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ABSTRACT: To probe the role of protein conformation in the formation and kinetic stability of discoidal
lipoproteins, thermal unfolding and refolding studies were carried out using model lipoproteins reconstituted
from dimyristoylphosphatidylcholine (DMPC) and selected mutants of human apolipoprotein C-1 (apoC-
1). Circular dichroism (CD) spectroscopy and electron microscopy show that the Q31P mutant, which
hasR-helical content in solution (33%) and on DMPC disks (67%) similar to that of the wild type (WT),
forms disks of smaller diameter,〈d〉 ) 13 nm, compared to 17 nm of the WT-DMPC disks. The L34P
mutant, which is largely unfolded in solution, forms disks withR-helix content and diameter similar to
those of the WT. The R23P mutant, which is fully unfolded in solution, forms disks that have similar
diameter but reducedR-helix content (40%) compared to the WT-DMPC disks (65%). Remarkably,
despite large variations in theR-helix content or the disk diameter among different mutant-DMPC
complexes, the mutations have no significant effect on the unfolding rates or the Arrhenius activation
energy of the disk denaturation,Ea ) 25-29 kcal/mol. This suggests that the kinetic stability of the
discoidal complexes is dominated by the lipid-lipid rather than the protein-lipid interactions. In contrast
to the heat denaturation, the lipoprotein reconstitution upon cooling monitored by CD and light scattering
is significantly affected by mutations, with Q31P forming disks in the broadest and R23P in the narrowest
temperature range. Our results suggest that the apolipoprotein helical structure in solution facilitates
reconstitution of discoidal lipoproteins but has no significant effect on their kinetic stability.

Lipids in plasma are transported in the form of lipoproteins
that are heterogeneous assemblies of specific proteins (termed
apolipoproteins) and lipids. Lipoproteins are classified ac-
cording to their size, density, protein and lipid composition,
and metabolic properties into several major groups, including
high-density, low-density, and very low density lipoproteins
(HDL,1 LDL, and VLDL, respectively) and chylomicrons
(1, 2). Our focus is on HDL whose well-established anti-
atherogenic function is mediated via the receptor-mediated
cholesterol removal from peripheral tissue to the liver (1-
5) and via the antioxidant action of HDL on LDL (6).
Nascent hepatic HDL form phospholipid bilayer disks with
proteins wrapped around the disk circumference (Figure 1A).
The apolar faces of the apolipoprotein amphipathicR-helices
interact with phospholipids, and the polar faces are exposed
to solvent (7), thereby conferring the disk solubility. These
nascent discoidal HDL acquire cholesterol from the tissue

cells and are converted to mature spherical HDL by the action
of lecithin:cholesterol acyltransferase (LCAT) (reviewed in
refs4 and8). Our aim is to obtain the molecular determinants
for the structural stability of the heterogeneous HDL particles.

Structural stability is essential for HDL functions in lipid
transport and metabolism and in the pathogenesis of athero-
sclerosis and hypertriglyceridemia (9), yet molecular mech-
anisms of lipoprotein stabilization are not clearly understood.
Most existing reports on lipoprotein stability are based upon
the equilibrium thermodynamic approach (for recent reviews
see refs9-15). However, our recent analyses of model
discoidal HDL (16) and spherical human plasma HDL (17),
supported by several earlier studies (18-20), have shown
that, contrary to the widely held assumption, HDL stability
has a kinetic rather than a thermodynamic origin. High
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FIGURE 1: Cartoon representation of the discoidal lipoprotein
assembly (A) and solution conformation of lipid-free apoC-1 (B).
Protein R-helices are shown by cylinders. The sites of Pro
substitutions used are indicated.
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kinetic barriers for lipoprotein disintegration,∆G* ∼ 16-
17 kcal/mol, may facilitate lipoprotein stability in the absence
of high packing specificity and slow spontaneous intercon-
versions among lipoproteins from different subclasses,
thereby modulating lipoprotein lifetime and functions (16,
17). By correlating circular dichroism (CD) spectroscopic
data with the light scattering and electron microscopic (EM)
data, we showed that the protein unfolding on HDL is
coupled to particle fusion, which compensates for the
energetically unfavorable solvent exposure of the apolar lipid
surface upon apolipoprotein unfolding. On the basis of this
coupling we proposed that the high kinetic barrier for the
HDL denaturation originates from the transient disruption
of lipid-lipid and/or lipid-protein packing interactions in
the course of lipoprotein fusion (16).

