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ABSTRACT: Thermal unfolding of discoidal complexes of apolipoprotein (apo) C-1 with dimyristoyl
phosphatidylcholine (DMPC) reveals a novel mechanism of lipoprotein stabilization that is based on kinetics
rather than thermodynamics. Far-UV CD melting curves recorded at several heating/cooling rates from
0.047 to 1.34 K/min show hysteresis and scan rate dependence characteristic of slow nonequilibrium
transitions. At slow heating rates, the apoC-1 unfolding in the complexes starts just above 25°C and has
an apparent melting temperatureTm ∼ 48 ( 1.5 °C, close toTm ) 51 ( 1.5 °C of free protein. Thus,
DMPC binding may not substantially increase the low apparent thermodynamic stability of apoC-1,∆G(25
°C) < 2 kcal/mol. The scan rate dependence ofTm and Arrhenius analysis of the kinetic data suggest an
activation enthalpyEa ) 25 ( 5 kcal/mol that provides the major contribution to the free energy barrier
for the protein unfolding on the disk,∆G* g 17 kcal/mol. Consequently, apoC-1/DMPC disks are kinetically
but not thermodynamically stable. To explore the origins of this kinetic stability, we utilized dynode
voltage measured in CD experiments that shows temperature-dependent contribution from UV light
scattering of apoC-1/DMPC complexes (d ∼ 20 nm). Correlation of CD and dynode voltage melting
curves recorded at 222 nm indicates close coupling between protein unfolding and an increase in the
complex size and/or lamellar structure, suggesting that the enthalpic barrier arises from transient disruption
of lipid packing interactions upon disk-to-vesicle fusion. We hypothesize that a kinetic mechanism may
provide a general strategy for lipoprotein stabilization that facilitates complex stability and compositional
variability in the absence of high packing specificity.

Lipoproteins are heterogeneous macromolecular complexes
of variable protein and lipid composition, size, density, and
metabolic properties (reviewed in refs1-4). Abnormal
plasma levels of lipoproteins are associated with several
major human diseases, most commonly atherosclerosis. The
probability of developing atherosclerosis correlates with the
balance between the low-density lipoproteins (LDL)1 that
mediate cholesterol delivery and high-density lipoproteins
(HDL) that mediate cholesterol removal. Nascent HDL form
phospholipid bilayer disks containing cholesterol and specific
proteins (termed apolipoproteins) that are wrapped around
the disk circumference and thereby screen the phospholipid
acyl chains from the aqueous milieu. Mature lipoproteins,
that are converted to spheres by the action of lecithin:
cholesterol acyltransferase (LCAT), acquire an apolar core
of cholesterol ester and triglycerides. Exchangeable, or water-

soluble, apolipoproteins transfer among plasma lipoproteins,
thereby imparting to them such metabolic properties as
activation of LCAT or other enzymes regulating lipid
metabolism, LDL or HDL receptor binding activity, or
stimulation of cellular cholesterol efflux. In the course of
their metabolism, lipoproteins undergo extensive changes in
protein and lipid composition, size, and shape, yet they
possess sufficient structural stability to carry out their
functions. Reduced lipoprotein stability is linked to abnormal
lipid metabolism in such diseases as hypertriglyceridemia
(5). Thus, the mechanism of lipoprotein stability is key to
understanding lipoprotein action in normal and in diseased
states, and is in the focus of this work.

In the lipid-free state in solution, the exchangeable
apolipoproteins have marginal thermodynamic stability,
∆G(25 °C) e 2.4 kcal/mol (6), and exhibit other properties
of the molten globule state (such as compact shape with high
R-helix content but lack of specific tertiary interactions, broad
thermal unfolding, affinity for various hydrophobic ligands,
etc.) that may mediate protein-lipid interactions (7, 8,
reviewed in ref 9). Apolipoproteins can associate with
phospholipids in vitro, forming discoidal complexes that
model the physicochemical and functional properties of
nascent HDL (2, 10). Complex formation with phospholipids
is accompanied by protein conformational changes that
involve an increase in theR-helical content (9, 11). The
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largest increase, from 31% up to 75%R-helix, is observed
in apolipoprotein C-1 (apoC-1, 57 aa) (12 and references
therein), the smallest human apolipoprotein that transfers
between HDL and VLDL. ApoC-1 is characterized by high
sequence homology, structural and functional similarity to
larger members of this protein family (11-16), providing
an attractive model for an energetic and structural analysis
of the lipid-free (17, 18) and lipid-bound apolipoproteins.
In this work, we analyze the thermal stability of discoidal
complexes of apoC-1 and dimyristoyl phosphatidylcholine
(DMPC). Such reconstituted lipoproteins may model the
stability properties of nascent HDL that also have phos-
phatidylcholines (PCs) as their major lipid constituents.

Complex formation with phospholipids is reported to
stabilize apolipoproteins against proteolysis as well as
chemical and thermal unfolding (for recent references
see refs19 and20). This stabilization is usually expressed
in terms of changes in the free energy difference∆G )
GU - GF between the unfolded and folded protein states
(5, 20-22 and references therein), that is an equilibrium
thermodynamic potential. However, the applicability of equi-
librium thermodynamics to lipoproteins has been questioned
by the irreversibility of their unfolding that was observed
by Reijngoud and Phillips in spectroscopic studies of
chemical denaturation of apoA-1/DMPC complexes (23), and
was suggested by thermal unfolding and refolding studies
of these and other reconstituted lipoproteins by differential
scanning calorimetry (DSC) (24-26). These and most other
thermal unfolding data on lipoproteins were recorded at a
single scanning rate (typicallyg 60 K/h) and thus were
insufficient to test the equilibrium character of the transition.
The exception is the work of Epand and colleagues that
revealed a marked heating rate dependence in the calorimetric
transition of apoA-1/DMPC complexes recorded at 10 and
90 K/h; this observation, along with kinetic data recorded
by spectroscopy, indicated slow nonequilibrium unfolding
and suggested that the complex stability is determined by
kinetic factors (27, 28).

Here, we use circular dichroism (CD) along with fluores-
cence spectroscopy and electron microscopy to carry out a
comprehensive analysis of the thermal unfolding in discoidal
apoC-1/DMPC complexes that allows us to unambiguously
differentiate between the thermodynamic and kinetic mech-
anisms of their stabilization. We also use the CD spectrom-
eter to detect heat-induced changes in UV light scattering
of apoC-1/DMPC complexes and correlate them with the
protein unfolding, thereby providing a clearer insight into
the physical origins of lipoprotein stability. Our results
challenge the existing paradigm of lipoprotein stabilization
and may have important functional implications.

