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ABSTRACT: Human apolipoprotein A-1 (Apo A-1) was used as a model
protein to compare experimental methods and theoretical models for protein
unfolding. Thermal unfolding was investigated in aqueous buffer, in β-
octylglucoside solution, and with phospholipid bilayer vesicles. The α-helix
content of Apo A-1 increased from 50% in aqueous buffer to 75% in the
presence of lipid vesicles, but remained constant in solutions of β-octyl
glucoside. Differential scanning calorimetry (DSC) measured the thermody-
namic properties of the unfolding process and was our reference method. The
increased heat capacity of the unfolded protein made an important
contribution to the total enthalpy of unfolding. The structural properties of
Apo A-1 were studied with circular dichroism (CD) spectroscopy. The CD-
recorded unfolding transitions were broader than the corresponding DSC
transitions and were shifted toward higher temperatures. DSC and CD data
were analyzed with the two-state model and the Zimm−Bragg theory. The
two-state model assumes just two species in solution, native (N) and unfolded (U) Apo A-1. However, Apo A-1 unfolding is a
highly cooperative event with helical amino acid residues unfolding and refolding rapidly. For such a sequential process, the
Zimm−Bragg theory provides an alternative and physically more realistic model. The Zimm−Bragg theory allowed perfect
simulations of the DSC and CD experiments. In contrast, incorrect thermodynamic results were obtained with the two-state
model. The Zimm−Bragg theory also provided a physically well-defined analysis of the cooperativity of the folding ⇄ unfolding
equilibrium. The cooperative unfolding of Apo A-1 increased upon addition of lipids and decreased in detergent solution.

Temperature-induced unfolding of proteins gives insight
into the stability of proteins and their structural and

functional properties. In view of the increasing potential of
proteins in medical applications, quantitative methods to assess
their stability in high concentration solutions are of particular
interest.
Optical techniques are commonly used to investigate protein

folding ⇄ unfolding transitions. Circular dichroism (CD)
spectroscopy is particularly important and can be used to
measure changes in the overall secondary structure as a
function of temperature or solvent conditions. The thermody-
namic aspects of protein unfolding are accessible with
differential scanning calorimetry (DSC). Protein unfolding
entails a disruption of various noncovalent interactions such as
hydrogen bonds, salt bridges, or van der Waals interactions and
leads to binding of additional water. These changes are
reflected in a temperature-dependent increase of the molar heat
capacity Cp(T). The heat capacity vs temperature curve
provides a quantitative measure of the progress of the unfolding
reaction. The total unfolding enthalpy can be derived from the
area under the curve.
Protein unfolding is generally assumed to follow a two-state

equilibrium between a native (N) and an unfolded (U)
conformational state.1 If the unfolding curve cannot be
described by a single transition, a superposition of several
two-state curves is applied (“non two-state model”2). The

advantage of the two-state N ⇄ U model is its mathematical
simplicity and its ease of application. On the other hand, it
ignores and may even contradict the molecular mechanism of
unfolding. Considering the α-helical domains of a protein, the
unfolding process is a zipper-like opening of hydrogen bonds.
Realistic models describing such sequential effects are provided
by the Zimm−Bragg theory3−5 and the Lifson−Roig theory6

which have been applied to synthetic polypeptides,4,7−11 but
have found only little attention in the area of protein unfolding.
Recent advances in helix−coil theory are described in a
comprehensive review.12 A theory for protein folding
cooperativity of helix bundles has also been published.13

In the present study we compare differential scanning
calorimetry and circular dichroism spectroscopy in deriving the
thermodynamic parameters of the folding ⇄ unfolding
equilibrium of human Apo A-1. Apo A-1 is well suited for
such studies as it is a water-soluble, amphipathic protein with a
high α-helix content of about 50% at room temperature.14,15

Full-length Apo A-1 has eluded crystallization so far, but a 2.2-Å
crystal structure of a truncated Δ(185−243)Apo A-1 has
recently been published.16 It shows that Δ(185−243)Apo A-1
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forms a half-circle dimer. The backbone of the dimer consists of
two elongated antiparallel helices (∼80% helix content). The
N-terminal domain of each molecule forms a four-helix bundle
with the helical C-terminal region of the symmetry-related
partner.16

The folding ⇄ unfolding transition of full-length Apo A-1
has its midpoint between 50 and 60 °C and is readily measured
with both CD spectroscopy and DSC. Five helical domains are
located in the N-terminal two-thirds of Apo A-117 and about
115 ± 10 amino acid residues participate in the unfolding
reaction. Amide backbone hydrogen/deuterium exchange
(HDX) experiments provide convincing evidence that the
individual helices in Apo A-1 exist transiently, opening and
closing within seconds or less.15,17 Apo A-1 also undergoes
reversible association with maximum oligomer formation at 22
°C and almost complete dissociation at 45 °C.18−25 The
association−dissociation equilibrium does not interfere with the
thermodynamics of protein unfolding.23

We used highly purified recombinant human Apo A-1 with
an N-terminal gly-gly extension. Apo A-1 was measured at
concentrations of 10−160 μM in aqueous buffer, in solutions of
the nonionic detergent β-octyl glucoside, and in the presence of
small unilamellar phospholipids vesicles (SUVs). Unfolding
transitions were recorded with DSC and CD spectroscopy, and
the folding ⇄ unfolding equilibrium was analyzed with the
Zimm−Bragg theory and the two-state model. The thermal
unfolding of Apo A-1 has been described almost exclusively
with the two-state model by others26−30 and only recently with
the Zimm−Bragg theory by us.23

■ MATERIALS AND METHODS

Apolipoprotein A-1 (Apo A-1). Recombinant preparation
and purification of Apo A-1 have been described before.23 Stock
solutions (10.5 mg/mL in PBS buffer) were dialyzed against
150 mM NaCl, 10 mL sodium phosphate, pH 7.4 (PBS buffer)
or 100 mM NaF, pH adjusted to pH 7.2 with 20% HCl (NaF
buffer), and diluted to the appropriate concentration.
The sequence of purified recombinant human Apo A-1

(termed “Apo A-1” in the following) differed from the human
wild-type sequence by two additional N-terminal glycine
residues. Electrospray mass spectrometry revealed a molecular
mass of 28192.3 Da (the theoretical value for human Apo A-1
with two Gly residues is 28192.7 Da).The protein concen-
tration was determined by measuring the optical density at 280
nm using an extinction coefficient of ε = 32 422 M−1 cm−1.
About 50 CD experiments and an equal number of DSC
experiments, not counting the various controls, were made with
the same batch of highly purified Apo A-1.
In our hands the “aggregation propensity” of purified

recombinant ApoA1 was very low. Our purification protocol
involves steps where the protein is denatured with 6 M
guanidine HCl. Removal of the denaturant in a subsequent
renaturation step was never a problem. We did not lose
significant amounts of ApoA1 due to aggregation. This also
reflects high stability of the correctly folded molecular structure
of ApoA1.
Contradictory reports from the literature may be explained

by endotoxins that might have contaminated those specific
ApoA1 preparations. Bacterial endotoxins bind very strongly to
ApoA1 and by that its physicochemical properties get changed.
The quantitative removal of endotoxins from ApoA1, which we
achieved with our purification protocol, is by far not trivial.

