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d Université de Paris XI, Bât. 430, 91405 Orsay, France
e Institut Curie, University Orsay Paris XI, 91405 Orsay, France

Received 14 March 2005; received in revised form 2 June 2005; accepted 21 July 2005

Available online 25 August 2005
Abstract

The stabilities toward thermal and chemical denaturation of three recombinant isoforms of human apolipoprotein E (r-apoE2, r-apoE3 and

r-apoE4), human plasma apoE3, the recombinant amino-terminal (NT) and the carboxyl-terminal (CT) domains of plasma apoE3 at pH 7

were studied using near and far ultraviolet circular dichroism (UV CD), fluorescence and size-exclusion chromatography. By far UV CD,

thermal unfolding was irreversible for the intact apoE isoforms and consisted of a single transition. The r-apoE3 was found to be less stable as

compared to the plasma protein and the stability of recombinant isoforms was r-apoE4<r-apoE3<r-apoE2. The thermal denaturation of the

isolated NT- and CT-domains of apoE3 was largely reversible and included two transitions. The NT-domain was more resistant to heating

than the CT-domain, both of which were more resistant than the intact protein. By near UV CD, the thermal unfolding was biphasic. When

compared, thermal unfolding of the secondary and tertiary structures appeared to occur concurrently in r-apoE2 whereas heating affected the

tertiary structure, initially, in r-apoE3 and r-apoE4. Denaturation with guanidine hydrochloride did not follow a two-state transition. A three-

state treatment of the denaturation curves revealed the order of stability as r-apoE4<r-apoE3<r-apoE2 for the whole proteins as well as that

for the NT-domains, as established by fluorescence and far UV CD spectroscopy, whereas the CT-domains had roughly similar stabilities.

There are isoform-specific differences in the stability and in the state of association and the unfolding of both the NT- and CT-domains may

be more complex than a two-state transition.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Human apolipoprotein E (apoE) contains three major

alleles apoE2, apoE3 and apoE4 with single cysteine–
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doi:10.1016/j.bpc.2005.07.009

Abbreviations: apoE, apolipoprotein E; apo, apolipoprotein; CD,

circular dichroism; CT, carboxyl-terminal; DTT, dithiothreitol; GuHCl,

guanidine hydrochloride; N, native state of the protein; NT, amino-terminal;

p, plasma; r, recombinant; Rs, Stokes radius; U, unfolded state of the

protein; UV, Ultraviolet; Ve, elution volume.

* Corresponding author. Tel.: +7 95 927 0324; fax: +7 95 928 5063.

E-mail address: dergunov@img.ras.ru (A.D. Dergunov).
1 Both authors contributed equally to the study.
arginine interchanges at positions 112 and 158. The

structure–function relations that differ drastically for the

three isoforms are outlined in the preceding paper [1]

where the tertiary and quaternary structure of three

recombinant isoforms was studied. The protein is com-

posed of an N-terminal (NT, residues 1–191) domain that

bears low-density lipoprotein (LDL) receptor-binding

domain sites, and a C-terminal (CT, residues 210–299)

domain which contains lipoprotein binding and apoE self-

association sites. The NT-domain is comprised of a four-

helix bundle [2], while the structural organization of the

CT-domain is not precisely known. The apoE domain
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structure contributes to apolipoprotein self-association [3–

5] and significantly changes when the whole apolipopro-

tein molecule [6,7] or its receptor-binding fragment [8–14]

binds to lipids. However, far less knowledge is available

about the subtle differences in the structural organization

of three apoE isoforms. Intra-domain structure may discri-

minate isoforms in terms of: (i) receptor binding [15]; (ii)

apoE self-association [16]; (iii) efficient CT-domain medi-

ated binding of apoE2 and apoE3 but not of apoE4 to h-
amyloid peptide [17]; and (iv) interaction of apoE with the

lipids. Interactions with lipids are characterized by a

preferential accumulation of apoE4 in very low-density

lipoproteins and apoE3 in high density lipoproteins

[18,19], by different conformations of the lipid-bound

isoforms [6,20,21] and by different kinetics upon inter-

action with lipid [22]. Interaction between the NT- and CT-

domains is suggested by the existence of Arg61–Glu255

salt bridge in apoE4 [19] and by the inhibition of apoE2

binding to the LDL receptor by part of the CT-domain

[23]. The model of two independent and non-interacting

domains [24,25] for isoforms other than apoE3 needs more

detailed examination.

The existence of more than one structure at the

transition from the native to the unfolded state seems to

be a common feature of exchangeable apolipoproteins such

as apoA-I [26–28], apoA-II [29] and apoC-I [30]. Initially,

two sequential two-state transitions in CT- and NT-

domains were deduced from the guanidine hydrochloride

(GuHCl) denaturation curve of plasma apoE3 [25]; the

presence of a partially folded intermediate in the NT-

domain was described later, more prominent in apoE4 as

compared to apoE3, apoE2 unfolded by a two-state

mechanism [24,31,32]. However, if the possibility of a

domain interaction was initially not considered [24,25], an

interaction with the CT-domain that appeared to destabi-

lize the NT-domain in apoE2 and apoE3, but less so for

apoE4, was suggested later [22,31]. These authors gave

no evidence for any intermediate structure(s) at the

unfolding of the CT-domain; however, Choy at al. [33]

suggested that the native tetrameric CT-domain dissoci-

ated firstly to coiled–coiled dimer rather than to mono-

mer upon GuHCl-induced denaturation. Moreover, a two-

domain structure in the 267–289 region of the CT-domain

was revealed by circular dichroism and 1H NMR [34].

The additional stabilization of the apolipoprotein upon

self-association [4,31] might contribute to a multi-state

transition.

In the present study we provide new information on the

structure of three recombinant apoE isoforms by comparing

their stability to temperature- and GuHCl-induced denatura-

tion. We report first, a differential stability to unfolding,

apoE4<apoE3<apoE2, as assessed by temperature and

GuHCl and, second, a complex, non-two-state transition

within CT- and NT-domains during chemical unfolding that

is closely connected to the different association states of

these isoforms.
2. Materials and methods

2.1. Isolation of proteins

Three recombinant human apoE isoforms, r-apoE2,

r-apoE3 and r-apoE4, were produced by heterologous

expression in E. coli [35,36]. The purity of the proteins

was evaluated by SDS-PAGE and mass spectrometry. Prior

to use, the proteins were denatured for 24 h at 20 -C in 6 M

GuHCl, 100 mM Tris–HCl, pH 7.8, 1 mM EDTA and 2%

h-mercaptoethanol and then dialyzed extensively at 4 -C
against 100 mM NH4HCO3, 1 mM DTT, and finally against

20 mM sodium phosphate buffer pH 7.4, 1 mM DTT for the

circular dichroism and fluorescence experiments. The

amino-terminal domain of human apoE3 (r-NT-domain)

was expressed in E. coli BL 21 DE3 cells transformed with

the pet11a vector from Novagen containing the cDNA

sequence of the apoE3 NT-domain inserted between the

BamH1 (5V) and Nde1 (3V) sites of the polylinker. Expression
of the protein was obtained by induction of the T7 promoter

with 0.4 mM IPTG for 2 h once the culture attained an

optical density of 0.3 units at 600 nm. Recombinant protein

was purified as previously described [37]. Human plasma

apoE3 (p-apoE3) and the carboxyl-terminal domain of

plasma apoE3 (p-CT-domain) were prepared as described

previously [38].