In this work, we test the role of protein conformation in
the kinetic stability of discoidal HDL. To do so, we use
reconstituted model lipoproteins comprised of a neutral
phospholipid, dimyristoylphosphatidylcholine (DMPC), and
selected mutants of human apolipoprotein C-1 (apoC-1).
ApoC-1, which is the smallest exchangeable apolipoprotein
(6 kDa), is a constituent of HDL and VLDL and an important
factor in lipoprotein metabolism (21, 22). ApoC-1 on nascent
HDL is a potent LCAT activator (23), a function that is
reproduced on the disks reconstituted from apoC-1, phos-
phatidylcholine, and cholesterol (24). The amino acid
sequence of apoC-1, similar to those of other exchangeable
apolipoproteins, is comprised of 11-mer tandem repeats that
are predicted to fold into characteristic amphipathicR-helices
(7). ApoC-1 contains four such repeats spanning residues
7-51 that are predicted to form twoR-helices, 7-32 and
33-53 (7). Consistent with this prediction, the NMR
structure of apoC-1 on “lipid-mimicking” SDS micelles
shows two helices, 7-29 and 38-52 (25). The helical
content of apoC-1 is reduced from 65% on lipoproteins to
an average of 31%R-helix and∼65% random coil in the
monomeric lipid-free state in solution (26). Our spectroscopic
and mutagenesis studies have shown that apoC-1 in solution
adopts a dynamic helix-turn-helix conformation that may
represent a minimal folding unit in other exchangeable
apolipoproteins (27, 28) (Figure 1B). This result, together
with the high amino acid sequence homology and the
structural and functional similarity of apoC-1 and larger
apolipoproteins, makes apoC-1 an excellent model for the
analysis of the energetics-structure-function relationship
in this protein family.

To analyze, in the context of a single protein, the effects
of the apolipoprotein conformation on the reconstitution and
kinetic stability of discoidal lipoproteins, we use three apoC-1
mutants containing single Pro substitutions that have dis-
tinctly different effects on the protein structure in solution
(28) (Figure 1B). The R23f P mutation at an internal site
of the N-terminalR-helix leads to a complete unfolding of
the lipid-free solution conformation (<5% R-helix, >85%
random coil). In contrast, the Q31f P mutation in the
interhelical linker is well tolerated and causes no protein
unfolding or destabilization in solution. The L34f P
mutation near the start position of the C-terminal helix
induces substantial protein unfolding in solution (10%
R-helix, >80% random coil). Here, we determine the effects
of these mutations on the apoC-1-DMPC disk structure,
thermal stability, and reconstitution by using CD spectros-

copy in conjunction with light scattering and electron
microscopy (EM). The results provide an insight into the
role of protein conformation in the reconstitution and stability
of discoidal HDL and into the nature of the rate-limiting
transition state in lipoprotein denaturation.

MATERIALS AND METHODS

Lipoprotein Preparation and Imaging. Mutant forms of
full-size human apoC-1 (57 amino acids) containing single
Pro substitutions at selected sites, R23f P, Q31f P, and
L34 f P, were obtained by solid-state synthesis and purified
to 98%+ purity as described (27). Protein-DMPC com-
plexes were prepared as described using a protein:lipid ratio
of 1:4.5 to 1:5 mg/mg (16). Briefly, 1 mg/mL solution of
lyophilized protein in 5 mM sodium phosphate buffer, pH
7.6-7.8, was incubated at room temperature with a suspen-
sion of ultrapure DMPC liposomes (Sigma) in the same
buffer. The mixture of Q31P-DMPC cleared in about 20
min; however, liposome clearance by L34P and, especially,
R23P appeared slower and took 1-3 h. After overnight
incubation, the samples were diluted by buffer to final protein
concentration of 10-30 µg/mL and were used in CD
spectroscopic and electron microscopic experiments within
2 weeks. Attempts to reconstitute lipoproteins at 36°C led
to liposome clearance and discoidal complex formation with
Q31P but not with other mutants.