Preparation of Lipid Vesicles. POPC was dried from a
stock solution in chloroform by a gentle stream of nitrogen
followed by a high vacuum overnight. The dried POPC was
weighed, and a defined volume of POPG stock solution in
chloroform was added to yield a POPC/POPG molar ratio of
3:1. After mixing, the solvent was removed under a gentle
stream of nitrogen, and the thin lipid film was exposed to high
vacuum overnight and weighed again. The lipids were
suspended in PBS buffer with vortex mixing, leading to
multilamellar vesicles (MLVs) with a final lipid concentration
of 10−20 mM. Small unilamellar vesicles (SUVs) for DSC and
CD measurements were prepared by sonication of the lipid
suspension using a titanium tip ultrasonicator (Branson
Sonifier, Danbury, CT) for 20 min until an almost clear
solution was obtained. The solution was cleared by
centrifugation for 2 min in an Eppendorf 5415C benchtop
centrifuge (Vaudaux-Eppendorf AG, Schoenenbuch, Switzer-
land).

Differential Scanning Calorimetry (DSC). Starting at 10
or 25 °C, the thermal unfolding of lipid-free and lipid-bound
Apo A-1 was measured by increasing the temperature to 90 or
110 °C. DSC experiments were performed with a VP-DSC
instrument (Microcal, Northampton, MA). Protein solutions
were degassed, and the reference cell was filled with buffer. The
heating rate was 1 °C/min. The cell volume was 0.5194 mL.
The evaluation of the DSC curves will be described in more
detail below. The folding ⇄ unfolding transitions were
completely reversible for solutions not heated higher than 90
°C.

Circular Dichroism (CD). CD measurements of Apo A-1 in
the absence or presence of POPC:POPG (75:25) small
unilamellar vesicels (SUV) were done with a Chirascan CD
spectrometer (Applied Photophysics Ltd., Leatherhead, U.K.).
Apo A-1 was dissolved at about 10 μM or 100 μM in either
NaF or PBS buffer. CD spectra were measured in a quartz
cuvette of 1 mm (10 μM Apo A-1) or 0.1 mm (100 μM Apo A-
1) path length. The temperature was measured with an electric
sensor placed inside the 1 mm cuvette. After heating to 90 °C,
the sample was cooled to 25 or 10 °C and measured again. The
unfolding process of lipid-free Apo A-1 was completely
reversible as the CD spectrum after heating to 90 °C and
returning to the starting temperature was virtually identical to
the first spectrum. The measurements in 100 mM NaF
provided high-quality circular dichroism spectra down to a
wavelength of about 190 nm. Because of absorbance of the PBS
buffer at low wavelength, the quantitative analysis of the CD
spectra was restricted to a wavelength range of 205−250 nm.
The percentage of peptide secondary structure was estimated

from a computer simulation based on the reference spectra
obtained by Reed and Reed.31

Two-State Model Applied to Apo A-1. According to the
two-state model, a protein adopts either the native (N) or the
unfolded (U) state. The equilibrium N ⇄ U is described with a
single, temperature-dependent equilibrium constant KN

U(T).

= =
− Θ
Θ

K (T)
[U]
[N]

1
N
U N

N (1)

[N] and [U] denote the equilibrium concentrations of native
and unfolded protein, respectively, and ΘN = [N]/([N] + [U])
is the fraction of native protein. With this definition, a stable
protein is characterized by a small equilibrium constant KN

U ≪
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1. The temperature-dependent equilibrium constant KN
U(T)

follows the van’t Hoff equation

= −
Δ

−
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R T T

ln
1 12
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NU
0

2 1 (2)

where K1 = equilibrium constant at temperature T1, K2 =
equilibrium constant at temperature T2, and R = universal gas
constant.
A plot of ln(KN

U(T)) versus the reciprocal absolute
temperature, 1/T, yields a straight-line with slope (−ΔHNU

0 /
R), if ΔHNU

0 is independent of temperature. ΔHNU
0 is the

enthalpy of the conformational change.
The population of the native N and unfolded U state

depends on the free energy difference of the unfolding process,
ΔGN

U = GU − GN. The relation between the binding constant,
KN
U(T), and the free energy of the transition,ΔGN

U(T), is given
by

Δ = −G T RT K T( ) ln ( )N
U

N
U

(3)

The native state is preferentially populated if ΔGN
U(T) is

positive (ΔGN
U(T) > 0, KN

U(T) ≪ 1)
The temperature dependence of the free energy is given by

Δ = Δ − ΔG T H T T S T( ) ( ) ( )N
U

N
U

N
U

(4)

where ΔSNU(T) is the unfolding entropy.
At the midpoint of the transition, characterized by the

temperature T0, the equilibrium constant is KN
U(T0) = 1, the

free energy ΔGN
U(T0) = 0, and thus ΔHNU

0 = T0ΔSNU0 . The free
energy of the unfolding process is then simplified to

Δ = −
⎛
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( ) 1N
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0

0 (5)

and depends on two parameters only. As T0 is experimentally
well-defined, ΔHNU

0 is the only adjustable parameter in the two-
state model. The fraction of native protein is then given by

Θ = + = +− − −⎡⎣ ⎤⎦K T1 ( )] [1 e G T RT
N N

U 1 ( ( )/ ) 1
NU

(6)

Eq 6 allows the simulation of the DSC and CD unfolding
transitions for the complete experimental temperature range.
Zimm−Bragg Theory Applied to Apo A-1. α-Helix

folding is fast and occurs on a sub-millisecond time scale.32,33

Indeed, HDX experiments indicate that the individual helices in
Apo A-1 exist transiently, opening and closing within
seconds.15,17,34 The folding ⇄ unfolding equilibrium of Apo
A-1 is thus a higly dynamic process, involving a cooperative
zipper-like disruption and formation of helical domains. A
quantitative analysis of this process is possible with the Zimm−
Bragg theory.3,4,23,35 The theory includes a nucleation
parameter, σ, which is temperature-independent, and a
temperature-dependent growth parameter, s(T). The nuclea-
tion parameter reflects the difficulty of starting an α-helical
segment within a stretch of random coil elements. The smaller
the value of σ, the steeper is the cooperative transition.
Numerical values are in the range of 10−3 ≥ σ ≥ 10−7. The
growth parameter, s(T), is the equilibrium constant for the
addition of an α-helical segment to an existing α-helix. It entails
the formation of an intramolecular hydrogen bond with
enthalpy h (h ≈ −1.1 kcal/mol in aqueous solution5,11). The
temperature-dependence of s(T) is then given by

= − −
∞

⎜ ⎟⎛
⎝

⎞
⎠s T( ) e

h R T T/ 1 1
(7)

For a sufficiently long peptide/protein chain with N ≫ σ−1/2

segments, the characteristic temperature, T∞, is identical to the
midpoint, T0, of the conformational transition. For peptides
with a shorter chain length, N ≤ σ−1/2, the characteristic
temperature, T∞, is larger than T0.
The fourth parameter entering the Zimm−Bragg theory is

the chain length, N, defined by the number of amino acid
residues involved in the α-helix-to-random coil transition. Short
chains of length N ≤ σ−1/2 will exhibit a much broader
transition than long chains with N ≫ σ−1/2. Knowledge of the
exact number of amino acid residues is hence essential if N is
below the cooperative chain length of Ncoop = σ−1/2. For a
nucleation parameter σ = 10−4 this cooperative chain length is
Ncoop = 100.
A polypeptide chain of N amino acid residues can adopt a

maximum of 2N conformations as each segment can be either
coil (c) or helix (h). A polypeptide chain of length i, ending on
c or h, can be extended by a h or c segment at position i +1
leading to the combinations cc, hc, ch, and hh. The conditional
probabilities of occurrence are summarized in the matrix35

σ
=

⎛
⎝⎜

⎞
⎠⎟M

1 s
1 s (8)

where s = s(T) is given by eq 7. M is used to calculate the
partition function Z

σ
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from which the helix fraction can be calculated

Θ =
−
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T
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d(ln )

d
d
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(10)