For the temperature denaturation experiments, protein

concentrations were determined by tryptophan fluorescence

[39] or by measuring the absorbance at 280 nm in the

presence of 6 M GuHCl, 2% h-mercaptoethanol using an

extinction coefficient of 1.32 ml/mg cm�1 [40]. Samples for

the equilibrium unfolding by GuHCl were prepared in the

presence of increasing amounts of GuHCl and incubated at

20 -C for at least 15 h. Solutions were degassed before use.

The GuHCl concentration was determined by measuring the

refractive index of the solution, protein concentrations were

determined by measuring the optical density at 280 nm in

the presence of 3 M GuHCl [40].

2.2. Near and far ultraviolet circular dichroism (UV CD)

measurements

For the temperature denaturation studies, near UV CD

spectra were measured with a Jasco J700 spectropolarimeter

in a 1 cm quartz cuvette on 200 Al of sample with a protein

concentration between 0.5 and 1 mg/ml in 20mM sodium

phosphate, pH 7, 1 mM DTT. Spectra were recorded on the

same sample between 250 and 330 nm at 6–8 constant

temperatures, between 15 and 80 -C, using a 100 nm/min

scan speed, a 0.5 s response, a 0.2 nm resolution and a 2 nm

bandwidth. Each spectrum was the average of 8 accumu-

lations. The ellipticity at 292 nm was also measured

continuously from 15 to 80 -C and then from 80 back to

15 -C, using a scan rate of 1 -C/min, a 2 nm bandwidth, a

0.2 -C resolution, and a 16 s response time. Far UV CD

spectra were measured on samples having a protein
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concentration of approximately 0.1 mg/ml using a 0.1 cm

quartz cuvette. Spectra between 185 and 300 nm were

recorded at temperatures between 15 and 80 -C, using the

same parameters as for the near UV spectra. The ellipticity

at 222 nm was also measured continuously between 15 and

80 -C and then from 80 back to 15 -C using the same

parameters as for the near UV spectra. The ellipticity was

normalized (hN
k) using the following relationships:

h222 nmN ¼ h222 nmT � h222 nm15 -C

h222 nm15 -C � h222 nm80 -C

ð1Þ

h292 nmN ¼ h292 nmT � h292 nmmin

h292 nmmax � h292 nmmin

ð2Þ

where hT
k is the ellipticity at temperature T, and wavelength

k, hk
max and hk

min are the maximum and minimum

ellipticities, respectively, at wavelength k.
In the GuHCl denaturation study, far UV CD spectra

were recorded in a 2 mm path length quartz cell on a Jobin–

Yvon Mark V Spectropolarimeter (Jobin–Yvon, Long-

jumeau, France) piloted by a micro computer and calibrated

with a solution of 0.1% d-10-camphorsulfonic acid. Spectra

were measured at 20 -C at 0.115 mg/ml for r-apoE2 and

r-apoE4 and 0.056 mg/ml for r-apoE3. Spectra are the

average of three scans recorded between 215 and 250 nm,

with a time resolution of 1 s, a 2 nm bandwidth and at

60 nm/min. In the absence of GuHCl, the spectra were

recorded between 200 and 250 nm. Protein spectra were

corrected by subtracting spectra obtained in absence of

protein. The molar ellipticity [h] at each wavelength was

calculated from the relationship:

h½ � ¼ hkIMRW

10IlIc
ð3Þ

where MRW is the mean residue weight, hk is the measured

ellipticity (in degrees) at wavelength k, l is the cuvette path
length (in cm), and c is the protein concentration (in g/ml).

A mean residue weight of 113.5 was used for the r-apoE

isoforms. The fraction of a helix, fH, in the proteins was

estimated from the molar ellipticity at 222 nm, h222,
according to Chen et al. [41] using Eq. (4):

h½ �222 ¼ � 30300fH � 2340: ð4Þ

2.3. Fluorescence measurements

Fluorescence emission spectra were obtained using the

same samples of recombinant apoE isoforms that were used

for circular dichroism GuHCl denaturation studies. Spectra

were measured at 21 -C with a Perkin-Elmer 650-40 (Palo

Alto, CA.) fluorescence spectrometer between 300 and 400

nm at 60 nm/min with excitation at 295 nm. Protein spectra

were corrected by subtracting spectra obtained in the

absence of protein. The wavelength of the maximum of

the fluorescence emission intensity was determined by peak
fitting. The average emission wavelength <k>, was also

calculated using the equation:

bk� ¼

XkN

i¼k1

FiIkið Þ

XkN

i¼k1

Fi

ð5Þ

where F is the fluorescence intensity and k the wavelength.

The average wavelength takes into account both changes in

the shape and position of the spectrum and is less subject to

error than measurements at a single wavelength [42].

2.4. Size-exclusion chromatography

Size-exclusion chromatography of the r-apoE isoforms

was performed at 4 -C at a flow rate of 0.5 ml/min using a

Superose 12 column (1�30 cm) equilibrated with 100 mM

NH4HCO3, 1 mM h-mercaptoethanol and various concen-

trations of GuHCl (0 to 4 M). Approximately 20 Ag of

protein in 100 mM NH4HCO3 was injected onto the

column, and the elution profile was determined by

monitoring the optical density at 280 nm. The column was

calibrated with proteins of known molecular weight and

Stokes radii (Rs) as determined by sedimentation and

diffusion data [43,44]. Stokes radii of the native and

unfolded r-apoE isoforms were determined as described

by Uversky [44].

Three components (monomer, dimer and tetramer) were

observed in solutions of r-apoE isoforms. The mean elution

volume, <Ve>, can be defined by the relationship Eq. (6):

bVe� ¼ fTIVeT þ fDIVeD þ fMIVeM ð6Þ

where fT, fD, fM are the fractions of tetramer, dimer and

monomer, respectively, and VeT, VeD, VeM are the elution

volumes of the tetramer, dimer and monomer, respectively.