MATERIALS AND METHODS

Sample Preparation.Full-size human apoC-1 (57 aa) was
obtained by solid-state synthesis and purified by HPLC to
98% purity as described (18); the peptide termini were not
chemically blocked. Lyophilized peptides were dissolved to
1 mg/mL concentration and diluted by buffer (5 mM sodium
phosphate, pH 7.8) to 5-100 µg/mL for spectroscopic
experiments. Synthetic lipid-free apoC-1 prepared by this
method has secondary structure and stability properties
similar to those of human plasma apoC-1 (18). ApoC-1/
DMPC complexes were prepared using protein-to-lipid ratio

of 1:5 mg/mg. Protein solution of 0.1 mg/mL concentration
was added to the suspension of DMPC liposomes and incu-
bated at room temperature, i.e., near the temperature of the
gel-to-liquid crystalline transition of DMPC,Tc ∼ 24 °C, at
which the protein-lipid association is fastest. The mixture
cleared within 1 h ofincubation; after overnight incubation,
the samples were diluted by buffer to the final protein
concentration ranging from 5 to 100µg/mL and were used
for spectroscopic and electron microscopic studies. All
chemicals were highest purity analytical grade.

Electron Microscopy of ApoC-1/DMPC Complexes.ApoC-
1/DMPC complexes were imaged using the negative staining
technique (29). A 4 µL aliquot was incubated for 1 min on
a carbon, Formvar-coated 300 mesh copper grid. After
blotting excess fluid, the sample was stained with 1% sodium
phosphotungstate at pH 7.4, blotted, and air-dried. Images
were recorded under low-dose conditions on SO163 film in
a CM12 transmission electron microscope (Philips Electron
Optics, Eindhoven, Netherlands). Films were developed in
D19 and scanned on an EverSmart Supreme Scanner
(CreoScitex Corp., Vancouver, Canada). Images were cropped
and processed in Scion Image (Scion Corp., Frederick, MD).
Statistical analysis of the disk size distribution was carried
out using EXCEL program; such an analysis has higher
resolution and yields more accurate disk size estimates than
alternative techniques such as nondenaturing gel electro-
phoresis. All electron microscopic experiments were carried
out in quadruplicate to ensure reproducibility.

Circular Dichroism Spectroscopy.CD signal, dynode
voltage, and sample temperature were recorded with an
AVIV 62-DS spectrophotometer equipped with thermoelec-
tric temperature control and calibrated withd10-camphoro-
sulfonic acid. Far-UV CD spectra (185-250 nm), thermal
unfolding, and kinetic data were recorded from solutions of
7-20 µg/mL protein concentrations placed in 5-10 mm
quartz cells; near-UV CD spectra (250-330 nm) were
recorded from 0.1 mg/mL protein solutions in 10-mm cells.
The spectra were recorded with 1-nm bandwidth, 1-nm
increment, 15 s accumulation time, and averaged over three
scans. Thermal unfolding and refolding data at 222 nm were
recorded upon sample heating and cooling from 25 to 85
°C, with 1 °C increment, 30-300 s accumulation time per
data point, 0-600 s equilibration time at each temperature.
Actual scan rates determined by careful timing of the heating
and cooling experiments ranged from 0.047 to 1.34 K/min.
Kinetic experiments were carried out at 222 and 193 nm by
following the time course of the protein unfolding or
refolding resulting from the abrupt temperature changes in
the range from 25 to 85°C; the sample temperature reached
equilibrium within<2 min after the T-jump. All experiments
were repeated 3-4 times; the CD spectra, melting and kinetic
data recorded in such repetitive experiments closely super-
imposed.

Following the buffer baseline subtraction, the CD data
were normalized to protein concentration and are reported
as molar residue ellipticity, [Θ]. Normalized CD data were
independent of the apoC-1/DMPC disk concentrations in the
range explored. ProteinR-helical content was estimated as
described (18). The apparent melting temperatureTm was
determined from differential melting curves d[Θ222](T)/dT
(30). Prior to differentiation, the melting curves [Θ222](T)
were smoothed by a third degree polynomial or by using a
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Fourier transform-based algorithm, which did not affect the
peak positionTm in d[Θ222](T)/dT function. ORIGIN software
was used for the data analysis and display.

Fluorescence Spectroscopy.Fluorescence measurements
were facilitated by the presence of one Trp (W41) and no
Tyr in the apoC-1 sequence. Intrinsic Trp fluorescence
spectra were recorded at 25°C using FluoroMax-2 spec-
trofluorimeter with water bath temperature control. Fresh
samples containing filtered buffer and/or free apoC-1 or
apoC-1/DMPC complexes were placed in 1-cm square cells.
The emission spectra were recorded at 310-400 nm using
the excitation wavelength 290 nm; the buffer spectra were
subtracted. The spectral shapes and relative intensities were
invariant with changes in the protein concentration from 5
to 20 µg/mL, indicating the absence of a significant inner
filter effect. Fluorescence spectra recorded in repetitive
experiments were highly reproducible.

Kinetic Analysis.Thermal transition of apoC-1/DMPC
disks was analyzed by using a simple first-order Arrhenius
model. For a first-order unfolding reaction:

Here [C] is the concentration of the folded species, andk is
the temperature-dependent reaction rate. The rate constantk
follows an Arrhenius law if

Here, A is temperature-independent rate constant in the
absence of the kinetic barrierEa, R ) 1.987 kcal/mol is
universal gas constant, andT is absolute temperature. IfEa(T)
) const, the Arrhenius plot ln(k) versus 1/T is linear with a
slope-Ea/R. The value ofEa for the apoC-1/DMPC disk
transition was estimated from the slope of such a plot. The
transition ratesk at several temperatures from 40 to 85°C
were determined ask ) 1/τ, whereτ is exponential relaxation
time obtained from single-exponential fitting of the kinetic
dataΘ222(t).