The recombinant human Apo A-1 used in this study has a
chain length of 245 amino acids. Its α-helix content in PBS
solution without lipid, measured by CD spectroscopy, varies
between fα ≈ 55 ± 6% at 10 °C and fα ≈ 8 ± 5% at 90 °C. The
number of amino acid residues involved in the α-helix-to-
random coil transition can thus be calculated as N = 115 ± 10
residues.
The Zimm−Bragg theory3 and the equivalent Lifson−Roig

theory6 have been extended over the years to include specific
protein properties. Recent advances have been reviewed.12

However, the standard Zimm−Bragg theory provides a good fit
of all experimental Apo A-1 data and a more elaborate
theoretical approach appears not to be necessary.
The Zimm−Bragg theory is based on peptide units classified

by their hydrogen bond formation. The h-parameter is usually
specified as the hydrogen bonding energy but could have a
different molecular origin. Free energy calculations have
concluded that “hydrogen bond formation contributes little
to helix stability because the internal hydrogen bonding energy
is largely cancelled by the large free energy cost associated with
removing polar groups from water”.36 “The major driving force
favoring helix formation can be associated with interactions
including van der Waals interactions in the close-packed helix
conformation and the hydrophobic effect”.36 In the light of
these calculations the h-parameter could be considered as an
empirical parameter for sequential effects making also less
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helical proteins amenable to an analysis with the Zimm−Bragg
theory.

■ RESULTS
Differential Scanning Calorimetry of Lipid-Free Apo

A-1. Differential scanning calorimetry measures the change of
the heat capacity, Cp,NU(T), during the unfolding process.
Cp,NU(T) includes the conformational change of Apo A-1 and
also the increased heat capacity of the unfolded protein, ΔCp,NU

0

= Cp,U
0 − Cp,N

0 , mainly caused by binding additional water
molecules. ΔCp,NU

0 contributes significantly to the unfolding
enthalpy of proteins37,38 but was mostly neglected in the
evaluation of Apo A-1 unfolding experiments.
A DSC scan of a 71 μM Apo A-1 solution in NaF buffer is

displayed in Figure 1A. The maximum of the heat capacity is

found at 53.5 °C. After heating to 90 °C the sample was cooled
to 25 °C and measured again. The unfolding process of lipid-
free Apo A-1 was completely reversible as three consecutive
DSC scans were virtually identical.
The heat capacity difference between the native and the

unfolded state is ΔCp,NU
0 = 2.39 kcal/mol·K. CD spectra were

recorded in parallel and spectral deconvolution showed that
110 amino acid residues were involved in the α-helix-to-random
coil transition.
Numerical integration of the experimental Cp,NU(T) vs T

curve (Figure 1B) from 40 to 70 °C results in a total unfolding
enthalpy of ΔHexp

0 = 123.8 kcal/mol. This corresponds to an
enthalpy change of h = 1.125 kcal/mol per amino acid residue.
This enthalpy value is characteristic for the opening of an α-
helix hydrogen bond in aqueous solution.7−9,11 The Apo A-1
unfolding enthalpy can thus be assigned almost exclusively to
an opening of hydrogen bonds with little contributions from
tertiary structure. The averaged results of DSC unfolding
experiments of Apo A-1 in aqueous solution, in solutions
containing β-octyl glucoside, and bound to lipid bilayers are
summarized in Table 1.

Figure 1. Differential scanning calorimetry (DSC) of 71 μM Apo A-1
in NaF buffer. (A) Black line: DSC scan. Dotted green line: baseline
correction. (B) Black line: baseline-corrected DSC scan. Red solid line:
best fit with the Zimm−Bragg theory with σ = 9 × 10−5, h = −1100
cal/mol, N = 110, ΔCp,NU

0 = 2.388 kcal/mol·K, and T∞ = 332.3 K =
59.15 °C. Dashed blue line: best fit with the two-state model with
ΔHNU

0 = 66.9 kcal/mol, T0 = 324.5 K = 51.35 °C, and ΔCp,NU
0 = 2.388

kcal/mol·K. Dash-dot magenta line: contribution of the heat capacity
change ΔCp,NU

0 to the folding ⇄ unfolding transition, calculated with
the Zimm−Bragg theory.
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The simulation of the DSC scan with the Zimm−Bragg
theory is displayed in Figure 1B (solid red line). An excellent fit
of the folding ⇄ unfolding transition is obtained. The
calculated unfolding enthalpy ΔHcalc,ZB

0 = 127.7 kcal/mol is in
very good agreement with the experimental result. The
predicted midpoint of the α-helix-to- random coil transition
(Θhelix = 0.5) is at T0 = 51 °C, that is, 2.5 °C below the
maximum of the Cp(T) curve (see also Discussion).
As mentioned above, ΔHexp

0 includes both the enthalpy of the
conformational change, ΔHNU

0 , and the enthalpy change
ΔHCp,NU

0 caused by the heat capacity increase, ΔCp,NU
0 , of the

unfolded protein. An experimental separation of the two
enthalpies is not possible but can be deduced with the Zimm−
Bragg theory or the two-state model. The dash-dot magenta
line in Figure 1B shows the temperature-dependence of the
heat capacity ΔCp,NU calculated with the Zimm−Bragg theory
according to

Δ = − ΔH Q T C(1 ( ))C p,NU
0

N ,NU
0

p (11)

ΘN(T), the fraction of native protein, can be calculated with
either the two-state model or the Zimm−Bragg theory. The
corresponding enthalpy is defined by the area under this curve
and amounts to ΔHCp,ZB

0 = 49.0 kcal/mol, accounting for ∼40%
of the total unfolding enthalpy. ΔCp,NU

0 leads to an asymmetric
unfolding transition in the DSC experiment which explains the
temperature difference between the Cp(T) maximum and the
midpoint of the α-helix-to-random coil transition.
The best fit of the DSC transition curve calculated with the

two-state model is also included in Figure 1B (dashed blue
line). The conformational enthalpy (“van’t Hoff enthalpy”),
ΔHNU

0 , is the primary input parameter and was found to be
ΔHNU

0 = 66.9 kcal/mol, in excellent agreement with literature
data.26,27 ΔHNU

0 was used to calculate the contribution of the
heat capacity term ΔCp,NU

0 resulting in ΔHCp,2‑state
0 = 38.5 kcal/

mol. The total enthalpy was therefore ΔHcalc,2‑state
0 = 105.4 kcal/

mol, which is ∼20% smaller than the experimental value. Visual
comparison of the two-state best fit with the experimental data
reveals that the high-temperature end of the folding ⇄

unfolding transition of Apo A-1 is not well described by the
two-state model.

