the tertiary structure of 
apoB over this temperature range. 

Calorimetry has previously shown (2, 3) that an irre- 
versible transition occurs in LDL from - 65-80OC. This 
has been attributed to disruption of the LDL particle and 
protein unfolding-denaturation. 

Thus, apoB in' LDL undergoes two separate thermal 
events: I )  the first is reversible and coincides with an alter- 
ation in the tertiary structure of apoB as shown by near 
UV-CD; 2) the second is irreversible and may involve 
lipid-associated regions of the apoB molecule whose un- 
folding-disruption-denaturation may hinder the refold- 
ing or reannealing of apoB to its native state. 

ApoB solubilized in NaDC 

The unfolding of apoB solubilized in NaDC proceeds 
through a multi-stage melting, suggesting the presence of 

domains (Figs. 3 and 4; Table 2). In NaDC the unfolding 
process involves at least three stages, the first two of which 
are reversible and occur between 40 and 60OC. The ratio 
of AH/AH,H for these transitions of apoB solubilized in 
NaDC have values greater than unity, indicating that 
each of the thermal events may not be a single two-state 
process, but may be composed of a number of intermedi- 
ate two-state processess, possibly due to the existence of 
independent structural domains. 

Deconvolution of the two reversible transitions con- 
firms that apoB may be undergoing a number of two-state 
thermal events. The lower temperature reversible transi- 
tion (T, = 44.9OC) is predominated by one event com- 
prising - 28% of the AH of both reversible peaks as well 
as portions of other two-state events. These include an in- 
termediate temperature transition T, 49.5OC, represent- 
ing 19% of the total AH. Three peaks comprising 16, 20, 
17% of the total enthalpy, respectively, occur at very simi- 
lar temperatures. The findings suggest quite strongly that 
the reversible thermal transitions observed in apoB solu- 
bilized in NaDC may result from separate thermal events 
of specific regions of apoB that melt over a discrete tem- 
perature range and overlap to some extent with the melt- 
ing of other regions. 

Between 40 and 6OoC, as shown by us previously (11) 
and presented briefly here (Fig. 4, inset), far UV-CD 
studies also detect a reversible alteration in the secondan, 
structure of apoB, specifically a decrease in the amount of 
&sheet and a concomitant increase in random coil. The 
near UV-CD measurements presented here also show a 
reversible structural change in this temperature range, 
suggesting that, in addition to the changes observed in se- 
condary structure (ll), there is also an alteration in the 
tertiary structure of apoB. Cardin et al. (48) have shown 
that delipidated apoB under water-soluble, detergent- 
free, nonreducing conditons exhibits a near UV-CD 

Walsh and Atkinson Investigation of the unfolding of human apoB 1059 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


spectrum similar to that shown in Fig. 7a with a negative 
minimum at -275 nm and a simlar molar ellipticity. 
Their study has clearly demonstrated that with prepara- 
tions of apoB that were carboxyamidomethylated, reduced 
and carboxyamidomethylated, or reduced, the position 
and magnitude of this peak is highly dependent on the 
state of the disulfide bonds. The near UV-CD spectrum 
of apoB is thus dependent on the inter- and intramolecu- 
lar disulfide bonds of apoB which may produce conforma- 
tional constraints and ultimately influence the environ- 
ment of the aromatic residues. 

Heating above 65OC results in the irreversible loss of 
the native secondary and tertiary structures of apoB and 
micelle disruption. This final irreversible unfolding may 
represent the disruption of those regions of the apoB mo- 
lecule intimately involved in the binding of NaDC. 

The observation that the thermal unfolding of apoB, 
either in LDL or solubilized in NaDC, is not a simple 
two-stage process is not surprising in view of the high mo- 
lecular weight of apoB and its potential organization into 
various regions in native LDL (totally extra-particle, lipid 
binding, non-lipid binding, receptor binding) (10). 

The differences between near UV-CD spectra, particu- 
larly the 275-295 nm region, of apoB in LDL and NaDC 
recorded at similar temperatures reflect the overall 
differences in the tertiary and quasi-quaternary structure 
of apoB in these different environments. 

There are several possible reasons for these differences. 
The environments that apoB is experiencing are quite dif- 
ferent in the two systems. In LDL, the presence of both 
polar and nonpolar lipids may potentially provide the ap- 
propriate environments for both hydrophobic and hydro- 
philic amino acids. In contrast, apoB solubilized in 
NaDC (a weakly ionic detergent) is not presented with the 
opportunity to partition into regions of different polarity. 
The particle sizes and their shapes are quite dierent .  
LDL is a spherical particle with a diameter of 220A (39) 
while the micellar particle with NaDC has been reported 
to be a prolate ellipsoid with a particle radius of - 12Oh; 
and an axial ratio of 5.6 (49). However, although their 
particle morphologies are quite different, the overall 
secondary structures of apoB in either the polar or non- 
polar environments are very similar at least from O-3O0C 
(11). Tyr, Trp, and Phe residues of apoB, although at some 
temperatures in a similar secondary structural region, 
may lie in a different tertiary structure. The dihedral 
angles of the disulfide bridges may be altered. 

In conclusion, the melting of apoB in either LDL or 
solubilized in NaDC proceeds through a number of dis- 
crete stages, each associated with a significant ethalpy ef- 
fect. The magnitude of these changes demonstrates that 
each of these stages corresponds to some conformational 
or structural change in apoB. 

The multistage character of the melting of apoB indi- 
cates that the unfolding of apoB in both LDL and NaDC 

micelles cannot be explained as a single simple two-state 
process or sequential transformation of the entire apoB 
molecule but as various regions of the molecule undergo- 
ing separate melting processes. This suggests that apoB 
does not represent a single cooperative unit, but a system 
consisting of regions or domains that behave, at least par- 
tially, independently. I 

This work was supported by U. S. Public Health Service Grant 
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