Protein-lipid complexes were visualized by the negative
staining technique in a CM12 transmission electron micro-
scope (Philips Electron Optics) as described (16). Statistical
analysis of the disk size distribution was carried out using
at least 200 particles per image and utilizing the EXCEL
program. All electron microscopic experiments were repeated
three to four times to ensure reproducibility.

Circular Dichroism Spectroscopy and Light Scattering. CD
and dynode voltage data (the latter report on the changes in
the light scattering by lipoprotein disks) were recorded as
described (16) using an upgraded AVIV 62DS spectrometer
equipped with a thermoelectric temperature control. Briefly,
far-UV CD spectra, melting, and kinetic data were recorded
from lipoprotein solutions of 10-30 µg/mL protein concen-
tration placed in 5 mm or 10 mm quartz cells. The CD and
dynode voltage melting data,Θ222(T) and V222(T), were
recorded at 222 nm upon sample heating and cooling from
25 to 85°C at a constant rate from 0.067 to 1.34 K/min.
Kinetic CD data, Θ222(t), were recorded at 222 nm in
temperature jump (T-jump) experiments in which the unfold-
ing was induced by an abrupt increase in temperature from
25 to 45-85 °C. The dead time in these experiments was
less than 2 min. All CD experiments were repeated three to
six times to ensure reproducibility. Following the baseline
subtraction, the CD data were normalized to the protein
concentration and are expressed as molar residue ellipticity.
ProteinR-helical content was estimated from the normalized
CD spectra as described (16). Normalized CD data were
independent of the sample concentration in the range
explored.

Kinetic Analysis. Thermal denaturation of apoC-1-DMPC
complexes was analyzed by using a simple first-order
Arrhenius kinetic model as described (16). Briefly, the
unfolding ratesk(T) at 45-85 °C were determined by single-
exponential approximation of the kinetic data,Θ222(t),
recorded by CD in T-jump experiments. The activation Gibbs
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free energy of unfolding,∆G* ) G* - GF, which is the
difference between the free energies of the transition (*) and
the folded (F) states, is related to the observed unfolding
ratek via the modified Eyring equation (29):

Here,R ) 1.987 cal/mol is the universal gas constant,T is
temperature in kelvin, andK is the unfolding rate in the
absence of the barrier that is assumed to beK ) 108 s-1

(30, 31).
The activation energyEa for the lipoprotein disk denatur-

ation, which approximates the enthalpic component∆H* of
the free energy barrier∆G* ) ∆H* - T∆S*, was determined
from the slope of the Arrhenius plot, lnk(T) versus 1/T, using
the reaction ratesk(T) measured in T-jump experiments. The
accuracy in the determination ofEa, which incorporates the
fitting errors and the deviations between repetitive experi-
ments, is(5 kcal/mol.

In addition, the value ofEa was assessed from the observed
effects of the heating rateV on the apparent melting
temperatureTm (Figure 4) as described (16). This approach
utilizes the relationship (32):

The value ofEa was determined from the slope of the plot
ln(V/Tm

2) versus 1/T for each of the protein-lipid complexes
analyzed in this work with an accuracy of(5 kcal/mol that
incorporates the fitting errors and the deviations among
different data sets. The good agreement between this value
of Ea and the activation energy determined from the
Arrhenius plots confirms the consistency of our kinetic
analysis.