Thermal Unfolding of Lipid-Free Apo A-1 Measured
with CD Spectroscopy. CD spectra of Apo A-1 (9.7 μM) in
NaF buffer recorded as a function of temperature are shown in
Figure 2A. Thick lines indicate spectra with the highest (25 °C,
black) and the lowest (90 °C, blue) α-helix content. The
analysis of the CD spectra in terms of secondary structures is
shown in Figure 2B. The α-helix fraction decreases from fα =
54% at 25 °C to 9% at 90 °C. The recombinant glygly-Apo A-1
has a chain length of 245 amino acids and the loss of helical
amino acid residues is thus ΔN = 0.45 × 245 = 110 residues.
The midpoint of the folding ⇄ unfolding transition was at T0 =
55.7 °C, that is, 4.7 °C higher than that obtained from the DSC
unfolding transition. The random coil structure increases from
f rc = 26% to 57% and the β-structure (β-sheet + β-turn) from fβ
= 20% to 34%. As a consequence of the β-structure increase,
the isodichroic point seen in Figure 2A is not exact as can be
verified by a high resolution presentation of the region around
203 nm (not shown). The existence of β-structures in Apo A-1
has mostly been ignored in previous investigations. However,
EPR experiments have led to the conclusion that about 11% of
Apo A-1 is organized in β-strands.39,40

The folding ⇄ unfolding equilibrium as reflected in the α-
helix fraction fα (Figure 2B) was analyzed with the Zimm−
Bragg theory (Figure 3, solid red line). An excellent fit of the
CD transition curve was obtained; however, the cooperativity
parameter σ = 1 × 10−3 was by a factor of 10 larger (lower
cooperativity) than that of the DSC unfolding transition.
Next, eq 6 was used to fit the CD transition curve with the

two-state model (dashed blue line in Figure 3) also yielding a
good fit with T0 = 55.7 °C (identical with the result of the
Zimm−Bragg theory) but a van’t Hoff enthalpy of ΔHNU,CD

0 =
29.6 kcal/mol,
The latter value is in agreement with earlier findings28,41−43

but is much smaller than ΔHNU,DSC
0 = 66.9 kcal/mol, deduced

with the same two-state model from the DSC data, and
obviously far different from the true heat of unfolding. Both the
Zimm−Bragg theory and the two-state model therefore indicate
significant differences between the calorimetric and spectro-

Figure 2. CD spectroscopy of thermal unfolding of 9.7 μM Apo A-1 in NaF buffer. (A) Far-UV CD spectra recorded in 5−10 °C steps from 25 °C
(thick black line) to 90 °C (thick blue line). (B) Deconvolution of the CD spectra of panel A in terms of three structural elements: (■) α-helix, (red
solid circle) β-sheet + β-turn, and (blue solid triangle) random coil.
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scopic measurements of the folding ⇄ unfolding equilibrium of
Apo A-1.
The evaluation of the CD spectra and the parameters of the

Zimm−Bragg theory and two-state model are summarized in
Table 2.
Differential Scanning Calorimetry of Apo A-1 Bound

to Lipid Vesicles. Apo A-1 (71 μM) was incubated with 40
mM phospholipid vesicles (POPC/POPG, 3:1 mol/mol) in
PBS buffer (lipid-to-protein molar ratio ≈ 570). The DSC scan
is shown in Figure 4A before and in Figure 4B after baseline
correction. The molar heat capacity of Apo A-1 increased upon
unfolding by ΔCp,NU

0 = 2.15 kcal/mol·K, which is similar to the
result observed for lipid-free Apo A-1.
The midpoint of the unfolding transition was found at 84.7

°C, that is, 33 °C higher than the midpoint of lipid-free Apo
A-1 unfolding. CD spectroscopy showed that about 175 amino
acids residues participated in the folding ⇄ unfolding
transition. Unexpectedly, the heat of unfolding ΔHexp

0 = 124.9
kcal/mol was almost identical to that observed for lipid-free
Apo A-1. Referred to 175 amino acid residues the hydrogen
bond enthalpy was reduced to h = −0.714 kcal/mol. This
appears to be a consequence of the more hydrophobic
environment of Apo A-1 in the lipid membrane. A value of h
= −0.7 kcal/mol was reported for α-helix formation in

trifluoroethanol (TFE)−water mixtures.44 Similarly, α-helix
formation of the antibacterial peptide magainin at the
membrane surface was characterized by h = −0.7 kcal/mol
per residue.45

The simulation of the DSC transition curve with the Zimm−
Bragg theory (red line in Figure 4B) results in an excellent fit of
the folding ⇄ unfolding transition. The calculated heat of
unfolding for the temperature interval defined above is
ΔHcalc,ZB

0 = 130.6 kcal/mol, in good agreement with the
experimental result.
The dashed magenta line in Figure 4B represents the

contribution of the heat capacity term ΔCp,NU
0 to the total

unfolding enthalpy, yielding ΔHCp,ZB
0 = 45.8 kcal/mol.

The DSC unfolding transition was simulated equally well
with the two-state model. The conformational enthalpy was
ΔHNU,2‑state

0 = 80.0 kcal/mol, and the contribution of the ΔCp,NU
0

term was ΔHCp,2‑state
0 = 41.1 kcal/mol. The resulting total

unfolding enthalpy was therefore ΔHcalc,2‑state
0 = 121.1 kcal/mol.

The DSC scans of lipid-bound Apo A-1 were only partially
reversible probably because the solution was heated to the
higher temperature of 110 °C. The second DSC scan of the
same Apo A-1-lipid sample showed a downward shift of the
transition maximum to T0 = 79 °C, a 10% increase in the
transition enthalpy, and a 30% increase in the molar heat

Figure 3. Analysis of the unfolding transition of Figure 2B with the
Zimm−Bragg theory and the two-state model. (■) α-helix fraction,
experimental results (same as in Figure 2B) . Red solid line: α-helix
content calculated with the Zimm−Bragg theory. σ = 1 × 10−3, h =
−1100 cal/mol, characteristic temperature T∞ = 333.5 K, number of
amino acid residues participating in the α-helix-to-random coil
transition N = 110. Dashed blue line: α-helix fraction calculated
with the two-state model. Unfolding enthalpy ΔHNU

0 = 29.6 kcal/mol.
The midpoint temperature of the transition is T0 = 55.7 °C ( fα =
0.325).

Table 2. Thermal Unfolding of Apo A-1 Measured with CD Spectroscopya

# of exp TΘ=0.5, °C Θmax Θmin ΔNhelix T∞,ZB, °C σZB
hZB,

cal/mol
ΔH0

NU,2‑st,
kcal/mol

PBS buffer, 100 mM
NaF

6 56.4 ± 1.1 0.55 ± 0.06 0.08 ± 0.05 115 ± 3 60.6 ± 1.4 (9.3 ± 3.1) × 10−4 −1100 28.4 ± 1.9

0.05−10 mM β-octyl
glucosideb

14 58.3 ± 2.4 0.51 ± 0.05 0.04 ± 0.02 116 ± 10 63.5 ± 2.9 (7.8 ± 2.4) × 10−4b variableb 25.6 ± 2.7b

POPC/POPG 3/1 2 88.6 ± 2.2 0.72 ± 0.04 0.03 ± 0.02 170 ± 5 88.5 ± 0.5 (7.5 ± 2.5) × 10−4 −800 19.1
POPC 1 78 0.8 0.02 191 79 8 × 10−4 −800 23.9

aExperimental results and simulation parameters of the Zimm−Bragg theory and the two-state model.. ZB: Zimm Bragg parameter. 2-st: two-state
model. bSee Table 3.

Figure 4. DSC of lipid-bound Apo A-1. 71 μM Apo A-1 solution in 40
mM phospholipid vesicles (POPC/POPG, 3:1 mol: mol) SUVs. (A)
Black line (−): DSC scan. Dotted green line: baseline correction. (B)
Black line (−): DSC scan. Red solid line: Zimm−Bragg model with σ
= 2 × 10−5, h = −800 cal/mol, N = 175, and ΔCp,NU

0 = 2.15 kcal/mol·
K, and T∞ = 366 K = 92.85 °C. The midpoint of the α-helix-to-
random coil transition is at T0 = 84.6 °C. Dashed blue line: two-state
model with ΔHNU

0 = 80.0 kcal/mol, T0 = 357.6 K = 84.6 °C, and
ΔCp,NU

0 = 2.15 kcal/mol·K. Dash-dot magenta line: contribution of the
heat capacity ΔCp,NU

0 to the unfolding enthalpy.
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capacity of the unfolded protein. The third scan was similar to
the second.
CD Spectroscopy of Apo A-1 Bound to Lipid Vesicles.