The relative populations of each of the components were

determined by fitting a series of Gaussian curves to the

chromatograms. The change in the elution profile was

investigated, as a function of the concentration of GuHCl,

by following the change in the partition coefficient, KD,

determined from the relationship Eq. (7):

KD ¼ Ve � Vo

Vt � Vo

ð7Þ

where Ve is the elution volume of the protein, Vt is the total

included volume of the column (the Ve of NaNO3 or h-
mercaptoethanol) and Vo is the exclusion volume of the

column (the Ve of Blue Dextran).

2.5. Treatment of the denaturation data

In order to compare the GuHCl denaturation process as

assessed by the different techniques, the experimental



Table 1

Far and near UV CD parameters for the temperature-induced denaturation

of apoE isoforms and apolipoprotein domains

Spectroscopy Tm(app) -C DH(app),

kcal/mol

DS(app),

kcal/mol/K

Far UV CD r-apoE2 58.7T0.06 70.1T1.70 0.21T0.005
r-apoE3 49.6T0.058 40.2T0.83 0.12T0.0025

p-apoE3 55.9T0.16 65.0T3.89 0.19T0.012

r-apoE4 47.3T0.06 33.8T0.73 0.10T0.0023

p-CT 60.6T0.07 52.5T0.0028 0.15T0.925
r-NT 65.5T0.16 61.5T1.76 0.18T0.005

Near UV CD r-apoE2 61.6T0.35 57.3T5.37 0.17T0.016

r-apoE3 39.3T0.2 48.9T3 0.15T0.01

p-apoE3 56.6T0.68 39.9T8.52 0.12T0.025
r-apoE4 39.1T0.17 61.6T4.14 0.19T0.013

Due to only partial reversibility of the transitions, the melting temperature

and Van’t Hoff enthalpy determined by a conventional Van’t Hoff analysis

should be considered as apparent Tm(app) and DH(app) values. In such an

analysis, the baselines for the folded and unfolded states, were fixed as

ellipticity values at 15 and 80 -C, respectively, in far UV CD (Eq. (1)) and

as maximal and minimal ellipticity values in near UV CD (Eq. (2)) due to

small pre- and posttransitional regions of the thermal unfolding curves. The

upper limit of the uncertainties due to different baseline interpolation, if

any, may not exceed 0.5 -C (2 -C for near UV CD) and 3 kcal/mol for the

Tm(app) and DH(app), respectively.
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results were transformed into the fraction of native

molecules ( fN) calculated according to Eq. (8):

fN ¼ X � XD

XN � XD

ð8Þ

where X is the measured parameter (Ve, [h] or kmax) at a

given GuHCl concentration, XD is the value of the

parameter for the protein in the totally unfolded state, XN

is the value of the parameter for the protein in the native

(folded) state. Apparent free energies of denaturation

DGH2O
D were estimated for each of the transitions of the

denaturation curves using a three-state transition model

[45–47] assuming the following scheme:

N�Y
Kn;i

@� I�Y
Ki;u

@� U

Kapp
�Y

ð9Þ

where N, I and U are the folded, intermediate and unfolded

states, respectively. Kn,i, Ki,u are the equilibrium constants

for the transition between the folded state and the

intermediate state and between the intermediate state and

the unfolded state, respectively, and Kapp is the apparent

equilibrium constant between the native state and the

unfolded state. The following parameters were used, yn,
Fig. 1. Far ultraviolet circular dichroism analysis of the temperature-

induced unfolding of human plasma apoE3. (A) Far UV CD spectra of

p-apoE3 (0.1 mg/ml in 20 mM sodium phosphate pH 7, 1 mM DTT)

were recorded at the temperatures indicated. (B) The ellipticity at 222 nm

of p-apoE3 was recorded at intervals (closed circles) and continuously as

a function of the temperature (solid line). The values of the ellipticity

were normalized by subtraction of the ellipticity measured at 15 -C.
yu, yi, which correspond to the experimental values obtained

for the protein in the folded state, in the fully unfolded state

and in the intermediate state, respectively. The fractional

change in the optical parameter being followed in the

transition from N to U is ai = ( yi�yn) / ( yu�yn) and the

observed fraction of unfolded material fobs may be

expressed:

fobs ¼ aiIfi þ fu ð10Þ

where fi and fu are the fractions of the intermediate and the

unfolded species, respectively. Kapp may be expressed in

terms of the observed fraction of unfolded material fobs as

follows:

Kapp ¼
fobs

1� fobs
: ð11Þ

Using the sum of the three species, fn+ fi + fu=1, and the

definitions of the constants, Kn,i = fi / fn and Ki,u= fu / fi in

Eqs. (10) and (11) leads to the following expression:

fobs ¼
aiIKn;i þ Kn;iIKi;u

1þ Kn;i þ Kn;iIKi;u
: ð12Þ

The constants Kn,i and K i,u may also be defined,

according to Tanford [45] as:

K ¼ KH2OI 1þ k Iað ÞDn ð13Þ
where K is the apparent equilibrium constant at a

particular concentration of GuHCl, KH2O is the equili-

brium constant in the absence of GuHCl, k is the binding

constant of the denaturant agent (0.8 when a is expressed

in GuHCl molarity), a is the GuHCl molarity and Dn is

the variation in the number of binding sites of GuHCl



Fig. 3. Near ultraviolet circular dichroism spectra of recombinant apoE3

recorded at different temperatures. The ellipticity between 250 and 330 nm

of the protein at 1 mg/ml in 20 mM sodium phosphate pH 7, 1 mM DTT

was recorded at several temperatures. (A) 15–35–40–45 -C, (B) 45–60–

70 -C. The inset shows the spectrum of r-apoE3 at 15 -C.

Fig. 2. Temperature-induced denaturation of plasma apoE3, the recombinant

amino-terminal domain and the plasma carboxyl-terminal domain. (A), the

ellipticity at 222 nm was measured continuously while increasing the

temperature from 15 to 80 -C (scan rate 1 -C per min) at a protein

concentration of about 0.1 mg/ml in 20 mM sodium phosphate pH 7, 1 mM

DTT. The data was normalized to permit comparison of the denaturation

curves directly. (B), the reversibility of the denaturation curve for r-NT-

domain; (C), the reversibility of the denaturation curve for p-CT-domain. The

ellipticity at 222 nm was measured continuously while increasing the

temperature from 15 to 80 -C (scan rate 1 -C per min, solid line) and then

decreasing temperature to 15 -C (scan rate 1 -C per min, dotted line).
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between the two states. Combining Eqs. (12) and (13)

and using K n,i
H2O IK i,u

H2O=K n,u
H2O lead to:

fobs ¼
aiIK

H2O
n;i I 1þ k Iað ÞDnn;i þ KH2O

n;u I 1þ k Iað ÞDnn;u

1þ KH2O
n;i I 1þ k Iað ÞDnn;i þ KH2O

n;u I 1þ k Iað ÞDnn;u
:

ð14Þ

Denaturation curves for each recombinant apoE isoform

were fitted according to Eq. (14) by plotting fobs as a function
of k Ia. Five parameters were varied: K n,u
H2O, K n,i

H2O, Dnnu,

Dnni and ai. From the best fit of the data, the fraction of each

species as a function of the concentration of GuHCl was

calculated. The apparent free energy of denaturation without

GuHCl was calculated using the following relationship:

DGH2O
n;u ¼ � RT lnKH2O

n;u ð15Þ

DG
H2O
n;i ¼ � RT lnKH2O

n;i ð16Þ

DGH2O
i;u ¼ DGH2O

n;u � DGH2O
n;i : ð17Þ
3. Results

3.1. Temperature denaturation study

3.1.1. Far UV CD

The effect of temperature upon the optical activity of pro-

teins was assessed in two ways. The ellipticity was measured

between 185 and 300 nm at eight temperatures between 15
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and 80 -C. In an independent experiment, the ellipticity at a

single wavelength, 222 nm, was measured continuously as

the temperature was increased from 15 to 80 -C.
The far UV CD spectrum of p-apoE3 measured at 15

-C displays two minima at 208 and 222 nm, and is

typical of a protein with a highly helical structure (Fig.

1A). With increasing temperatures the optical activity

decreases indicating a loss of helicity (Fig. 1A,B). The

values of the ellipticity at 222 nm determined from the

spectra at selected temperatures follow closely the values

measured while continuously increasing the temperature

from 15 to 80 -C (Fig. 1B), suggesting that the rate of

increase in the temperature during the continuous scan is

slow enough for the sample to equilibrate. A single

transition was observed between 15 and 80 -C. At 80 -C,
the far UV CD curves of p-apoE3 (Fig. 1A), r-apoE3, the

r-NT-domain of apoE3 and the p-CT-domain (results not

shown), still exhibit minima in their spectra at 208 and

222 nm suggesting that some a-helical structure remains

at this temperature.

We measured continuously, from 15 to 80 -C, the

ellipticities at 222 nm for p-apoE3, r-apoE2, r-apoE3, r-
Fig. 4. Near UVand far UV CD denaturation curves of recombinant and plasma ap

unfolding curves obtained by far UV CD (normalized ellipticity at 222 nm, dots)
apoE4, r-NT-domain and p-CT-domain. The calculated a-

helical content at 15 -C ranged from 51% (r-apoE4) to 64%

(r-apoE2 and r-apoE3). The normalized temperature scans

show a loss of optical activity with increasing temperature

that occurs at the lowest temperatures for r-apoE4 followed

by r-apoE3, p-apoE3 and then r-apoE2. The thermal

denaturation scans of p-apoE3, r-apoE3 and r-apoE4 exhibit

one major transition which occurs between 40 and 60 -C. A
second minor transition between 20 and 40 -C is readily

apparent in the case of r-apoE2. The apparent mid-transition

temperatures and Van’t Hoff enthalpies were estimated for

the major transitions, assuming a two-state transition (Table

1). Both the higher mid-transition temperature and the Van’t

Hoff enthalpy of r-apoE2 suggest that it is the most stable to

thermal denaturation of the three recombinant isoforms,

whereas r-apoE4 is the least stable. Recombinant apoE3 has

a lower mid-transition temperature and a lower Van’t Hoff

enthalpy than plasma apoE3, suggesting that the secondary

structure of r-apoE3 is less stable to thermal denaturation

than that of p-apoE3. The effect of temperature upon the

secondary structure of the NT- and CT-domains of apoE3 as

compared to the intact protein was also evaluated. The
oE. (A), r-apoE2; (B), r-apoE3; (C), r-apoE4; and (D), p-apoE3. The thermal

and near UV CD (normalized ellipticity at 292 nm, solid line) are plotted.
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normalized temperature scans of the ellipticity at 222 nm

(Fig. 2A), the mid-transition temperatures and the Van’t

Hoff enthalpies (Table 1) show that the amino-terminal

domain is more stable to thermal denaturation, than the

carboxyl-terminal domain. The intact plasma protein exhi-

bits a higher Van’t Hoff enthalpy and a lower mid-transition

temperature than the NT- and the CT-domains individually.

Further, both domains display two transitions in the 20–45

-C and the 50–80 -C range (Fig. 2B). However, the first

transition is much less apparent for the intact protein which

appears to have only one major transition in the 50–80 -C
range. For all the proteins, heating from 15 to 80 -C results

in a loss of roughly 50% of the CD signal, except for the

CT-domain for which 75% of the CD signal is lost.

The reversibility of the effects of heating upon the

secondary structure of p-apoE3, r-apoE2, r-apoE3, r-apoE4,

r-NT-domain and p-CT-domain was evaluated. The percents

of the initial ellipticities at 222 nm recovered after first
Fig. 5. Fluorescence and CD spectroscopic analysis of the guanidine hydrochloride

the maximum of fluorescence intensity is plotted as a function of the GuHCl conc

denaturant concentration. Samples containing 0.115 mg/ml for r-apoE2 and r-apo

recorded at 21 -C. (C) The molar ellipticity at 222 nm is plotted as a function of th

function of the denaturant concentration. Spectra of solutions containing 0.115 mg

20 -C using a 2 mm cell.
increasing the temperature from 15 to 80 -C and then

decreasing the temperature to 15 -C were 80–85% for each

domain while there was no recovery of the secondary

structure for intact protein, recombinant or plasma. Upon

cooling after heating, the denaturation curves of the NT-

and CT-domains display a hysteresis suggesting the slower

folding rate and/or some irreversible change of apolipo-

protein structure at elevated temperatures as observed for

apoA-I [27] and apoC-I [30]. However, since irreversible

changes are relatively slow compared to the protein heat

unfolding, they do not preclude equilibrium thermody-

namic analysis of the unfolding transition. After renatura-

tion, the far UV CD spectra of the NT- and CT-domains

remain characteristic of helical proteins and are similar to

the initial spectra measured at 15 -C. In contrast, the

spectrum of plasma apoE3 obtained at 15 -C, following
thermal denaturation at 80 -C, is intermediate between the

spectrum at 80 -C and the initial spectrum at 15 -C.
induced denaturation of recombinant apoE isoforms. (A) The wavelength of

entration. (B) The fraction of native structure is plotted as a function of the

E4 and 0.056 mg/ml for r-apoE3 were excited at 295 nm and spectra were

e concentration of GuHCl. (D) The fraction of native structure is plotted as a

/ml for r-apoE2 and r-apoE4 and 0.056 mg/ml for r-apoE3 were recorded at



Fig. 6. Three-state transition analysis of the fluorescence (A–C) and CD (D–F) data for the GuHCl denaturation of recombinant apoE isoforms. The best fits

(solid lines) of the experimental data (points) are shown. (A,D), r-apoE2; (B,E), r-apoE3; (C,F), r-apoE4.
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3.1.2. Near UV CD

In order to evaluate the tertiary structural changes that

occur upon heating, near UV CD spectra (250–330 nm) of

r-apoE3 were recorded at selected temperatures between 15

and 80 -C (Fig. 3). At 15 -C, the near UV CD spectrum of

r-apoE3 shows, as do those of r-apoE2, p-apoE3, r-apoE4

and r-NT-domain (results not shown), a minimum at about

292 nm, and two maxima at about 277 and 288 nm.