RESULTS

Electron micrographs of the negatively stained complexes
of apoC-1 mutants with DMPC show lipoprotein disks in a
face-up orientation or stacked on edge in rouleaux (Figure
2). Such a disk stacking, which is an artifact of the negative
staining, facilitates accurate disk size determination. The
average disk diameters determined from the electron micro-
graphs are 13.3( 2.5 nm for Q31P, 16.9( 2.5 nm for L34P,
and 17.1( 2.5 nm for R23P. Thus, DMPC disks with R23P
and L34P have diameters similar to that of the WT,〈d〉 )
16.9 ( 2.7 nm (16), whereas Q31P forms significantly
smaller disks.

Figure 3 shows far-UV CD spectra of the selected apoC-1
mutants in solution and in complex with DMPC, and Table
1 lists theR-helix content estimated from these spectra. The
spectra of Q31P and WT largely overlap, suggesting that
the helical content of Q31P in solution and on the lipid (33%
and 67%, respectively) is similar or slightly higher than that
of the WT (31% and 65%, respectively). Interestingly, L34P,
which is largely unfolded in solution (<10% R-helix), in
lipid complexes shows anR-helix content identical to that
of the WT-DMPC disks, as indicated by complete super-
position of the corresponding far-UV CD spectra (Figure 3,
triangles and solid line). In contrast, R23P, which is unfolded
in solution, shows only 40% helix content on the disks
(Figure 3, circles), substantially lower than 65-67% in other
apoC-1-containing disks. Thus, DMPC disks with R23P have
similar diameters yet substantially lower helical content than
those with WT or L34P. Furthermore, the disks containing
Q31P have smaller diameter, yet theirR-helix content is
similar to that of the WT- or L34P-containing disks. In
summary, our far-UV CD and EM data show that the protein
helical content in solution or on the lipoprotein disks does
not correlate with the disk diameter.

FIGURE 2: Electron micrographs of negatively stained discoidal lipoproteins reconstituted of mutant apoC-1 and DMPC. The images were
recorded of DMPC complexes with Q31P (A), L34P (B), and R23P (C) that were prepared at 25°C as described in Materials and Methods.
The bar size is 50 nm.

∆G* ) -RT ln(k/K) (1)

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

FIGURE 3: Far-UV CD spectra of mutant apoC-1-DMPC disks.
The spectra of lipid-free proteins are shown in the insert for
comparison. Key: (0) Q31P, (4) L34P, (O) R23P, and (s) WT.
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Figure 4 shows thermal unfolding and refolding data of
the mutant apoC-1 on DMPC disks. These CD data were
recorded upon sample heating and cooling at various constant
rates from 0.067 to 1.34 K/min. Similar to the thermal
unfolding of WT-DMPC disks (16), the unfolding data in
Figure 4 show large scan rate dependence and display
hysteresis at any scan rate explored, indicating a slow
irreversible transition with high activation enthalpy and
precluding equilibrium thermodynamic analysis of this
transition. The heat unfolding curves in Figure 4 show a low-
temperature shift by about 18°C upon a reduction in the
heating rate from 1.34 to 0.067 K/min; a similar shift was
observed in the heat unfolding data of WT-DMPC disks
(16). Quantitative analysis of the scan rate effects on the
apparent melting temperatureTm by using the kinetic
approach based on the Lumry-Eyring model (32) yielded
the activation enthalpyEa ) 25 ( 5 kcal/mol for the WT-
DMPC disk denaturation (16); similar values ofEa ) 25 (
29 kcal/mol for the mutant-DMPC disk denaturation were
obtained from the kinetic analysis of the data in Figure 4.
This suggests that, despite significant differences in their
diameter orR-helical content, the DMPC disks containing

WT and mutant apoC-1 have similar activation enthalpy of
denaturation.