Temperature-dependent CD spectra of lipid-bound Apo A-1
are shown in Figure 5A. The α-helix content at room

temperature increases from 53% for lipid-free to 72% for
lipid-bound Apo A-1, in agreement with earlier reports.14 Upon
heating the α-helix content decreases from 72% at 25 °C to
36% at 89 °C, which is about the midpoint of the DSC
transition (Figure 5B). Higher temperatures were not accessible
due to technical limitations of the CD instrument. The fraction
of β-sheet structure remained almost constant at fβ ≈ 20%
throughout the complete temperature range.
The Zimm−Bragg analysis of the CD recorded folding ⇄

unfolding transition of lipid-bound Apo A-1 is shown in Figure
5B (red line; h = 800 cal/mol). The α-helix fraction of the
denatured Apo A-1 is assumed to be identical to that of lipid-
free denatured Apo A-1. The nucleation parameter σ = 1 ×
10−3 is identical to that of lipid-free Apo A-1 CD transition
curve but is 50 times larger than σ = 2 × 10−5 as deduced from
the DSC transition.
The blue line in Figure 5B represents the best fit obtained

with the two-state model. The van’t Hoff enthalpy ΔHNU,2‑st
0 =

29.6 kcal/mol is identical to that used for CD analysis of lipid-
free Apo A-1 but very different from the calorimetric result
obtained for lipid-bound Apo A-1.
As already noted for lipid-free Apo A-1, calorimetry and CD

spectroscopy of lipid- bound Apo A-1 lead to significantly
different results. The folding ⇄ unfolding transition of lipid-
bound Apo A-1 is clearly broader and less cooperative in CD
spectroscopy than in DSC.
Thermal Unfolding of Apo A-1 Dissolved in β-Octyl

Glucoside. Nonionic detergents are suggested to act as
membrane-mimicking solvents. We therefore investigated the
question of how the addition of β-octyl glucoside could

influence the thermodynamic properties of Apo A-1. The
protein was dissolved in PBS buffer containing β-octyl
glucoside at concentrations of 0 mM ≤ cβ−OG ≤ 37 mM. The
critical micellar concentration (CMC) of β-octyl glucoside has
a minimum of 20.6 mM at 40 °C.46

Figure 6A shows the temperature-dependence of the α-helix
fraction, fα, of Apo A-1 for four different concentrations of β-

octyl glucoside. The CD spectra reveal a pronounced
broadening of the transition curves with increasing concen-
tration of β-octyl glucoside. The α-helix content at 10 °C is
constant at fα = 0.52 ± 0.05 for cβ‑OG ≤ 20 mM and increases to
fα = 0.56 above the CMC. At 90 °C the α-helix content is fα =
0.07 ± 0.03 for cβ‑OG ≤ 20 mM and fα = 0.15 for cβ‑OG = 37
mM. The average number of protein amino acid residues
involved in the α-helix-to-random transition is N = 116 ± 10.
The midpoint of the CD transition is 58 °C for cβ‑OG ≤ 10 mM
and shifts to 64 °C for cβ‑OG = 37 mM.
The solid lines in Figure 6A are the predictions of the

Zimm−Bragg theory for 0 mM and 37 mM β-octyl glucoside.
The nucleation parameter increases by about 1 order of
magnitude from σ = 1.0 × 10−3 at 0 mM to 1.0 × 10−2 at 37
mM β-octyl glucoside indicating a considerable reduction in
cooperativity.
After measurement at 90 °C, the protein solutions were

cooled down in 10 °C steps. The CD spectra at same
temperatures of the heating and cooling process were found to
be identical. On the basis of the CD spectra, the temperature-
induced folding ⇄ unfolding transition in β-octyl glucoside
appears to be completely reversible.
DSC measurements were performed under conditions

identical to those of the CD experiments regarding Apo A-1
concentration and buffer conditions. DSC is more sensitive to a
change in detergent concentration than CD spectroscopy
(Figure 6B). At cβ‑OG = 1 mM, the DSC curve is almost
identical to that of Apo A-1 in detergent-free buffer. At cβ‑OG =
5 mM the transition becomes broader, and the height of the

Figure 5. CD spectroscopy of thermal unfolding of Apo A-1 (10 μM)
in NaF buffer bound to phospholipid vesicles (6 mM). POPC/POPG,
3:1 mol:mol. (A) Far-UV CD spectra recorded in 5−10 °C steps
between 25 °C (black line) and 89 °C (blue line). Below 203 nm the
CD spectra become distorted due to light scattering by lipid vesicles.
(B) (■) α-Helix fraction derived by deconvolution of CD spectra.
Solid red line: Zimm−Bragg theory with σ = 1.0 × 10−3, h = −800 cal/
mol, N = 175 and T∞ = 362.15 K = 89 °C. The predicted midpoint of
the transition is also at T0 = 89 °C. The dashed blue line is the
prediction of the two-state model calculated with ΔHNU

0 = 29.6 kcal/
mol and T0 = 89 °C.

Figure 6. Apo A-1 (100 μM) in PBS buffer containing β-octyl
glucoside. (A) CD spectroscopy. α-Helix fraction obtained by
deconvolution of CD spectra. (■) 0 mM; (pink solid triangle) 10
mM; (red solid circle) 20 mM; (green solid diamond) 37 mM β-octyl
glucoside. Solid lines: predictions of the Zimm−Bragg theory. Black
line: 0 mM β-octyl glucoside, h = −1100 cal/mol, N = 120, σ = 1.0 ×
10−3, T∞ = 335 K = 61.8 °C. Olive line: 37 mM β-octyl glucoside, h =
−950 cal/mol, N = 140, σ = 1.0 × 10−2, T∞ = 339 K = 65.8 °C. (B)
Molar heat capacity measured by DSC. Black line: 0 mM; orange line:
1 mM; blue line: 5 mM; magenta line: 10 mM β-octyl glucoside.
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Cp,NU(T) maximum is reduced. Apo A-1 unfolding in 10 mM β-
octyl glucoside even shows two transitions. At 20 mM and 37
mM β-octyl glucoside the DSC curves no longer display a
maximum. Instead, the molar heat capacity increases quite
dramatically (data not shown). The enthalpy change is now
dominated by the dissociation of β-octyl glucoside micelles.47

Up to 10 mM β-octyl glucoside and 90 °C, the DSC scans were
found to be completely reversible.
The DSC unfolding of Apo A-1 in 10 mM β-octyl glucoside

is unique as it displays two separate unfolding transitions. The
low-temperature transition has its maximum at 41 °C, the main
transition at 60.5 °C. Figure 7 shows simulations of the two

folding ⇄ unfolding equilibria with the Zimm−Bragg theory.
The unfolding entails an increase in the molar heat capacity,
which in the first step is ΔCp,NU

0 = 0.63 kcal/mol·K and in the
second ΔCp,NU = 1.96 kcal/mol·K. The total molar heat
capacity change is thus ΔCp,NU

0 = 2.59 kcal/mol·K.
The integration of the experimental unfolding curve from 20

to 80 °C yields a total unfolding enthalpy of ΔHexp
0 = 133.2

kcal/mol, which can be divided into ΔHcalc,ZB
0 = 47.1 kcal/mol

for the pretransition and ΔHcalc,ZB
0 = 87.6 kcal/mol for the main

transition. The pretransition accounts for ∼35% of the total
enthalpy, the main transition for ∼65%. Related to N = 116 ±
10 amino acid residues involved in the α-helix-to-random coil
transition 30−40 hydrogen bonds are broken in the
pretransition and 80−90 bonds in the main transition.
The DSC and CD measurements with β-octyl glucoside are

summarized in numerical form in Table 3.