In addition, the energy barrierEa for the apoC-1/DMPC
disks transition was determined from the heating rate
dependence of the apparent melting temperatureTm. For a
thermodynamically irreversible transition that can be de-
scribed by the Lumry-Eyring model and obeys the Arrhenius
law, the effect of the scanning rateV onTm can be expressed
as (31, 32)

If the energy barrierEa(T) ) const, the plot ln(V/Tm
2) versus

1/Tm is linear with a slope-Ea/R. The value ofEa for the
apoC-1 unfolding on DMPC disks was determined from such
a plot, with the values ofTm obtained from the first derivative
functions d[Θ222](T)/dT of the CD melting curvesΘ222(T)
recorded at several heating ratesV from 0.047 to 1.34 K/min.

The activation Gibbs free energy∆G* is related to the
reaction ratek via the Eyring equation (33, 34):

HerekB ) 1.38× 10-23 J/K is the Boltzmann constant,h )
6.63 × 10-34 J s is the Plank constant, andR is universal
gas constant. Application of the Eyring equation to protein

folding is associated with the uncertainty in the preexpo-
nential factor. In the temperature range of protein unfolding,
the prefactorkBT/h ) 6-7 × 1012 s-1 is substantially higher
than the fastest rates observed for protein folding/unfolding
that fall in the milli-to-nanosecond range (35and references
therein). Therefore, the prefactor for the unfolding of small
proteins and peptides is usually assumed to be 107-108 s-1

(36, 37). Using this assumption and the reaction rates
determined from the kinetic data recorded in temperature-
jump (T-jump) experiments from 25 to 40-85 °C, we
estimated the free energy barrier∆G* for the apoC-1
unfolding on DMPC disks.

RESULTS

Electron Microscopy of ApoC-1/DMPC Complexes.The
morphology of the apoC-1/DMPC complexes prepared at 25
°C and subjected to various thermal treatments was observed
by negative staining electron microscopy (Figure 1). Figure
1A shows an electron micrograph of a freshly prepared
sample at 25°C. The predominant species are apoC-1/DMPC
disks that are seen in a “face-up” orientation or stacked on
edge in rouleaux; such stacks are unique to negative staining
preparations and facilitate accurate disk size determination
(38). The disk thickness estimated from the rouleaux is 5.56
( 0.10 nm, which is the thickness of the DMPC bilayer;
the disk diameters range from about 15-20 nm, with an
average〈d〉 ) 16.9( 2.7 nm. Such a diameter corresponds
to the protein/lipid ratio of about 1:4.7, close to that used
for the sample preparation. Consequently, most of the
material in apoC-1/DMPC samples is present in discoidal
complexes.

Figure 1B shows that equilibration of a similar sample
for 12 h at 40°C followed by a 20 min equilibration at 25
°C leads to an increase in the disk diameter to〈d〉 ) 30.4(
6.4 nm without altering its thickness. Figure 1C shows that
equilibration of a similar sample for 1 h at 65°C followed
by 20 min equilibration at 25°C results in a diameter increase
to 〈d〉 ) 31.3 ( 6.4 nm. The equilibration times in these
experiments (selected based on the results of the kinetic CD
studies depicted in Figures 5 and 6) ensure that the
temperature-induced conformational changes in the protein
moiety reach a steady state. Figure 1D shows a similar
sample that was consecutively heated and cooled from 25
to 85 °C at a rate 0.047 K/min, followed by incubation at
25 °C for 1 week. Compared to a fresh disk solution (Figure
1A), the average disk diameter shows a small increase to
〈d〉 ) 21.6( 1.4 nm (p < 0.05). Thus, even after prolonged
incubation at 25°C, the heat-induced changes in apoC-1/
DMPC disks may not be fully reversible.

Effect of DMPC Binding on the Secondary Structure and
Thermal Unfolding of ApoC-1.Far-UV CD spectra of apoC-
1/DMPC complexes recorded at 25 and 75°C are shown in
Figure 2. The spectra at 25°C (Figure 2A) indicate that the
apoC-1/DMPC disk formation is accompanied by a large
increase in the proteinR-helix content, from 31 to∼75%,
similar to that observed in plasma apoC-1 (12). The spectra
recorded after 1 h equilibration at 75°C (Figure 2B), that
is, in the post-transitional region of the heat unfolding (see
Figures 3A and 4A), show more negative CD amplitude for
the apoC-1/DMPC complexes as compared to free protein.
This increase in CD cannot be an artifact of absorption

d[C]/dt ) -k[C] (1)

k(T) ) A exp(-Ea/RT) (2)

ln(V/Tm
2) ) const- Ea/RTm (3)

k ) (kBT/h) exp (-∆G*/RT) (4)
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flattening [that leads to a reduction rather that an increase
in the CD signal measured from suspensions of large particles
with high protein concentrations (39)] or differential light
scattering [that is shown to be insignificant in the CD spectra
of comparable size particles withd ∼ 25 nm (39)]. Therefore,
higher CD amplitude of apoC-1/DMPC samples observed
at 75°C must result from higher helical content retained by
apoC-1 in these samples as compared to free protein. This
suggests that the melting of apoC-1/DMPC disks does not
lead to complete protein dissociation from the lipid. Thus,
similar to apoA-1 that was found on vesicular complexes
with PCs (10 and references therein), apoC-1 at high
temperatures may remain partially associated with the lipid.

Thermal unfolding and refolding of the helical structure
in free apoC-1 and in apoC-1/DMPC disks was monitored
by CD at 222 nm. The [Θ222](T) data recorded during heating
from 25 to 85°C followed by cooling to 25°C at a rateV )
1.34 K/min (∼80 K/h) are shown in Figure 3. The unfolding
and refolding curves of lipid-free protein largely overlap
(Figure 3A), and the ellipticity at 222 nm and other
wavelengths after heating and cooling from 25 to 85°C is
restored tog 95% of its original value. Thee5% loss in
the CD signal is typical of protein heat unfolding (40) and
can be accounted for by protein aggregation and/or absorp-
tion to the cell walls at high temperatures (T > 70 °C);
indeed, far-UV CD spectra of free apoC-1 monomer recorded
at 25 °C before and after heating to 65°C fully overlap,
indicating complete reversibility of the transition (data not
shown). The melting curve of free apoC-1 can be ap-
proximated by a single sigmoidal function (Figure 3A, solid
line). The midpoint of this function coincides with the
temperature at which 50% of the total CD changes are

observed,T1/2 ) 51 ( 1.5 °C, and with the peak position in
the first derivative function d[Θ222]/dT, Tm ) 51 ( 1 °C
(Figure 3A, inset). Furthermore, the [Θ222](T) data recorded
at different scan rates from about 0.1-1.3 K/min fully over-
lap. These observations indicate equilibrium character of the
transition (31).