Increasing the temperature eliminates gradually the mini-

mum and the two maxima. The optical activity at 292 nm

first decreases with increasing temperatures between 15 and

45 -C and then increases between 45 and 70 -C, probably,
due to the protein aggregation. We measured continuously

the ellipticity at 292 nm for the r-apoE2, r-apoE3, r-apoE4,

and p-apoE3 from 15 to 80 -C. The effect of temperature

upon the three recombinant isoforms is similar consisting

first of a loss of optical activity followed by increasing

negative optical activity. The minimum in the optical

activity occurs at about 45 -C for r-apoE3 and r-apoE4

whereas for r-apoE2 it occurs at about 62 -C. The

comparison of the Tm(app) values (Table 1) shows the order

of resistance of the tertiary structure to thermal denaturation:

r-apoE4< r-apoE3<p-apoE3< r-apoE2, identical to that

established by the far UV CD study (Table 1). Following

denaturation no signal was recovered, in the near UV CD

region, after decreasing the temperature from 80 to 15 -C for

r-apoE2 and p-apoE3 (results not shown). The tertiary

thermal unfolding appears to be irreversible.

The changes of the secondary and tertiary structures

resulting from heating were compared by plotting together

the normalized near and far UV CD denaturation curves

(Fig. 4). The near UV CD transition occurs at lower

temperatures than the far UV CD transition for r-apoE3 and

r-apoE4 (Table 1), whereas the two transitions seem to

occur at the same temperatures for p-apoE3 and r-apoE2

(considering only the second major transition in the far UV

for r-apoE2).

3.2. GuHCl denaturation study

3.2.1. Fluorescence spectroscopy

The wavelength of the emission maximum was

determined as a function of the GuHCl concentration,

although similar results were obtained with the average
Table 2

Fluorescence and far UV CD parameters for the GuHCl-induced denaturation of

Spectroscopy Isoform Kn,i DGn,i,

kcal/mol

Dnn,i Ki,u

Fluorescence r-apoE2 0.0481 1.8 7.0 6.72�11

r-apoE3 0.0403 1.9 8.9 2.29�7

r-apoE4 0.0681 1.6 8.2 3.25�6

CD r-apoE2 0.00448 3.2 11.9 5.20�8

r-apoE3 0.00206 3.6 11.2 5.74�7

r-apoE4 0.0022 3.6 11.7 1.17�5

The observed transition curves were fitted to a three-state model.
emission wavelength. The fraction of the protein remain-

ing folded was expressed as a function of the concen-

tration of denaturant (Fig. 5). Two transitions were clearly

apparent for each of the recombinant isoforms as has been

described for plasma apoE3 [25]. The first transition,

between 0 and 1.5 M GuHCl, corresponds to the

denaturation of the carboxyl-terminal domain and the

second transition, between 1 and 5 M GuHCl corresponds

to the unfolding of the amino-terminal domain. The

folding of each domain has been shown to be independent

from the other [25].

We used a three-state model of denaturation (Eq. (14))

to calculate the apparent free energies of denaturation for

each of the transitions (Eqs. (15)–(17)). DG n,u
H2O, DG n,i

H2O

and DG i,u
H2O correspond to the apparent free energies of

denaturation of the intact protein, of the CT- and of the NT-

domains, respectively. The experimental and fit data are

shown in Fig. 6 and the resulting parameters are presented

in Table 2. There are distinct differences in the overall

stabilities of the intact proteins as well as in the stabilities

of the domains among the isoforms. The overall stability of

the r-apoE2 as well as of its NT-domain were markedly

greater than that of the other two isoforms and their

corresponding NT-domains. The greater stability overall of

apoE2 is due to the greater stability of its amino-terminal

domain. The CT-domains are clearly less stable than the

NT-domains. In contrast, the overall stability as well as the

stabilities of each domain individually were the lowest for

the r-apoE4.

3.2.2. Far UV CD

The plot of the molar ellipticity at 222 nm versus the

GuHCl concentration presented two transitions for each

of the isoforms as was the case in fluorescence (Fig. 5).

The experimental data were fitted to a three-state model

of denaturation (Fig. 6) and the resulting parameters are

listed in Table 2. As was the case for the denaturation as

followed by fluorescence, the r-apoE4 exhibited the

lowest overall stability and the lowest stability for the

NT-domain whereas r-apoE2 was the most stable. How-

ever, the CT-domain of r-apoE2 appears to be slightly less

stable than those of r-apoE3 and r-apoE4. These differences

are small (10–20%) however, as compared to the differ-

ences in the overall stabilities (21–42%) or to the differ-
apoE isoforms

DGi,u,

kcal/mol

Dn i,u Kn,u DGn,u,

kcal/mol

Dnn,u a

13.6 20.2 3.23�12 15.4 27.2 0.55

8.9 13.9 9.22�9 10.8 22.8 0.51

7.4 11.4 2.21�7 8.9 19.6 0.38

9.8 14.8 2.33�10 12.9 26.7 0.40

8.4 13.9 1.18�9 12.0 25.1 0.43

6.6 11.2 2.58�8 10.2 22.9 0.38



Fig. 7. Size-exclusion chromatography analysis of the guanidine hydro-

chloride induced denaturation of recombinant apoE isoforms. (A) The

elution profiles of the r-apoE2 are shown for GuHCl concentrations

between 0 and 4 M. The apoE concentration was 1 mg/ml in 100 mM

ammonium bicarbonate, 1 mM h-mercaptoethanol. (B) The coefficients of

partition KD of the three recombinant apoE isoforms with increasing

GuHCl concentrations between 0 and 4 M.

Fig. 8. Fraction of the fully folded, fully unfolded and partially unfolded

states of the three recombinant apoE isoforms during denaturation with

guanidine hydrochloride followed by circular dichroism and fluorescence.