In contrast to the heat unfolding data, the refolding CD
data recorded upon heating and consecutive cooling of apoC-
1-DMPC complexes are significantly different for different
mutants (Figure 4). The refolding curves of Q31P-DMPC
disks (Figure 4A) are similar to those of the WT-DMPC
disks but show less scan rate dependence (16). The gradual
change in the CD signal in Figure 4A observed upon cooling
from high temperatures to about 40°C may be largely
accounted for by the protein refolding in solution. However,
the CD signal of the lipid-free Q31P monomer may not
exceed [Θ222(25 °C)] = -10000 deg‚cm2‚dmol-1 (Figure
3, insert). Consequently, portions of the refolding curves
below 40°C showing a negative CD substantially larger than
-10000 deg‚cm2‚dmol-1 (Figure 4A) cannot be accounted
for by the helical structure in lipid-free or lipid-poor protein
and must reflect additional helical folding induced by the
lipoprotein formation. Consistent with this interpretation, the
first derivatives of the refolding curves in Figure 4A show
an abrupt change in slope at about 40°C (not shown),
suggesting different mechanisms of protein refolding above
and below 40°C. Furthermore, electron micrographs taken
after heating apoC-1-DMPC complexes to 85°C followed
by cooling to 25°C show reconstituted lipoprotein disks (16).
Taken together, these results suggest that cooling from 85
to 40 °C leads to refolding of the lipid-poor protein, while
further cooling below 40°C leads to Q31P-DMPC disk
reconstitution and a concomitant folding of an additional
helical structure.

The assignment of the highest temperatureTR of the
protein-DMPC complex reconstitution to L34P and R23P
is aided by the observation that these mutants are largely
unfolded in solution but acquire helical structure on DMPC
disks (Figure 3). At high temperatures, the CD signal of these
mutants in the presence of DMPC is [Θ222(25 °C)] ∼ -5000
deg‚cm2‚dmol-1 (Figure 4B,C), which is characteristic of the
unfolded helical proteins. Upon cooling, the CD signal of
R23P initially remains invariant in a broad temperature range,
and the signal of L34P shows only a small gradual increase
in intensity, consistent with the completely or largely

FIGURE 4: Thermal unfolding and refolding data of apoC-1 mutants on DMPC disks recorded by CD at various scan rates. Changes in the
R-helical content of DMPC complexes with Q31P (A), L34P (B), and R23P (C) were monitored at 222 nm upon heating and consecutive
cooling at various scan rates: (b) 1.34 K/min, (9) 0.76 K/min, (3) 0.41 K/min, (]) 0.18 K/min, (O) 0.12 K/min, (0) 0.092 K/min, and
(4) 0.067 K/min.

Table 1: Structural and Energetic Parameters of Mutant ApoC-1 in
Solution and in Complexes with DMPCa

R-helix contentb (%)

protein
lipid
free

on DMPC
disks

disk diameterc

〈d〉 (nm)
Ea

d

(kcal/mol)
TR

e

(°C)

WT 31 65 16.9 25
Q31f P 33 67 13.3 25.2 38
L34 f P 10 65 16.9 29.3 33
R23f P <5 40 17.1 25.8 27

a Parameters for the WT-DMPC complexes determined in ref16
are listed for comparison.b Determined from the CD signal at 222 nm
(Figure 3) with(5% accuracy.c Average disk diameters were deter-
mined from electron micrographs in Figure 2; standard deviation is
about 2.5 nm.d Activation energyEa for the disk denaturation was
determined from the slope of the Arrhenius plots in Figure 6 with an
accuracy of(5 kcal/mol. Similar values ofEa were obtained from the
analysis of the scan rate effects on the apparent melting temperature
(Figure 4) as described in ref16. e Highest temperatureTR of the disk
reconstitution with DMPC was determined from the CD and/or dynode
voltage cooling curves in Figures 4 and 5 with(1.5 °C accuracy.
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unfolded solution conformation of R23P and L34P, respec-
tively (28). However, cooling to lower temperatures at a rate
V e 0.41 K/min leads to a steep increase in the negative CD
in Figure 4B,C. Such a CD change, which is observed only
in the presence of DMPC, must reflect an increase in the
helical content induced by the protein-lipid association. The
CD data in Figure 4B,C indicate that this DMPC-induced
helical folding occurs at temperatures belowTR ) 33 ( 1.5
°C for L34P and belowTR ) 27 ( 1.5 °C for R23P.