■ DISCUSSION
The 2.2-Å crystal structure of truncated Δ(185−243)Apo A-1
shows a dimer of two elongated antiparallel helices with a helix
content of about 80%.16 The helix content of full-length Apo
A-1 in solution is 50% and increases to about 80% upon lipid
binding. The high helix content of Apo A-1 in solution as well
as in the crystal structure of truncated Δ(185−243)Apo A-1
strongly suggests that the thermal unfolding of Apo A-1 should
be described by the helix-random coil theory.
The present literature on protein unfolding is dominated by

the two-state model. However, as suggested by Doig:12

“Peptides that form helices in solution do not show a simple
two-state equilibrium between a fully folded and fully unfolded
structure. Instead they form a complex mixture of all helix, all
coil or, most frequently, central helices with frayed coil ends. In
order to interpret experiments on helical peptides and make
theoretical predictions on helices, it is therefore essential to use
a helix−coil theory that considers every possible location of the
helix within a sequence.”12 and “The simplest way to analyse
the helix−coil equilibrium, still occasionally observed, is the
two-state model, in which the equilibrium is assumed to be
between 100% helix conformation and 100% coil. This is
incorrect and its use gives serious errors. This is because helical
peptides are generally most often found in partly helical
conformations, often with a central helix and frayed disordered
ends, rather than in the fully folded or fully unfolded states.”12

The specific question of the cooperativity of helix-bundles has
been addressed by Ghosh and Dill and was analyzed with a
cooperative model quite different from the two-state model.13

The focus of the present study is thermal unfolding of human
Apo A-1 at 50 to 60 °C in aqueous solution and at 85−90 °C in
a lipid environment. Our DSC and CD experiments address
three different topics: (i) applicability and quality of results of
the Zimm−Bragg theory and two-state model when analyzing
same DSC and CD transition curves; (ii) thermodynamic
insights provided by differential scanning calorimetry of lipid-
free Apo A-1; (iii) folding⇄ unfolding thermodynamics of Apo
A-1 in the presence of lipids and nonionic detergents.

Comparison of Methods and Models. The specific
differences between DSC and CD spectroscopy are best
illustrated with an experimental example (Figure 8). Apo A-1
samples of the same composition were measured with DSC and
CD spectroscopy in PBS buffer containing 5 mM β-octyl
glucoside. The calorimetric results are reproduced in Figure 8A,
and the spectroscopic data are in Figure 8B.
The calorimetric unfolding transition (Figure 8A; black line)

has its maximum at 54.5 °C and an unfolding enthalpy of ΔHexp
0

= 131.5 kcal/mol. The Zimm−Bragg theory provides an
excellent fit of the unfolding transition (Figure 8A, solid red
line) with ΔHcalc,ZB

0 = 135.0 kcal/mol. The two-state model
predicts a DSC transition of smaller width (dotted blue line), a
conformational (van’t Hoff) enthalpy ΔHNU

0 = 52.5 kcal/mol,
and a total enthalpy ΔHcalc,2‑state

0 = 117.6 kcal/mol, when the
change in heat capacity ΔCp,NU

0 = 2.82 kcal/mol·K is included.
The predicted enthalpy ΔHcalc,2‑state

0 is about 10% smaller than
the experimental result. In fact, as a general conclusion it
follows from our DSC studies that the two-state model predicts
unfolding enthalpies that are 10−20% smaller than the
experimental values (see Table 1) and that the conformational
enthalpy accounts for only 50−60% of the total enthalpy.
It should also be noted that the Cp(T) maximum (at 54.5 °C

in Figure 8A) is not identical with the midpoint (ΘN = 0.5) of
the folding ⇄ unfolding equilibrium (predicted at 50.7 °C by
both Zimm−Bragg theory and two-state model). This is a
consequence of the ΔCp,NU

0 term which generates an
asymmetric conformational transition.
Figure 8B shows the α-helix fraction (filled black squares) of

the same protein solution measured with CD spectroscopy.
The α-helix content decreased from 52% at 10 °C to about 2%
at 90 °C and N = 123 amino acid residues were calculated to
participate in the unfolding transition. The midpoint of the
experimental transition curve is now at T0 = 59.9 °C, shifted by
5.5 °C compared to the Cp maximum of the DSC transition.

Figure 7. Differential scanning calorimetry of Apo A-1 (100 μM) in
PBS buffer with 10 mM β-octyl glucoside. The baseline-corrected heat
capacity curve shows two maxima, the first at 41 °C, the second at 60.5
°C. The experimental result (black line) can be simulated by the
superposition of two separate transitions calculated with the Zimm−
Bragg theory (h = −0.95 kcal/mol, σ = 3.2 × 10−4, N = 120). The solid
red line is the superposition of the pretransition (dashed blue line) and
main transition (dotted magenta line).
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Application of the two-state model to the CD data results in
an excellent fit (Figure 8B, dotted blue line) with a
conformational enthalpy (van’t Hoff enthalpy) of ΔHNU,2‑state

0

= 30.05 kcal/mol, close to the enthalpies reported above for
CD unfolding transitions without detergent and also found in
the literature.28,41−43 However, this value is much smaller than
the calorimetric unfolding enthalpy. Even though the two-state
model allows a perfect simulation of the CD unfolding
transition, the combination of CD spectroscopy and two-state
model does not deliver a correct thermodynamic analysis.
A perfect fit of the CD unfolding transition is also obtained

with the Zimm−Bragg theory (Figure 8B, dashed green line)
using σ = 8 × 10−4, h = −1.1 kcal/mol, and N = 123. This
suggests an enthalpy change of 123 × 1.1 = 135.3 kcal/mol, in
agreement with the calorimetric result. The nucleation factor σ
= 8 × 10−4 is considerably larger than σ = 3 × 10−4 as derived
from the DSC transition, suggesting a reduced cooperativity.
This is illustrated by the red solid line in Figure 8B, which was
calculated with the same Zimm−Bragg parameters as used to fit
the DSC experiment. The predicted transition is considerably
sharper (higher cooperativity) than the CD transition and
occurs at a 5 °C lower temperature. The DSC transition cannot
be used to predict the CD unfolding transition.

The temperature difference between the DSC and CD
transitions was observed in all our Apo A-1 measurements
(compare Table 1 with Table 2). Apparently, the energetic
changes induced by increasing the temperature and recorded by
DSC are not immediately carried over into structural changes
detected by CD spectroscopy. The CD data suggest that even
after thermodynamic destabilization of hydrogen bonds the
helical structures of Apo A-1 are loosely retained. An additional
temperature increase is necessary to induce the collapse of
labile α-helical regions.
Apo A-1 forms oligomers at low temperature with maximum

oligomerization at 22 °C.23 At 45 °C the oligomers are almost
completely dissociated, and only monomers are involved in the
unfolding process. Oligomer disassociation may however be
responsible for the sloping baseline of the initial phase of the
CD transition curve leading to an increased width of the
transition (lower cooperativity: σCD > σDSC). It is known that
self-associating apolipoproteins display a concentration-depend-
ent induction of α-helix.18,19,48 Conversely, disassociation of
oligomers would entail a loss in helicity.
The calorimetric criterion for a two-state folding ⇄

unfolding equilibrium is the equivalence of the measured
calorimetric enthalpy change and the calculated conformational