In contrast to free protein unfolding, thermal transition of
apoC-1/DMPC complexes displays hysteresis. AtV ) 1.34
K/min, the refolding data are shifted by about-35 °C
compared to the unfolding data (Figure 3B), suggesting a
shift in the population distribution toward the preexisting
species and implicating the presence of a kinetic barrier
separating these species. The unfolding curve of apoC-1 on
DMPC is sharper at high temperatures and thus cannot be
fitted by a single sigmoidal function. This is reflected in the
discrepancy betweenT1/2 ) 66 ( 1.5 °C andTm ) 72 ( 1
°C and in the asymmetry of the first derivative peak d[Θ222]/
dT (Figure 3B, inset), which is another indicator of the
nonequilibrium unfolding (31). In addition, heating and
cooling from 25 to 85°C results in nearly 17% loss in the
CD signal at 222 nm (Figure 3B) and other wavelengths,
suggesting partial irreversibility of the apoC-1 unfolding on
DMPC disks.

Scan Rate Effects on the Thermal Transitions of ApoC-
1/DMPC Complexes.To test whether the unfolding of the
protein moiety in apoC-1/DMPC complexes can be recorded
under equilibrium conditions at slower scan rates, the
R-helical content in these complexes was monitored by CD
at 222 nm during heating and cooling from 25 to 85°C at
several constant rates ranging from 1.34 to 0.047 K/min (i.e.,
from about 80 to 2.8 K/h) (Figure 4). In contrast to free
protein unfolding, the melting curves of apoC-1/DMPC
complexes show strong scan rate dependence that is markedly
different for the heating and cooling curves (Figure 4A). Heat
unfolding curves of apoC-1 on DMPC complexes show
progressive low-temperature shifts upon reduction in the
heating rate from 1.34 to 0.047 K/min that correspond to a
reduction inT1/2 from 66 to 48°C and inTm from 72 to 48
°C (Figure 4A,B). Reducing the scan rate also leads to an
increased symmetry in [Θ222](T) and d[Θ222](T)/dT curves
(Figure 4A,B) and thus to a better agreement betweenTm

andT1/2 (Tm ) T1/2 atV e 0.1 K/min). At heating rates below
0.05 K/min, no further changes inTm are observed. Remark-
ably, the apparent melting temperature of apoC-1/DMPC
complexes observed in slow heating experiments (V e 0.05
K/min, open triangles in Figure 4A),Tm,C1:DMPC) 48 ( 1.5
°C, is comparable to that of lipid-free apoC-1,Tm,C1 ) 51 (
1.5 °C (Figure 3A). Furthermore, similar to the unfolding
of free apoC-1, slow heating of apoC-1/DMPC disks leads
to protein unfolding that starts just above 25°C and becomes
significant at 37°C where nearly 10% of the total change in
the CD amplitudeΘ222 is observed (Figure 3A, Figure 4A,
open triangles). Therefore, similar to free apoC-1, the apoC-
1/DMPC disks have only marginal thermodynamic stability
at these temperatures.

In contrast to the heat unfolding curves, the refolding
curves recorded at several relatively fast cooling rates fully
overlap (V ) 0.76-1.34 K/min, closed symbols in Figure
4A), suggesting relatively fast refolding kinetics. Surpris-
ingly, increased deviations among the refolding curves are
observed at slower cooling rates (V < 0.76 K/min, open
symbols in Figure 4A), suggesting that the protein refolding

FIGURE 1: Negative staining electron micrographs of apoC-1/
DMPC disks subjected to various thermal treatments. Protein
concentration is 10µg/mL, protein/lipid ratio is 1:5 mg/mg. (A)
Freshly prepared sample (after overnight incubation at 25°C); (B)
similar sample after 12 h equilibration at 40°C followed by 20
min equilibration at 25°C; (C) similar sample after 1 h equilibration
at 65 °C followed by 20 min equilibration at 25°C; (D) similar
sample after heating and cooling from 25 to 85°C at a rateV )
0.047 K/min followed by 1 week incubation at 25°C.
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on DMPC complexes is a complex nonequilibrium transition.
Indeed, if equilibrium could be attained, then upon lowering
the scan rate the unfolding and refolding curves would shift
toward each other and eventually overlap. This contrasts with
the observed cooling rate dependence in the refolding curves
(such as low- rather than high-temperature shifts at slow
cooling rates resulting in the hysteresis at any scan rate
explored), suggesting complex kinetics of the disk reconsti-
tution upon cooling from high temperatures and indicating
nonequilibrium character of the transition at any scan rate.

Rate of ApoC-1 Folding/Unfolding on DMPC Disks.The
kinetics of thermal transitions in apoC-1/DMPC disks was
probed by following the time course of the protein unfolding
and refolding on the disk in T-jump experiments (41 and
references therein). In one such experiment, the temperature
of apoC-1/DMPC disk solution was rapidly raised from 25
to 45 °C (that is close to the apparentTm ∼ 48 °C of the

disks measured at slow heating rates, Figure 3B), and the
time course of the helix-to-coil transition was monitored by
CD at 222 nm until steady state was attained (Figure 5,
squares). Next, the temperature was lowered to 25°C, and
[Θ222](t) was monitored during protein refolding (Figure 5,
diamonds). These and other kinetic CD data recorded of
apoC-1/DMPC complexes are well approximated by single
exponentials, suggesting that theR-helical folding/unfolding
can be approximated by a first order reaction (eq 1, Materials
and Methods). Single-exponential data fitting indicate nearly
10-fold difference between the exponential relaxation times
for the unfolding and refolding,τU ) 35.5 min andτR ∼ 3.4
min. Relatively fast refolding was also observed in T-jumps
from higher temperatures (50-85 °C), which may explain
the absence of scan rate dependence in the refolding data
recorded at fast cooling rates (0.76-1.34 K/min, closed
symbols in Figure 4A).