The observed values ofTR for the apoC-1 mutants are
independent of the cooling rate from 0.067 to 0.41 K/min
(Figure 4B,C, open symbols). However, at faster scan rates
of 0.76-1.34 K/min, the CD data recorded of L34P and
R23P show no protein refolding on DMPC upon cooling to
25 °C (Figure 4B,C, solid symbols). This suggests that the
cooling rates in these experiments are too fast for the lipid-
induced protein refolding to be detected. Indeed, at 25°C
(close to the temperatureTc ) 24 °C of the DMPC phase
transition at which the disk formation is fastest), the apoC-1
refolding on DMPC occurs on a time scale of minutes (16).
Therefore, the values ofTR for the protein refolding on
DMPC can be experimentally determined only at relatively
slow cooling rates,V e 0.41 K/min. At these slow scan rates,
the independence ofTR of V or of the highest temperature of
the sample exposure (that varied from 55 to 95°C in different
experiments), as well as full reversibility of the thermal
unfolding in lipid-free apoC-1 (16), indicates that the
observed values ofTR are not affected by the protein heat
unfolding in our experiments and reflect the intrinsic ability
of the proteins to form discoidal complexes with DMPC.

To correlate the heat-induced changes in theR-helical
structure of the protein-DMPC complexes with the mor-
phological changes in these complexes, we utilized dynode
voltage measurements in CD experiments. Dynode voltage
is a high voltage applied to the photomultiplier of the UV
detector to compensate for the reduction in the light intensity
resulting from the UV light scattering and/or absorption. In
our earlier CD and EM studies of apoC-1-DMPC disks
(d ∼ 17 nm), we showed that the heat-induced changes in

the dynode voltage at 222 nm,V222(T), result solely from
the light scattering of the liposomes. We demonstrated that
the heat-induced increase in the dynode voltage results from
an increase in the particle size and/or refractive index that
occurs upon lipoprotein fusion and formation of large and/
or multilamellar DMPC vesicles (16). Thus, dynode voltage
in CD experiments provides a useful tool to monitor heat-
induced fusion of discoidal lipoproteins.

Figure 5 shows the dynode voltage data,V222(T), of DMPC
complexes with Q31P and L34P that were recorded at 222
nm simultaneously with the CD data in Figure 4; similar
data of R23P-DMPC disks (not shown) displayed low
signal-to-noise ratio, apparently resulting from a less well-
ordered protein conformation and hence a lower refractive
index of the particles. The data in Figure 5 show a heat-
induced growth inV222(T) that increases at slower heating
rates. A similar trend observed in the dynode voltage data
of WT-DMPC complexes indicates that the prolonged
exposure to elevated temperatures leads to a formation of
larger and/or multilamellar lipid vesicles (16). Furthermore,
similar to theΘ222(T) data in Figure 4, theV222(T) data in
Figure 5 display hysteresis and show large scan rate effects
on the heating curves. This further confirms that the heat-
induced protein unfolding and the concomitant lipoprotein
fusion [monitored byΘ222(T) andV222(T), respectively] are
irreversible transitions associated with high activation en-
thalpy.

Importantly, the cooling curves in Figure 5 show a steep
reduction inV222(T) upon temperature decrease of the Q31P-
DMPC samples belowTR ) 38 ( 1.5°C and L34P-DMPC
samples belowTR ) 33 ( 1.5 °C. Such a reduction in the
dynode voltage (and thus the light scattering) must originate
from the vesicle-to-disk conversion upon cooling that was
detected by EM (16). The temperaturesTR of the disk
reconstitution determined from the correspondingΘ222(T) and
V222(T) data in Figures 4 and 5 agree to better than 2°C,
which is within the accuracy of their experimental determi-
nation, confirming the consistency of our approach. In
summary, the CD and the dynode voltage data in Figures 4

FIGURE 5: Thermally induced changes in the light scattering of lipoproteins monitored by dynode voltage: (A) Q31P and (B) L34P. The
V222(T) data were recorded at 222 nm simultaneously with theΘ222(T) data in Figure 4 upon heating and cooling at various rates. Line
coding is same as in Figure 4.
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and 5 consistently show that the highest temperaturesTR of
the disk reconstitution are significantly different for different
apoC-1 mutants.