Table 3. Unfolding of Apo A-1 in β-Octyl Glucoside

Differential Scanning Calorimetry

cpep,
μM

cOG,
mM Lsm TΘ=0.5

ΔH0
exp,

kcal/mol
ΔH0

calc,ZB,
kcal/mol

ΔH0
calc,2‑st,

kcal/mol ΔCp, kcal/mol·K
ΔHCp,ZB

0 ,
kcal/mol T∞,ZB, °C σZB

hZB,
cal/mol NZB

103 10a PBS, main
transition

55 133.5 85.5 nd 1.959 51.7 61.0 3.0 × 10−4 −950 120

pretransition 37.5 46.4 nd 0.633 26.2 43.3 3.0 × 10−4 −950 120
100 10a PBS, main

transition
53.6 132.0 77.9 nd 1.959 44.8 59.9 3.0 × 10−4 −950 120

pretransition 35.6 52.3 nd 0.633 25 41.2 3.0 × 10−4 −950 120
100 5 PBS 50.9 131.5 135.0 117.6 2.818 71.5 55.9 3.0 × 10−4 −1069 123
100 1 PBS 50.9 138.9 142 114.7 2.699 55.4 56.0 2.1 × 10−4 −1068 130
96 0.2 PBS 50.6 151.2 152.5 120.4 2.842 58.6 55.2 3.4 × 10−4 −1163 130
100.4 0.1 PBS 51.4 135.5 136.1 115.3 2.627 53.2 57.9 1.4 × 10−4 −1148 118
101 0.05 PBS 51.4 134.0 136.3 115.3 2.627 53.4 58.7 1.3 × 10−4 −1218 110

Circular Dichroism Spectroscopy

cpep, μM cOG, mM Lsm T (Θ=0.5), °C Θmax Θmin T∞,ZB, °C σZB hZB, cal/mol ΔNexp ΔHNU,2‑state, kcal/mol

10.3 37 100 mM NaF 55.9 0.63 0.05 59.05 1.0 × 10−2 −950 142 10.75
10.9 37 H2O 59.1 0.62 0.07 62.85 7.0 × 10−3 −950 135 10.75
99 20 PBS 58.1 0.56 0.01 61.85 3.0 × 10−3 −950 135 19.1
9.7 19 H2O 60.8 0.54 0.02 64.85 3.0 × 10−3 −950 127 14.31
103 10 PBS 60.1 0.5 0.02 64.85 1.2 × 10−3 −950 118 22.69
100 10 PBS 59.6 0.5 0.01 65.35 1.2 × 10−3 −950 120 23.9
100 10 PBS 59.4 0.5 0.04 65.85 6.0 × 10−4 −950 113 23.9
104 10 PBS 54 0.55 0.03 58.85 6.0 × 10−4 −950 127 26.3
10.4 9.5 H2O 61.4 0.53 0.07 67.35 7.0 × 10−4 −950 113 22.7
9.7 7.5 H2O 61.3 0.51 0.05 67.85 4.0 × 10−4 −950 113 28.66
100 5 PBS 59.9 0.52 0.02 64.35 8.0 × 10−4 −1100 123 31.05
10.4 1 H2O 60.3 0.41 0.02 66.35 6.0 × 10−4 −1100 96 28.66
100 1 PBS 57.9 0.6 0.06 61.85 7.0 × 10−4 −1100 132 26.27
11 0.2 PBS 56.7 0.48 0.05 61.9 9.0 × 10−4 −1100 105 26.3
96 0.2 PBS 57.9 0.59 0.06 61.9 8.0 × 10−4 −1100 130 23.88
10.5 0.1 PBS 55.8 0.48 0.05 60.9 8.0 × 10−4 −1100 105 26.27
100.4 0.1 PBS 57.1 0.51 0.03 61.4 1.0 × 10−3 −1100 118 21.49
11 0.05 PBS 55 0.49 0.05 59.85 9.0 × 10−4 −1100 108 26.3

58.3c 0.51c 0.04c 63.5c 7.8 × 10−4c 115.7c 25.6c

2.35 0.05 0.02 2.87 2.3 × 10−4 10.36 2.7
aTwo transitions (see Figure 7). bAverage 0.05−5 mM β-octylglucoside. cAverage 0.05−10 mM β-octylglucoside.
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(van’t Hoff) enthalpy (see ref 1 and literature cited therein). If
the predicted conformational enthalpy deviates from the
experimental result, the ratio “predicted enthalpy/measured
enthalpy” is defined as cooperativity.28

Previous DSC studies of Apo A-1 reported unfolding
enthalpies between 50 and 200 kcal/mol with midpoint
temperatures in the range of 53−63 °C.23,26−29,43 The
calorimetric criterion was either fulfilled,26,27 not fulfilled,28 or
a superposition of several two-state processes was sug-
gested.29,43

The average values of the present DSC measurements are
summarized in Table 1. The calorimetric enthalpy is ΔHexp

0 =
123.7 ± 10.6 kcal/mol (T0 = 52.1 ± 0.6 °C), the Zimm−Bragg
theory gives ΔHcalc,ZB

0 = 127 ± 7.4 kcal/mol, and the two-state
model ΔHcalc,2‑state

0 = 112.7 ± 1.8 kcal/mol. The two-state
model is characterized by a conformational (van’t Hoff)
enthalpy ΔHNU,2‑state

0 = 66.7 ± 1.9 kcal/mol.
The total heat of unfolding, and not only the conformational

enthalpy, must be considered for the molecular interpretation
of the folding ⇄ unfolding equilibrium. “It is clear that in
considering the energetic characteristics of protein unfolding
one has to take into account all energy which is accumulated
upon heating and not only the very substantial heat effect
associated with gross conformational transitions, that is, all the
excess heat effects must be integrated”.38 For example, only the
total heat of Apo A-1 unfolding divided by the number of
unfolded α-helical residues results in the correct hydrogen bond
enthalpy h = 1076 ± 79 cal/mol (Table 1), which is consistent
with the literature.5,11

An increase in heat capacity upon unfolding has been
reported for a large number of proteins,37 and the present result
of ΔCp,NU

0 = 2.52 ± 0.09 kcal/mol·K falls in the range expected
for a protein with 245 amino acids (see Table 1 of ref 37). An
increase in the heat capacity of ΔCp,NU

0 = 2.7 ± 0.9 kcal/mol·K
was observed in the very first DSC study of Apo A-126,27 but
was not reported in later publications.

The Zimm−Bragg theory can be used to calculate the free
energy change,ΔGNU, of Apo A-1 unfolding. The unfolding
transition takes place between 30 and 70 °C leading to a
corresponding change of the growth parameter s(T). The
change in free energy for a single −amino acid residue,
calculated with the parameters of lipid-free Apo A-1 (σ = 9.3 ×
10−5, h = −1.1 kcal/mol, N = 115), is then given by

= −g RT s T s Tln[ ( )/( ( )]NU 0 2 1 (12)

yielding gNU = 137 cal/mol for the temperature interval defined
above. This result is in agreement with gNU = 140 cal/mol
obtained for the amphipathic peptide magainin 2 with a
completely different method.45 For two other amphipathic
peptides measured under different experimental conditions a
value of gNU ≈ 250 cal/mol has been reported.49,50

The total free energy of unfolding can thus be calculated as
ΔGNU = 115 × 0.137 = 15.8 kcal/mol.
The free energy of unfolding of human Apo A-1 was

determined from guanidine HCl denaturation experiments. CD
spectra of Apo A-1 were obtained at increasing concentrations
of guanidine HCl and evaluated with the two-state model,
leading to a free energy of unfolding of ΔGNU = 3.5−4.2 kcal/
mol.42,51 This is significantly smaller than the 15.8 kcal/mol
deduced from calorimetric measurements. We therefore used
the CD transition curve depicted in Figure 3 to calculate the
free energy change with the two-state model according to
ΔGNU = RT ln(KT1

/KT2
).With a conformational enthalpy of

ΔHNU
0 = 29.6 kcal/mol (deduced from Figure 3), the free

energy change caused by temperature-denaturation is found to
be ΔGNU = 3.75 kcal/mol (temperature interval of 30−70 °C),
in excellent agreement with guanidine HCl denaturation at
constant temperature. It thus appears that the low free energy
of unfolding is the result of combining the wrong experimental
method with the wrong theoretical model for Apo A-1.