(A), r-apoE2; (B), r-apoE3; (C), r-apoE4.
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ences in the stabilities of the NT-domains (30–45%) of the

isoforms.

3.2.3. Size-exclusion chromatography

The permeation properties of the Superose 12 column are

practically independent of solvent, temperature, pH and

denaturant concentrations [44]. We determined that proteins

of known Stokes radii Rs injected onto the Superose 12

column obeyed the equation 1000 /Ve=0.615 IRs+58.66.

This equation allows the determination of the apparent Rs

values at any concentration of GuHCl. Fig. 7A shows the

elution profiles of r-apoE2 in the presence of different

concentrations of GuHCl. Under non-denaturing conditions,

the deconvolution of the curve reveals the presence of three

species as is the case for the two other isoforms. For the

isoforms r-apoE2 and r-apoE4, the majority of the protein

eluted in the first peak with anRs of 6.6 nm, and corresponded

to tetramer of apoE based upon the similar dimension of the
plasma apoE3 tetramer [3]. The elution volumes of the

second and third components suggested that they were dimer

and monomer. The state of association of the isoforms was

confirmed by analytical ultracentrifugation as shown in our

preceding paper [1]. Under native conditions the r-apoE3

elution profile differed somewhat from that of the r-apoE2

and r-apoE4 in that, the proportion of tetramer to monomer

was close to 40%, lower than the 65% observed with r-apoE2
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and r-apoE4. This suggests that apoE3 is less associated than

the two other isoforms [1]. The denaturation consisted of two

phases for each isoform. The first phase, between 0 and 1.25

M GuHCl, corresponded to the denaturation of the CT-

domain as based upon the fluorescence and circular dichro-

ism and at the same time to the dissociation of the oligomer

into monomer (Fig. 7A). The proportion of monomer, which
Fig. 9. Global unfolding analysis of the amino- (A–C) and carboxyl- (D–F)

hydrochloride denaturation. The denaturation process was followed by three

chromatography. (A,D), r-apoE2; (B,E), r-apoE3; (C,F), r-apoE4.
represented only 10% of the total species present initially,

increased to 100% at 1.25 M GuHCl. Between 1.25 and 4 M

GuHCl, the monomer, with an unfolded CT-domain and with

a folded NT-domain, had an Rs of 4 nm, while the completely

unfolded monomer had an Rs of 6.6 nm.

The volume changes during the unfolding of the

proteins were expressed by plotting the coefficients of
terminal domains of the three recombinant apoE isoforms for guanidine

different techniques, fluorescence, circular dichroism and size-exclusion
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partition, KD, as a function of the GuHCl concentration

(Fig. 7B). The three isoforms differed in that the r-apoE4

unfolding occurred at the lowest concentrations of GuHCl

whereas r-apoE2 required the largest amounts of GuHCl.

This order of stability toward denaturation with GuHCl

was the same as that obtained by circular dichroism and

fluorescence.

3.2.4. Intermediates during unfolding

The unfolding of all three isoforms consists of at least

two transitions with an intermediate composed of an

unfolded CT-domain and a folded NT-domain. Determina-

tion of the values of Kni, Kiu and Knu from the three-state

analysis permits the calculation of the fraction of the fully

folded, fully unfolded and intermediate states (Fig. 8).

Based upon these calculations, the partially folded inter-

mediate predominates over an extended range of concen-

trations of GuHCl (about 1 to 2.2 M GuHCl). This is the

case for all three isoforms. For each isoform the changes as

followed by fluorescence precede those as followed by

circular dichroism for the unfolding of the CT-domain (0–1

M GuHCl), this order is reversed for the NT-domain (2.5–4

M GuHCl). Further, these differences are more marked for r-

apoE3 and r-apoE4 as opposed to r-apoE2. Considering the

denaturation of the NT-domain, as assessed by the three

techniques, the loss of structure of each isoform was non-

coincidental (Fig. 9 A–C). For all isoforms, as assessed by

size-exclusion chromatography, a specific increase in the

size of the molecule was observed to occur first, and then

changes in the secondary structure were observed as

evaluated by circular dichroism. The denaturation curve

obtained by fluorescence emission was shifted to even

higher GuHCl concentrations. For apoE2, the denaturation

curves obtained by far UV CD and fluorescence coincided,

in contrast with those of apoE3 and apoE4, which did not.

Finally, the fact that a three-state analysis gives a better fit

of the experimental data than a two-state analysis suggests

the presence of intermediates in the denaturation of the

NT-domain.

Considering the dissociation of oligomers and the

denaturation of the CT-domain, a similar global analysis

was also performed for the first transition occurring between

0 and 1.2 M GuHCl (Fig. 9 D–F). In this case, for each

isoform, in contrast to the NT-domain, non-coincident

changes in size and fluorescence precede the loss of

secondary structure reflected by circular dichroism. This

suggests that the CT-domain dissociates to a large extent

before unfolding.
4. Discussion

The present study provides novel information concerning

three aspects of apolipoprotein E structure: (1) the relative

stabilities of the three major recombinant human apoE

isoforms; (2) the presence of intermediates during the
denaturation of the isoforms; and (3) the similarities and

the differences in the characteristics, toward denaturation, of

the isolated domains as compared to the intact isoforms. We

further assessed the usefulness of the recombinant isoforms

as models for the intact proteins.

4.1. Thermal denaturation

Several results indicate that the recombinant isoforms,

which have a 43 residue amino-terminal extension, are

useful models for the plasma proteins. The very similar near

and far UV CD spectra attest to the overall similarities in the

tertiary and secondary structures of the proteins. The

recombinant isoforms, similarly to plasma apoE3, are

composed of two structural domains and have similar

structural properties as shown by limited proteolysis in the

preceding paper [1], chemical and thermal denaturation (this

paper). However, the r-apoE3 is less stable than the plasma

protein. The differences in the stability between the

recombinant and the plasma apoE3 could result from the

presence of the 43 residue amino-terminal extension in the

recombinant protein.