FIGURE 2: Far-UV CD spectra of apoC-1/DMPC complexes as compared to free apoC-1 monomer. All samples contain 10µg/mL protein
in 5 mM sodium phosphate buffer (pH 7.8), apoC-1/DMPC ratio is 1:5 mg/mg; samples were prepared at 25°C and equilibrated overnight
at 25°C prior to the CD data collection. Solid or dotted lines show spectra of free protein, circles show spectra of apoC-1/DMPC complexes.
The spectra were recorded after sample equilibration at 25°C (A) and 75°C (B).

FIGURE 3: Thermal unfolding and refolding of apoC-1 in complex with DMPC and in monomeric lipid-free state. Protein helical content
was monitored by CD at 222 nm upon heating and cooling at a rateV ) 1.34 K/min. Sample conditions are same as in Figure 2. (A) Free
apoC-1 monomer (O); (B) apoC-1/DMPC complexes (b). Arrows indicate apparent midpoint temperaturesT1/2 of the heat unfolding transitions.
Insets: First derivative functions dΘ222/dT of the heat unfolding data. Apparent melting temperaturesTm corresponding to the maximum
in dΘ222/dT functions are shown by arrows. The reproducibility in theTm values obtained in different experiments under identical conditions
is better than 2°C.
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Protein refolding in apoC-1/DMPC complexes observed
in T-jump experiments appears incomplete at any temperature
explored. For example, the kinetic data in Figure 5 show
that, after equilibration at 45°C followed by equilibration
at 25°C, only ∼75% of the total loss in [Θ222] is restored.
Consequently, in contrast to free protein, the reduction in
the CD amplitude at 25°C observed after apoC-1/DMPC
disk heating (Figures 3B and 4A) is not confined to high
temperatures but occurs throughout the transition range.
Incomplete CD recovery upon heating and cooling is also
observed at other temperatures (50-85 °C) and other
wavelengths (193 nm), suggesting reduced protein avail-
ability for the disk formation and/or a very slow kinetic step

in the disk reconstitution. Regardless of the exact character
of the transition (slowly reversible or partially irreversible),
the mathematical treatment leading to determination of the
energy barrier responsible for slow kinetics is similar (42).

ActiVation Enthalpy Ea and Free Energy∆G* for the
ApoC-1 Unfolding on DMPC Disks.Slow transition kinetics
depicted in Figure 5 indicates that the apoC-1/DMPC disk
unfolding is associated with high Gibbs free energy barrier
∆G*. The enthalpic contribution to this free energy barrier
is well approximated by the Arrhenius activation energyEa.
The value of Ea was determined from the temperature
dependence of the transition ratek(T) measured in T-jumps
from 25 °C to several constant temperatures from 40 to 85
°C. The time course of the reaction initiated by a T-jump
was monitored by CD at 222 nm (Figure 6A). The [Θ222](t)
data are closely approximated by single exponentials (Figure
6A, solid lines). The exponential relaxation timeτ that is
inverse of the reaction rate,τ ) 1/k, is strongly temperature
dependent and changes from>3 h at 40°C to ∼90 s at 85
°C (Figure 6A). An Arrhenius plot lnk versus 1/T is linear
(Figure 6B), suggesting that the unfolding follows Arrhenius
law with Ea(T) ) const in the temperature range explored
(eq 2, Materials and Methods). The slope of this plot yields
the activation energyEa ) 21 ( 5 kcal/mol.

An independent estimate ofEa was obtained from the
analysis of the scan rate effect on the apparent melting
temperatureTm (Figure 4B) using eq 3. This approach, which
was originally derived for the kinetic analysis of irreversible
unfolding monitored by DSC (31, 32), assumes the first order
reaction ratek that changes with temperature according to
the Arrhenius law (eqs 1 and 2). The applicability of these
assumptions to apoC-1 unfolding on the disks is suggested
by the kinetic data in Figure 6A,B. We used eq 3 withTm

values taken at the peak temperatures in d[Θ222](T)/dT
functions recorded at various heating rates (Figure 3B). The
plot ln(V/Tm

2) versus (1/T) is linear (Figure 7), suggesting
thatEa(T) ) const in the range of observedTm. The slope of
this plot yields the activation energyEa ) 25 ( 5 kcal/mol;
a comparable value ofEa ) 23 ( 5 kcal/mol is obtained
from a similar plot by using the values ofT1/2 instead of

FIGURE 4: Scanning rate effects on the CD melting curves of apoC-1 in DMPC complexes. (A) Thermal unfolding and refolding curves
Θ222(T) recorded by CD at 222 nm upon heating and cooling from 25 to 85°C at several constant scanning rates:b - 1.34 K/min,9 -
1.10 K/min,2 - 0.76 K/min,O - 0.27 K/min;0 - 0.094 K/min;4 - 0.047 K/min. (B) First derivative functions dΘ222/dT of the heat
unfolding curves. Peak positions at various scanning rates and the corresponding values of the apparent melting temperatureTm are indicated.

FIGURE 5: Kinetics of apoC-1 unfolding and refolding on DMPC
disks monitored by far-UV CD in T-jump experiments from 25 to
45 °C. The disk solution was prepared as in Figure 2; the CD signal
of this solution at 25°C, [Θ222](t) ) const, is shown by a horizontal
line. The unfolding and refolding reactions were initiated by a
T-jump from 25 to 45°C (0) followed by a T-jump from 45 to 25
°C ()). Short arrows show the starting times of the T-jumps. Double
arrow indicates the loss in [Θ222] after the heating and cooling to
45 °C. Solid lines show least-squares fitting of the data by single
exponentials; the exponential relaxation timesτU and τR for the
unfolding and refolding directions are indicated. The reproducibility
in the values ofτ determined in repetitive experiments is better
than 10%.
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Tm. Agreement with the value ofEa ) 21 ( 5 kcal/mol
determined from the Arrhenius plot confirms the validity of
our kinetic analysis.

The value of∆G* can be determined from the reaction
ratek using Eyring equation (eq 4, Materials and Methods)
(31, 32). Using the values ofk ) 1/τ measured in T-jump
experiments (Figures 5 and 6A) with the standard rate
equation with prefactorkBT/h ∼ 6-7 × 1012 s-1 yields the
free energy barrier of∆G* ) 24( 0.5 kcal/mol that is nearly
invariant from 40 to 85°C. Using a more realistic prefactor
of 108 s -1 that approximates the helical folding/unfolding

rate in the absence of the barrier (35-37) yields the activation
free energy∆G* ) 17.3-16.3 kcal/mol at 40-85 °C;
extrapolation to 25°C suggests∆G* ∼ 17-18 kcal/mol for
apoC-1 unfolding on DMPC disks.