To determine the activation enthalpy∆H* and Gibbs free
energy of activation,∆G* ) ∆H* - T∆S*, for the
denaturation of the mutant apoC-1-DMPC disks, we mea-
sured the rates of protein unfolding in these lipoproteins at
different temperatures. The unfolding was induced by the
temperature jumps from 25 to 45-85 °C and was monitored
by CD at 222 nm. The kinetic dataΘ222(t) for R23P-DMPC
complexes are shown in Figure 6A; the data for other mutants
(not shown) are very similar. The unfolding ratesk(T) at
various temperatures were determined for all mutant-DMPC
complexes by single-exponential data fitting (solid lines in
Figure 6A), and the Arrhenius activation energyEa was
determined from the slope of the Arrhenius plot, lnk(T)
versus 1/T (Figure 6B). Interestingly, the unfolding ratesk(T)
and the activation energiesEa for the denaturation of DMPC
complexes with Q31P, L34P, R23P, and WT are similar
within the error of their experimental estimate, as indicated
by the close overlap of the corresponding Arrhenius plots
(Figure 6B). Consequently, the Gibbs activation energy∆G*
of the apoC-1-DMPC disk denaturation (which is propor-
tional to-ln k) or its enthalpic component,∆H* ∼ Ea (which
is proportional to the slope of the Arrhenius plot) are not
significantly altered by the Pro mutations analyzed in this
work.

DISCUSSION

Structural and energetic parameters of the selected apoC-1
mutants and their complexes with DMPC are summarized
in Table 1. First, the results in Table 1 show no correlation
between theR-helical apolipoprotein content in solution and
on the lipoproteins. For example, L34P in solution is
substantially unfolded by the Pro substitution, yet its second-
ary structure on DMPC disks is identical to that of the WT
and contains 65%R-helix. Such a high helical content
suggests that the L34P substitution near the start position of

the C-terminalR-helix in apoC-1 does not prevent the correct
folding of both the N- and the C-terminal helices on the disk.
In contrast, R23P substitution in the internal position of the
N-terminal helix leads not only to a complete protein
unfolding in solution but also to a large reduction in the
protein helical content on the disk as compared to the WT-
DMPC disks (Figure 3, Table 1). Such a reduced helical
content of 40%, or about 23 amino acids, suggests that in
R23P-DMPC disks only the C-terminal helix is folded while
the N-terminal helix remains largely unfolded.

Second, the results in Table 1 show that the lipoprotein
disk diameter does not correlate with the secondary protein
structure in solution or on the disks. Indeed, despite
substantially lowerR-helix content in R23P-DMPC com-
pared to WT-DMPC or L34P-DMPC disks, these disks
have similar diameters. Furthermore, Q31P in solution and
on the disk hasR-helical content similar to that of the WT,
yet Q31P-DMPC disks have significantly smaller diameters
compared to those containing WT and other mutants. Such
a difference in the disk diameter may result from the effect
of the Q31P substitution in the interhelical turn region on
the relative orientation of theR-helices at the disk circumfer-
ence.