In the far UV CD region, the presence of two distinct

transitions in the denaturation curve of r-apoE2 reveals an

unfolding process distinct from that of r-apoE3 and r-

apoE4, the curves of which apparently exhibit only one

transition. The greater Tm(app) and DH(app) values for r-

apoE2 determined from the major transition of the far UV

CD experiments, as well as the higher Tm(app) value

obtained from the near UV CD experiments, suggest an

increased resistance of r-apoE2 to thermal unfolding as

compared to r-apoE3 and to r-apoE4, which has the lowest

thermal stability. That coincides with the data of Morrow et

al. [24] on the high-temperature unfolding of three iso-

forms; however, these authors did not observe two

transitions in the denaturation curve of r-apoE2. This order

of stability is the same as that found with the chemical

denaturation with GuHCl as assessed by the three methods

and coincides with the chemical denaturation data of

Morrow et al. [24]. The differences in the thermal stabilities

among the isoforms could be due to intramolecular bonds

that stabilize the proteins, in part due to differing

interactions between the NT- and CT-domains in the

isoforms. The first transition of the thermal denaturation

of tetrameric r-apoE2 could be due to the dissociation of

oligomers, analogous to the thermal denaturation of apoC-I

[30], followed by the unfolding of the monomer. A non-

cooperative dissociation of oligomers could occur in r-

apoE3 and r-apoE4, in which case the first transition would

be less apparent. However, this explanation can not be

proposed for the first transition observed with the recombi-

nant NT-domain, which is monomeric. In that case, the two

transitions may reflect a complex process of denaturation.

Moreover, one [24] or two [31] transitions at the thermal

unfolding of the NT-domains of the three isoforms have

been observed.
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Another difference in the thermal unfolding of the

isoforms is the simultaneous unfolding of the secondary

(major transition) and tertiary structures of r-apoE2, as

opposed to the sequential denaturation of r-apoE3 and r-

apoE4 (tertiary structure first then the secondary structure).

Following heating to 37 -C, the secondary structure was

largely intact as compared to that of 15 -C for r-apoE2

(83%), r-apoE3 (80%), r-apoE4 (77%), and p-apoE3 (82%).

The tertiary structures of r-apoE3, r-apoE4 and p-apoE3 are,

however, clearly altered at 37 -C as compared to 15 -C. This
suggests that, under physiological conditions, plasma and

recombinant apoE3 and r-apoE4 have well-defined secon-

dary structures but altered tertiary structures. A similar

suggestion has been made by others [31]. In the cases of

apoA-I [27] and apoA-II [29], compact molten globular

states have been proposed to exist at physiological temper-

atures. Thermal denaturation of apoA-II showed a well-

defined isochromatic point during heat-induced unfolding

whereas there were non-coincident secondary structural

changes in the course of its cold denaturation [29]. In

contrast, apoA-I displays a non-two-state transition during

thermal unfolding as shown by both far UV CD [27] and

differential scanning calorimetry (DSC) [28]. For human

plasma apoE3, the far UV CD spectra recorded at different

temperatures show a single isochromatic point at 202.5 nm

suggesting a two-state unfolding. Nevertheless, the non-

coincident changes in the secondary and tertiary structures

suggest that the unfolding of apoE may be more complex

than a two-state process. However, Acharya et al. [31] were

unable to detect cooperative changes in the tertiary structure

of either full-length apoE or the NT- or CT-domains at

thermal unfolding by monitoring tryptophan fluorescence.

In contrast to the sequential alteration of the tertiary

structure followed by the loss of a-helical structure for

plasma and r-apoE3 and r-apoE4, there is no change in the

tertiary structure between 15 -C and physiological temper-

ature for the isolated domains.

The loss of the secondary structure upon heating of the

three recombinant isoforms of apoE and the plasma apoE3

is irreversible. In contrast, the thermal denaturation of the

secondary structure of apoA-II [29] and apoC-I (from 22 to

80 -C) [30] was reversible while only partial recovery of far

UV CD and DSC curves occurred after re-heating of apoA-I

[28]. It is remarkable that the denaturation of the secondary

structure of each individual isolated domain of apoE is also

reversible. The reversibility of the thermal denaturation of

the NT-domains of three isoforms, as assessed by DSC, has

been observed also by Acharya et al. [31]. This suggests that

the presence of the two domains in the intact protein may

complicate the renaturation and that interactions between

the two domains might occur. This suggestion coincides,

firstly, with the data of Dong and Weisgraber [19] on the

specific Arg61–Glu255 interaction in apoE4, secondly, with

the higher Van’t Hoff enthalpy of the intact protein in far

UV region as compared to those of each domain indivi-

dually and, finally, with isoform-specific binding of apoE to
h-amyloid, which occurs via the CT-domain [17], the

sequence of which is identical for the isoforms. However,

the sums of the near UV spectra of the NT-domain and the

CT-domain give a spectrum almost identical to the intact

protein (not shown) and suggest that, even if domain

interactions (besides the specific interaction in apoE4)

occur, the overall tertiary structures of the two domains in

the intact protein are similar to those exhibited by the

domains independently in solution. Non-specific interdo-

main interactions, most evident in r-apoE2 and r-apoE3,

were also suggested by Acharya et al. [31].

4.2. Chemical denaturation

Far UV circular dichroism showed that, in the absence

of GuHCl, the recombinant apoE isoforms contained a

large a-helical content, as has been described for human

plasma apoE [25,48] and three recombinant isoforms [24].

The denaturation results of the present and other [24]

studies show that the three recombinant isoforms are

organized into two structural domains as is the case for

human plasma apoE3 [25]. The normalized denaturation

curves obtained from the variations of the wavelength of

the fluorescence maxima kmax clearly showed two

transitions in accordance with our previous data on

human plasma fluorescein-labelled apoE [4]. On the other

hand, Jonas et al. observed a single transition [49]. The

two transitions that we observed in the denaturation of the

recombinant human apoE isoforms by spectroscopic

techniques were also apparent by size-exclusion chroma-

tography. The calculation of the apparent free energies of

denaturation for each of the transitions of each of the

apoE isoforms showed that r-apoE4 had the lowest global

DGn,u, largely due to the smaller value of the DGi,u of its

NT-domain. On the other hand, r-apoE2 was the most

stable isoform with a particularly high DGi,u for its NT-

domain.

4.3. Presence of intermediates

In addition to a clearly defined intermediate characterized

by an unfolded carboxyl-terminal domain and a folded

amino-terminal domain, the unfolding of both the NT- and

CT-domains of the recombinant apoE isoforms may be more

complex than simple two-state transitions. This conclusion

is based upon the results that show that the losses of

secondary and tertiary structures, as determined by three

different techniques, do not coincide. This particular

behavior is not related to the rate of protein diffusion in

the chromatographic column [50] or to the different

interaction of native or unfolded proteins with Superose

12 column.

For the unfolding of the CT-domain the changes in the

tertiary structure precede the changes in the secondary

structure. The presence of intermediate dimer during the

chemical unfolding of the recombinant CT-domain that
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initially existed as tetramer (dimer of dimer) in the native

state has been observed by Choy et al. [33]. Morrow et al.

[24] did not observe any intermediate upon chemical or

thermal unfolding of the CT-domain as assessed by far UV

CD; but, two transitions in the DSC curve of the CT-domain

were clearly evident [31].