Heat-Induced Changes in UV Light Scattering of ApoC-
1/DMPC Complexes.In addition to measuring CD, the
spectropolarimeter also registers high voltage applied to the
dynodes of the UV detector photomultiplier (dynode voltage,
V). Dynode voltage increases nearly linearly with the
reduction in the light intensity that may result from light
scattering and/or absorption. Since the extinction coefficient
is weakly temperature dependent, no significant variations
in UV absorption are expected to occur in the melting or
kinetic CD experiments depicted in Figures 3B and 4A or
6A; indeed, the dynode voltageV222(T) at 222 nm is invariant
upon heating and cooling lipid-free protein solution from
25 to 85°C (Figure 8, insert). Consequently, any tempera-
ture-dependent variations inV222(T) of apoC-1/DMPC com-
plexes must originate from the changes in the light scattering
of these complexes.

The intensity of the scattered light depends on the
refractive index of the particles and their radii and increases
sharply as the particle size approaches the wavelength of
light. Thus, UV light scattering (λ ∼ 200 nm) of apoC-1/
DMPC complexes (d ∼ 20 nm) may significantly contribute
to the dynode voltage, especially at higher temperatures when
the particle diameter increases (Figure 1). Therefore, changes
in V222(T) can be used to monitor heat-induced changes in
the size and/or refractive index of the apoC-1/DMPC
complexes.

The advantage of simultaneously measuringV222(T) and
Θ222(T) data is the increased accuracy of correlating the light
scattering and the CD data. This is illustrated in Figure 8A
that showsV222(T) data recorded at several scanning rates in
the same series of experiments as the CD melting curves
Θ222(T) in Figure 4A. TheV222(T) data show that heating
from 25 to 85°C leads to an increase in the dynode voltage,

FIGURE 6: Kinetics of the apoC-1 unfolding on DMPC disks monitored in T-jumps from 25 to 85°C. (A) CD dataΘ222(t) recorded in
T-jumps from 25°C to 40-85 °C; the final temperatures are indicated. Sample conditions are as in Figure 2. Solid lines show least-squares
fitting of the data by single exponentials; the exponential relaxation timesτ are indicated. (B) Arrhenius plot lnk versus 1/T for apoC-1
unfolding on the DMPC disks. Abscissa represents the final sample temperature after the T-jump (the values ofT are indicated on the data),
ordinate represents the reaction ratek(T) ) 1/τ(T). Error bars correspond to the uncertainty in the determination ofτ. Solid line shows
least-squares data fitting by a linear function; the energy barrier determined from the slope of this function isEa ) 21 ( 5 kcal/mol. The
error in Ea incorporates the fitting errors and the uncertainty in the determination ofτ.

FIGURE 7: Energy barrierEa determined from the heating rate
effects on the apparent melting temperatureTm. Abscissa represents
the values ofTm obtained from differentiation of the CD melting
curves recorded at various scanning ratesV (Figure 4). The error
bars represent uncertainty in the determination ofTm. Solid line
shows least-squares fitting of the data by a linear function; the
energy barrier determined from the slope of this function isEa )
25 ( 5 kcal/mol; the error incorporates the uncertainty inTm
determination and the fitting errors.
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suggesting an increase in the particle size (i.e., disk-to-vesicle
fusion) and/or refractive index (that may reflect formation
of multilamellar vesicles). In contrast to the pre- and post-
transitional CD values that are independent of the scanning
rate (Figure 4A), the dynode voltage data show a progressive
increase in the post-transitional values upon reduction in the
scanning rate from 1.34 to 0.094 K/min (Figure 8A). This
suggests that slower heating, i.e., prolonged sample exposure
to elevated temperatures, leads to the formation of larger
and/or multilamellar vesicles. Reduced lipid accessibility in
such large multilamellar vesicles may result in slower kinetics
of the disk reassembly upon cooling, leading to anomalous
CD cooling curves observed at slow heating rates (Figure
4A, open symbols). The absence of any detectable effect of
the increase in the particle size on the CD signal at high
temperatures (Figure 4A) is consistent with the absence of
any significant absorption flattening or differential light
scattering effects in our CD experiments.

Similar toΘ222(T) curves, theV222(T) curves clearly show
hysteresis and scan rate effects onTm, indicating nonequi-
librium heat-induced morphological changes in apoC-1/
DMPC complexes. Notably, the peak temperaturesTm in the
first derivative functions d[Θ222]/dT and dV222/dT agree to
better than 1°C (Figure 4B and 8B), that is, within the
accuracy of their experimental estimate; consequently, the
activation energies for the heat-induced protein unfolding
and particle transformation are identical. This remarkable
agreement indicates that the heat-inducedR-helical unfolding
in apoC-1/DMPC complexes is closely coupled with the
concomitant change in the particle morphology (particle
fusion).

Scan rate effects on theV222(T) data in the post-transitional
regions of the heating curves and in the cooling curves in
Figure 8A are more complex. AtV ) 1.34 K/min,V222(T) )
const upon heating and consecutive cooling from 75 to

85 °C but shows a small increase upon further cooling below
60 °C followed by a reduction below 30°C (Figure 8A, solid
circles) that may reflect disk reconstitution from larger
vesicles. At slower scanning rates, progressive deviations
between the heating and cooling curves in the post-
transitional region and increases inV222(T) in the high-
temperature portions of the cooling curves are observed,
suggesting continued increase in the particle size and/or
refractive index upon prolonged exposure to high tempera-
tures. In all experiments, the dynode voltageV222(25 °C)
measured after heating and cooling from 25 to 85°C shows
a small but significant increase by 2-3 V compared to its
pretransitional value, suggesting a small increase in the
particle size and/or lamellar structure. This agrees with the
small increase in the disk diameter observed in these samples
by electron microscopy (Figure 1A,D).