Importantly, our kinetic data show that the free energy
barrier for the disk denaturation,∆G*, and its enthalpic
component,∆H* = Ea, are not significantly altered by the
protein mutations analyzed in this work. This is evident from
the close similarity in the thermal unfolding ratesk(T) of
the DMPC complexes with WT and mutant apoC-1 and from
the close superposition of the corresponding Arrhenius plots
(Figure 6). This is a notable result, given the large variations
in the protein helical content or the disk diameter exhibited
by different mutant-DMPC complexes (Table 1). Such
variations must significantly influence the protein-lipid
interactions at the disk perimeter, yet, according to our data,
they have no detectable effect on the kinetic stability of the
lipoproteins. This suggests that the dominant contribution
to the kinetic stability of discoidal lipoproteins comes from

FIGURE 6: Thermal unfolding kinetics of the mutant apoC-1 on DMPC disks. (A) Time course of the R23P unfolding on the disks induced
by temperature jumps from 25 to 45-85 °C and monitored by CD at 222 nm. Final temperatures are indicated on the lines. Solid lines
show data fitting by single exponentials. (B) Arrhenius plot, lnk(T) versus 1/T, for theR-helical unfolding in DMPC complexes with Q31P
(0), L34P (4), and R23P (O). The unfolding ratesk(T) were determined from single-exponential fitting of the CD data,Θ222(t), recorded
in T-jump experiments, such as that shown in panel A.
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the transient disruption of lipid-lipid interactions that, in
contrast to the lipid-protein interactions, are not significantly
affected by protein mutations.

Mutational analysis of the lipoprotein unfolding kinetics,
such as that reported in this study, may provide an insight
into the structure of the rate-limiting transition state in
lipoprotein denaturation. Indeed, in similar studies of globular
proteins, comparison of the kinetic data for the mutant and
WT proteins indicates the extent to which the interactions
disrupted in the mutant are maintained in the transition state
(33, 34). In our study, the absence of detectable mutation-
induced changes in the activation free energy of unfolding,
∆G* ) G* - GF, illustrated in Figure 7 means that the
interaction energy of protein groups affected by mutation
with the rest of the complex is the same in the native and in
the transition state. Consequently, the activation free energy
of unfolding does not depend on the relative orientation of
the N- and C-terminal helices (which is likely affected by
Q31P mutation) or the secondary structure in the N-terminal
half of apoC-1 (which is largely unfolded in R23P but is
largely helical in other protein-DMPC complexes). This
implies that the free energy barrier for lipoprotein unfolding
originates from the lipid interactions with the C-terminal
R-helix and/or the lipid-lipid packing interactions that are
present in the disk but are disrupted in the transition state.

In contrast to the similarity in the kinetic parameters of
the disk denaturation, the disk reconstitution with different
mutants is markedly different. Thermal refolding of the
protein moiety monitored by CD (Figure 4) and the
concomitant lipoprotein reconstitution monitored by light
scattering (Figure 5) clearly show that the disk reconstitution
with Q31P starts at a significantly higher temperature,TR )
38 °C, than that with L34P (TR ) 33 °C) and R23P (TR )
28 °C). Comparison with the temperatureTc ) 24 °C of the

liquid crystal-to-gel transition in DMPC at which the disk
reconstitution is fastest (19) shows that R23P forms disks
only in a narrow temperature range nearTc, while L34P and,
especially, Q31P can clear DMPC vesicles and form
discoidal lipoproteins in significantly broader temperature
ranges. Interestingly, the rank order of the observedTR values
correlates with the protein helical content in solution (Table
1): TR(Q31P)> TR(L34P) > TR(R23P) andR%(Q31P)>
R%(L34P)> R%(R23P). This correlation suggests that the
higher the helix content of an apolipoprotein in solution, the
more readily it clears DMPC vesicles and forms disks.

In summary, our results indicate that the protein helical
conformation in solution may facilitate reconstitution of
discoidal lipoproteins from lipid vesicles, yet it does not
affect the kinetic stability of the resultant disks. Furthermore,
our results indicate that the differences in the disk diameter
(from 〈d〉 )13-17 nm) or in the protein conformation on
the disk (from 40% to 67%R-helix) may not affect the
lipoprotein stability and suggest that the enthalpic barrier
for the lipoprotein denaturation is dominated by the lipid-
lipid rather than lipid-protein interactions.
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