In contrast, for the NT-domain, there is first an increase in

the size of the molecules after which there is a loss of the

secondary structure which is then followed by alteration of

the tertiary structure surrounding the three tryptophan

residues (24, 34 and 38) at the extremity of the first a-helix

of the four-helix bundle. Thus, although the size of the

molecule was increasing, the environment of the first a-helix

within the NT-domain apparently did not change. This could

reflect a conformational change similar to that which has

been proposed to occur upon the association of apoE with

lipids [51]. This change consists of opening of the tetra-

helical bundle without inducing a major disruption of the a-

helical structure, however, the two pairs of helices (1,2 and

3,4) are separated in space. A similar conformational change

was also proposed for apolipophorin III [52]. This type of

opened structure for apoE might also be present during the

denaturation process. Other authors have suggested the

presence of a folding intermediate in the NT-domain of

apoE, most prominently in apoE4 [24,31,32]. At lower

GuHCl concentrations, the four-helix bundle could open

without an accompanying change in the secondary structure

and without inducing a change in the interactions of the first

helix with the second helix. The denaturation of r-apoE3 and

r-apoE4 assessed by circular dichroism occurs at lower

GuHCl concentrations compared to that by fluorescence, in

agreement with the data of Morrow et al. on the NT-domains

of r-apoE3 and r-apoE4 [24]. The first a-helix thus seems

more stable than the rest of the bundle. The higher stability of

helix 1 has been also suggested by Acharya et al. [31]. This

shift was not observed for the r-apoE2, for which the

secondary structure appeared more stable than those of r-

apoE3 and r-apoE4, probably, due to specific interactions

within r-apoE2.

4.4. Multiple-state denaturation of apoE: a more rigorous

evaluation

A three-state model for the denaturation of apoE may

be an oversimplification. Two (I1 and I2) or more

intermediate kinetic and equilibrium states in protein

folding have been described [53]. A minimal scheme, as

applied to apoE, could be: N6 I16 I26U. An isoform

dependent population of the intermediates may be then

suggested as follows: I1< I2 for r-apoE2, I1� I2 for r-apoE3

and I1> I2 for r-apoE4. This distribution follows from: (1)

the more ‘‘irreversible’’ nature of the thermal denaturation

of r-apoE4; (2) the increased cooperativity of the tempe-

rature-induced transitions of r-apoE2 as assessed by far

UV CD and r-apoE4 as assessed by near UV CD,

respectively; (3) the increase of the a parameter in GuHCl
denaturation as r-apoE4<r-apoE3<r-apoE2; (4) the lowest

and the highest values of DGn,i for r-apoE4 calculated

from fluorescence and circular dichroism measurements;

(5) the highest DGi,u value for GuHCl denaturation of r-

apoE2 as assessed by fluorescence. Tertiary structure

contributes preferentially to the I1 state as assessed by

fluorescence and the secondary structure to the I2 state as

assessed by far UV CD.

How many transitions in the structure of the three apoE

isoforms may be inferred from two kinds of perturbations as

assessed by different methods?

By size-exclusion chromatography, at least three

GuHCl-induced transitions are visible. The first transition

(0–0.5 M) may correspond to dissociation of the apoE,

self-associated as tetramer via CT-domain, to an oligomer*

(I1-state) with smaller dimensions, e.g. a dimer. The I1 and

N states may correspond to the populations of the ‘‘open’’

and ‘‘closed’’ conformers of self-associated plasma apoE at

4 -C and after heating, respectively [5]). The second

transition (0.5–1.25 M) may correspond to the parallel

dissociation and denaturation of this oligomer* to a

monomer (I2-state) with a contribution of both processes

for r-apoE3, whereas the oligomer* is the more populated

for r-apoE4. The third transition (1.25–3 M) with some

heterogeneity for r-apoE2 may correspond to denaturation

of the monomer to the fully unfolded state (U-state). (The

small, if any, amplitude of the first transition as assessed

by fluorescence and CD measurements for r-apoE2,

probably, reflects the higher degree of self-association of

this isoform as compared to two others [1], the dimer of r-

apoE2 and the monomers of r-apoE3 and r-apoE4 may be

the basic units of apoE structure).

By fluorescence, three GuHCl-induced transitions are

apparent within the ranges of concentration of 0–0.3, 0.3–

0.7 and 0.7–3.0 M GuHCl.

By far UV CD, up to four GuHCl-induced transitions are

visible: the first one (0–0.3 M) may correspond to the

formation of a superhelical oligomer* structure with its

subsequent denaturation to a monomer (I2-state) within the

concentration range 0.3–1.0 M GuHCl; the third transition

(1.0–1.7 M), most prominent for r-apoE4, may correspond

to the denaturation to a monomer* with altered constraints in

tertiary structure within the NT-domain (I3-state); the last

transition (1.7– 3.0 M), most prominent for r-apoE2, may

correspond to the denaturation of the rest of the molecule to a

fully denatured monomer. By thermal denaturation, one

(20–60 -C, r-apoE3 and r-apoE4) or two (20–30 -C, 40–60
-C, r-apoE2) transitions are visible. The two transitions

observed upon thermal denaturation of the isolated CT- and

NT-domains (Fig. 2) may correspond to the dissociation of

self-associated structures and to subsequent unfolding of

individual secondary structures.

By near UV CD, despite low signal-to-noise ratio, several

zones of the stability of tertiary structure may be identified:

the region of maximal stability around 20 -C, the decrease at
low (<20 -C) and elevated temperatures (20–35 -C, r-apoE3
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and r-apoE4; 20–40 -C, r-apoE2), high-temperature unfold-

ing (30–45 -C, r-apoE3 and r-apoE4; 40–60 -C, r-apoE2)
and an aggregation zone (>50 -C, r-apoE3 and r-apoE4;

>60 -C, r-apoE2).
Due to the non-coincidence of the transition zones

four transitions between five equilibrium states that included

three intermediate states may be postulated for apoE in

solution according to the scheme below.
4.5. Conclusion

The results of the present study have shown that there are

isoform-specific differences in the stabilities of the intact

proteins and their domains as revealed by global denaturation

analyses. The r-apoE4 isoform is the least stable whereas the

r-apoE2 isoform is the most stable. The differences in

stability of the isoforms are related in part to their different

self-association states. Further, the global analysis suggests

that the unfolding of both the amino-terminal and carboxyl-

terminal domains are more complicated than two-state

transitions which had previously been assumed and may be

related to conformational changes which occur upon binding

to lipids and to dissociation of a tetrameric structure.

Different domain interactions in the three apoE isoforms

may be at the origin of the differences in the interactions of

the isoforms with tau, h-amyloid and the LDL receptor.
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