Near-UV CD and Trp Fluorescence.To characterize
changes in the environment of a single Trp41 in apoC-1 that
may accompany DMPC binding, intrinsic Trp fluorescence
and near-UV CD spectra were recorded of free protein and
of apoC-1/DMPC disk solutions (Figure 9). Comparison of
the fluorescence spectra recorded at 25°C from freshly
prepared solutions of free apoC-1 monomer and of apoC-
1/DMPC disks (solid and dotted lines in Figure 9) shows
that the disk formation leads to an increase in the spectral
intensity and a blue shift in the wavelength of maximal
fluorescence from 355 to 333 nm, indicating reduced solvent
accessibility of Trp41 side chain and reduced polarity in its
environment. In contrast, near-UV CD spectra of apoC-1 at
25 °C (Figure 9, inset) show no large changes upon DMPC
binding, indicating the absence of any significant changes
in the asymmetry of the environment of Trp41; to our
knowledge, this is the first report on an apolipoprotein with
near-UV CD that is invariant upon lipid binding. Conse-
quently, apoC-1/DMPC disk formation shields Trp41 side

FIGURE 8: Scanning rate effects on the dynode voltage melting curvesV222(T) of apoC-1/DMPC complexes. (A) Dynode voltage data
recorded at 222 nm upon heating and cooling from 25 to 85°C at several constant scanning rates. Data were recorded in the same series
of CD experiments as theΘ222(T) data in Figure 4. Line coding is same as in Figure 4; scanning rates are indicated on the lines. Incremental
changes in the shallow portions of the curves result from imperfect analog-to-digital signal conversion. Inset: Dynode voltage dataV222(T)
recorded upon heating and cooling lipid-free apoC-1; sample conditions are same as in Figure 2. (B) First derivative functions dV222/dT of
the dynode voltage heating curves. The peak positions and the corresponding heating rates are indicated.
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chain from the solvent but induces no conformational
changes in this or adjacent groups. This result is consistent
with our earlier near-UV CD studies showing that the
packing of the hydrophobic cluster containing Trp41 is
conserved in the broad range of environmental conditions
(the R-helical content under these conditions varies from 5
to 75%) and suggesting that this cluster forms the most stable
helical element in apoC-1 (18).

Near-UV CD spectra of apoC-1/DMPC complexes, similar
to those of free apoC-1 (18), do not significantly change in
the temperature range 25-85 °C, indicating that the packing
of Trp 41 remains invariant uponR-helix unfolding in apoC-1
that occurs at these temperatures. In contrast, Trp fluores-
cence spectra of apoC-1/DMPC samples subjected to dif-
ferent thermal treatments are significantly different. For
example, the fluorescence spectrum of a disk solution that
was equilibrated for 1 h at 65°C followed by g20 min
equilibration at 25°C (open symbols in Figure 9; the
corresponding electron micrograph is shown in Figure 1C)
appears intermediate between the spectra of free apoC-1 and
of freshly prepared disk solution at 25°C, providing an
additional evidence for an irreversible (or very slowly
reversible) step in the apoC-1 unfolding in complex with
DMPC.

DISCUSSION

Our results demonstrate that the unfolding of apoC-1
moiety in DMPC complexes, in contrast to that of free
apoC-1, is a slow nonequilibrium transition associated with
high activation energy and enthalpy. This is evident from

the marked hysteresis and the scan rate dependence in far-
UV CD and dynode voltage melting curves of apoC-1/DMPC
complexes (Figures 4 and 8), and from the slow temperature-
dependent transition rate revealed in T-jump experiments
(Figures 5 and 6). This nonequilibrium character of the
apoC-1/DMPC transition, along with its intrinsic irrevers-
ibility or slow reversibility [suggested by a small increase
in the disk diameter (Figure 1) and an incomplete recovery
in the CD, dynode voltage and fluorescence signals upon
heating and cooling from 25°C to higher temperatures
(Figures 3B, 4A, 5, and 9)], preclude quantitative thermo-
dynamic analysis of this transition.

Qualitatively, similar to heat unfolding of free apoC-1
(Figure 3A), the unfolding of apoC-1 in DMPC disks at slow
heating rates (Figure 4, open triangles) starts slightly above
25 °C, becomes significant at 37°C, and has an apparent
transition temperatureTm ) 48 °C, close toTm ) 51 °C of
free apoC-1 (17, 42). Thus, disk formation with DMPC may
not substantially increase the low thermodynamic stability
of apoC-1 at these temperatures [at 25°C, the apoC-1
stability was measured to be∆G(25°C) ∼ 1.8 kcal/mol (43)].
Similarly, chemical unfolding studies of small discoidal or
spherical HDL containing apoA-1 and various amounts of
phospholipid and cholesterol suggest that the protein ther-
modynamic stability does not necessarily increase upon
lipidation (5, 19, 21, 22, 44). These results exemplify that
spontaneous protein-lipid association is driven by a reduc-
tion in the free energyGF of the system containing folded
protein, lipid, and buffer, and may not necessarily be
accompanied by an increase in the thermodynamic stability
∆G ) GU - GF of this system (Figure 10).

In summary, our results corroborate earlier data indicating
irreversible kinetically controlled unfolding of apoA-1/

FIGURE 9: Effects of DMPC binding on Trp fluorescence and near-
UV CD spectra of apoC-1. Intrinsic Trp fluorescence spectra
(excitation wavelength, 290 nm) were recorded at 25°C of free
apoC-1 (-), freshly prepared apoC-1/DMPC disks (b), and similar
disks that were equilibrated for 1 h at 65°C followed by 20 min
equilibration at 25°C ()). Protein concentration in all samples is
5 µg/mL. Arrows indicate the wavelength of maximal fluorescence.
Inset: Near-UV CD spectra of free apoC-1 (-) and apoC-1/DMPC
complexes (O) at 25 °C. No large changes in near-UV CD were
detected after sample equilibration at 75°C (data not shown to
avoid overlap).