Thermodynamic Stabilization of Apo A-1 by Binding
to Lipid. The α-helix content of Apo A-1 increased from ∼50%
in aqueous solution to ∼75% in excess lipid, consistent with
lipid titrations at room temperature.42 Protein unfolding
occurred between 75 and 100 °C, and the midpoint of the
transition was shifted to 87.2 ± 2.9 °C involving N = 170 ± 5
amino acid residues. The DSC unfolding transition in the lipid
phase is more cooperative with σ = (3.8 ± 1.7) × 10−5 than that
in the aqueous phase with σ = (9.3 ± 3.3) × 10−5. The total
unfolding enthalpy of lipid-bound Apo A-1 was found to be
ΔHexp

0 = 139.7 ± 13.9 kcal/mol, only moderately larger than the
unfolding enthalpy in aqueous solution. As a result, the
enthalpy of the hydrogen bond formation in the lipid phase is
reduced to h = −792 ± 77 cal/mol. This agrees well with
studies of model peptides in hydrophobic solvents which report
h = −0.7 to −0.8 kcal/mol (ref 44, Figure 3B). Likewise, α-helix
formation of an amphipathic peptide at the membrane surface
was characterized by an enthalpy change of h = −0.7 kcal/mol
per residue.45

Lipid-bound Apo A-1 is stabilized by the formation of 50−60
new α-helical amino acid residues. As deduced above α-helix
formation at the bilayer surface is characterized by a change in
free energy of gNU = −0.137 kcal/mol per amino acid residue.
The total free energy change associated with 55 new α-helical
amino acid residues is therefore −7.5 kcal/mol. The enthalpy
change caused by the newly formed α-helical amino acid
residues is 55 × (−0.8) kcal/mol = −44 kcal/mol. However,
lipid binding reduces the hydrogen bond enthalpy of existing

Figure 8. Folding ⇄ unfolding equilibrium of 100 μM Apo A-1
measured with DSC and CD spectroscopy. PBS buffer with 5 mM β-
octyl glucoside. (A) DSC experimental data: black line. Zimm−Bragg
theory: red solid line, h = −1.1 kcal/mol, σ = 3.0 × 10−4, N = 123,
ΔCp,NU

0 = 2.818 kcal/mol·K, T∞ = 56 °C. Two-state model: blue
dotted line, ΔHNU,2‑state

0 = 52.5 kcal/mol, T0 = 51 °C, ΔCp,NU
0 = 2.818

kcal/mol·K. contribution of ΔCp,NU
0 to the unfolding transition: dashed

magenta line. (B) CD experimental data: filled squares (■). Two-state
model: blue dotted line, T0 = 60 °C, ΔHNU,2‑state

0 = 31.05 kcal/mol.
Zimm−Bragg theory: dashed green line, h = −1.1 kcal/mol, σ = 8 ×
10−4, N = 123, T∞ = 63.5 °C. Zimm−Bragg theory, same parameters
as used to fit the DSc experiment in (A): solid red line.
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bonds from −1.1 kcal/mol to −0.8 kcal/mol, causing a loss in
enthalpy of 120 × 0.3 = 36 kcal/mol. The total enthalpy change
is −8.0 kcal/mol, which must be compared to the free energy
change −7.7 kcal/mol. The gain in enthalpy is thus the
dominant contribution to the free energy and the main driving
force for α-helix formation.
Interaction of Apo A-1 with a Nonionic Detergent.

Ionic detergents such as SDS decrease the helicity of Apo A-1,52

whereas bilayer-forming lipids increase it. In contrast, the α-helix
content remains practically constant in the nonionic detergent
β-octyl glucoside (see Table 3). The midpoint of the unfolding
transition is identical or very close to that of the lipid-free Apo
A-1, even if the protein is dissolved at micellar concentrations
of β-octyl glucoside. The main effect of the addition of
detergent is a broadening of the unfolding transition. The
calorimetric DSC experiments show a 3-fold increase of the
nucleation parameter from σ = 10−4 in the absence of detergent
to σ = 3 × 10−4 at cβ‑OG = 10 mM. This effect is even more
pronounced in CD spectroscopy as these measurements can be
extended to 37 mM β-octyl glucoside. The CD spectra show a
10-fold increase of the nucleation parameter from σ = 10−3 in
the absence of detergent to σ = 10−2 at cβ‑OG = 37 mM. As
noted before, the spectroscopic unfolding transitions are
distinctly broader than the thermodynamic unfolding tran-
sitions and are shifted by 5−8 °C toward higher temperatures.
At cβ‑OG = 10 mM two separate, reproducible unfolding

transitions were observed in DSC experiments (but not in CD
measurements), involving 30−40 and 80−90 amino acid
residues, respectively. HDX-exchange experiments revealed a
long (amino acids 7−115) and a short stretch (amino acids
147−178) of α-helices.15,17 The shorter α-helix was further-
more adjacent to the unstructured C-terminal domain of the
protein. It is thus judicious to assign the low-temperature
transition to amino acids 147−178 and the main transition to
the longer helix bundle comprising amino acids 7−115.
Two transitions with maxima at 50 and 60 °C have been

observed previously.29 The DSC experiment was run with the
protein under reducing conditions as the buffer contained 10
mM dithiothreitol. The unfolding enthalpies were considerably
smaller than those reported here, but the enthalpy ratio of
pretransition (∼25% of total enthalpy) and main transition
(∼75% of total enthalpy) was similar.
The main effect of β-octyl glucoside is therefore a gradual

destabilization of the protein secondary and tertiary structure
reflected in a decrease in cooperativity and a stepwise unfolding
of separate protein domains.

■ CONCLUSION
The thermal analysis and molecular interpretation of Apo A-1
unfolding must include the increased heat capacity of the
unfolded protein. The corresponding enthalpy accounts for
40−50% of the total unfolding enthalpy.
Excellent curve fittings are achieved with the Zimm−Bragg

theory for all DSC and CD folding ⇄ unfolding experiments,
both for Apo A-1 in aqueous solution and bound to lipid
bilayers. The application of the Zimm−Bragg theory leads to a
consistent set of physical parameters. It provides a physical
definition of cooperativity in terms of the nucleation factor σ.
The unfolding transitions reported by CD spectroscopy do

not coincide with the calorimetric unfolding. The CD transition
curves are broader and are shifted by about 5−8 °C toward
higher temperatures. CD spectra are therefore not suited for a
thermodynamic evaluation of Apo A-1 unfolding.

The conformational (van’t Hoff) enthalpies deduced with the
two-state model are smaller for CD transition curves than for
DSC transitions. The conformational enthalpy accounts for not
more than 60% of the total unfolding enthalpy of Apo A-1.
The nonionic detergent β-octyl glucoside destabilizes Apo

A-1 without affecting its α-helix content or the unfolding
enthalpy. However, the unfolding transition becomes broader
and a piecewise unfolding is observed at 10 mM detergent.
Phospholipid stabilizes Apo A-1. The unfolding transition is

more cooperative and shifted by 30 °C toward higher
temperature. The stability of hydrogen bonds is reduced from
h = −1.1 kcal/mol in the aqueous phase to h = −0.8 kcal/mol
in the lipid phase.
It could be argued that it is unclear how well the Zimm−

Bragg theory describes the unfolding other proteins. We have
therefore analyzed a set of 10 published DSC data of different
proteins (including globular proteins) with the two-state model
and the Zimm Bragg theory. The average error in reproducing
the thermal unfolding transition was 2.7% for the Zimm−Bragg
theory and 15% for the two-state model.
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