FIGURE 10: Free energy diagram of lipid-free and DMPC-bound
apoC-1. The apparent thermodynamic stability of apoC-1/DMPC
disks is comparable to that of free apoC-1,∆G ∼ 1.8 kcal/mol,
and is about an order of magnitude lower than the free energy barrier
separating the folded (F) and unfolded (U) states of the protein on
the DMPC complexes,∆G* g 17 kcal/mol. High free energy of
the transition state (indicated by *) accounts for the rate-limiting
step Ff * in the Ff * f U lipoprotein transition. Lipid binding
(indicated by dotted arrow) is driven by a reduction in the free
energyGF of the folded state of the system containing protein, lipid
and buffer. Since the free energy of the unfolded stateGU is also
likely to be lower for the lipid-bound protein, the thermodynamic
stability of the system∆G ) GU - GF may not necessary increase
upon lipid binding.
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DMPC disks (23, 26, 27) and suggest that the unfolding of
other PC-containing reconstituted lipoproteins may also be
a subject of the kinetic control. Indeed, the size and
stoichiometry of the reconstituted lipoproteins depend not
only on the environmental conditions and the protein/lipid
ratio, but also on the temperature and the physical state of
lipid at the time of the reaction [gel or liquid crystalline,
single or multilamellar vesicles, (10and references therein)],
suggesting that the reaction products are kinetically trapped.
Furthermore, both reconstituted and, especially, plasma
lipoproteins are compositionally and structurally heteroge-
neous complexes lacking the packing specificity that is
thought to account for the stability of tightly packed globular
proteins (45). It therefore is likely that the mechanism of
lipoprotein stabilization differs from the thermodynamic
stabilization of globular proteins. We hypothesize that,
similar to reconstituted DMPC-containing lipoprotein disks,
nascent HDL (that also contain PCs as their major lipid
constituents) may also be stabilized by kinetic rather than
thermodynamic factors.

How can lipoproteins maintain their functional state despite
their marginal thermodynamic stability? The answer is
suggested by the slow kinetics of apolipoprotein unfolding
on lipoproteins that occurs on a much longer time scale
(minutes to hours, Figure 6) as compared to folding-
unfolding transitions in small helical proteins (nano- to
milliseconds). Such a slow transition kinetics suggests that
the population distribution between the “folded” and “un-
folded” lipoprotein species is determined not by their free
energy difference∆G but by the free energy barrier∆G*
separating these species. Using standard rate equation sets
the upper limit for∆G* at ∼24 kcal/mol; a similar value of
∆G* ∼ 25 kcal/mol was determined from the kinetic analysis
of apoA-1/DMPC disk unfolding (27). Using the rate
equation with a more realistic prefactor of 108 s-1 yields the
value of ∆G*(25 °C) ∼ 17-18 kcal/mol. These estimates
clearly demonstrate that the free energy barrier for the
apoC-1/DMPC disk melting,∆G* g 17 kcal/mol, is about
an order of magnitude higher than the apparent thermody-
namic stability,∆G < 2 kcal/mol (Figure 10). This indicates
kinetic rather than thermodynamic mechanism for the disk
stabilization.

The marked temperature dependence of the transition rate
(Figure 6) indicates that the kinetic barrier for the apoC-1/
DMPC disk disruption has a large enthalpic component∆H*.
We used two independent experimental approaches to
estimate Arrhenius activation energyEa that approximates
∆H*. The value ofEa ∼ 25 ( 5 kcal/mol determined from
the scan rate effect on the apparent melting temperatureTm

agrees with the value ofEa ∼ 21 ( 5 kcal/mol obtained
from the Arrhenius analysis of the kinetic data (Figures 6
and 7). Comparison of these values with Gibbs free energy
of activation,∆G* ) ∆H* - T∆S* g 17 kcal/mol, indicates
that the free energy barrier is dominated by enthalpy. This
implies that the free energy barrier for the apoC-1 unfolding
on DMPC disks originates mainly from the transient disrup-
tion of atomic packing interactions, rather than from the
transient solvent exposure of apolar groups. Furthermore, the
height of the energy barrier that defines kinetic lipoprotein
stability is determined by the molecular nature of both the
“folded” and the “transition” states (Figure 10). Thus, in
addition to the molecular models of discoidal lipoproteins

such as nascent HDL that are currently being developed
(reviewed in refs9 and 45), the structure of the transition
state will have to be addressed in detail to elucidate the
molecular origin of lipoprotein stability.

The physical origin of the enthalpic barrier for the protein
unfolding in complex with lipid is suggested by the correla-
tion between the CD dataΘ222(T) that report onR-helix
unfolding and the dynode voltage dataV222(T) that report
on changes in the morphology of apoC-1/DMPC complexes.
The remarkable agreement between the apparentTm values
in the CD and light scattering melting curves (Figures 4B
and 8B) indicates close coupling between the microscopic
event, that is the unfolding of the protein moiety, and the
macroscopic event, that is the heat-induced increase in the
particle size and/or lamellar structure. This coupling suggests
that the energy barrier for the apoC-1 unfolding on the disks
(but not in lipid-free state) arises from the transient disruption
of lipid-protein and/or lipid-lipid packing interactions upon
the heat-induced protein unfolding and concomitant particle
fusion.

The results of this work, together with the earlier studies
(23, 27, 28), and our ongoing studies of DMPC complexes
with human apoA-1 and its fragments (Yang Chao, Yiling
Fang, O. G., and David Atkinson, unpublished data) suggest
that the kinetic mechanism provides a general strategy for
stabilization of discoidal lipoproteins that have PCs as their
major lipid component. High kinetic barrier prevents such
lipoproteins from fluctuating between the folded and un-
folded states, which would otherwise result from their low
thermodynamic stability. Comparison of the free energy of
activation,∆G* g 17 kcal/mol, determined for the unfolding
of apoC-1 or apoA-1 on DMPC disks, with the free energy
of stability of typical globular proteins,∆G(25 °C) ) 11-
16 kcal/mol, shows that even though lipoproteins lack the
high packing specificity that is thought to account for the
globular protein stability (46), their kinetic stability may be
comparable to the thermodynamic stability of globular
proteins.

Kinetic stabilization has emerged as an important mech-
anism controlling folding and function of an increasing
number of globular proteins (47-49and references therein),
prion proteins (50), protein-DNA complexes (51), and was
proposed to provide a general mechanism for stabilizing
complex protein systems (52). We propose that lipoproteins
represent another class of macromolecular complexes that
are stabilized by kinetic factors. We suggest that such a
kinetic mechanism of stabilization may have important
implications for lipoprotein functions. It may not only
maintain the stability of these heterogeneous complexes in
the absence of high packing specificity, but may also enable
lipoproteins to undergo multiple rounds of enzyme-regulated
compositional and structural changes in the course of their
metabolism independent of the effects of these changes on
the thermodynamic stability. Kinetic barriers may also control
the rates of apolipoprotein transfer among lipoproteins in
the course of their metabolism.
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