
Role of secondary structure in protein-phospholipid surface
interactions: Reconstitution and denaturation of apoC-I:DMPC
complexes

Sangeeta Benjwal, Shobini Jayaraman, and Olga Gursky
Department of Physiology and Biophysics, Boston University School of Medicine

Abstract
Protein binding to phospholipid surface is commonly mediated by amphipathic α-helices. To
understand the role of α-helical structure in protein-lipid interactions, we used discoidal lipoproteins
reconstituted from dimyristoyl phosphatidylcholine (DMPC) and human apolipoprotein C-I (apoC-
I, 6 kD) or its mutants containing single Pro substitutions along the sequence and differing in their
α-helical content in solution (0–48%) and on DMPC (40–75%). Thermal denaturation revealed that
lipoprotein stability correlates weakly with the protein helix content: proteins with higher α-helical
content on DMPC may form more stable complexes. Lipoprotein reconstitution upon cooling from
the heat-denatured state and DMPC clearance studies revealed that protein secondary structure in
solution and on DMPC correlates strongly with the maximal temperature of lipoprotein
reconstitution: more helical proteins can reconstitute lipoproteins at higher temperatures.
Interestingly, at Tc=24 °C of the DMPC gel-to-liquid crystal transition, the clearance rate is
independent of the protein helical content. Consequently, if the packing defects at the phospholipid
surface are readily available (e.g. at the lipid phase boundary), protein insertion into these defects is
independent of the secondary structure in solution. However, if hydrophobic defects are limited,
protein binding and insertion is aided by other surface-bound proteins and depends on their helical
propensity: the larger the propensity the faster the binding and the broader its temperature range.
This positive cooperativity in α-helical binding to phospholipid surface, which may result from direct
and/or lipid-mediated protein-protein interactions, may be important for lipoprotein metabolism and
for protein-membrane binding.
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Protein binding to phospholipid surface is an important step in many biological reactions
including apolipoprotein exchange among plasma lipoproteins, activation of lipid-regulated
enzymes such as phosphoglycerate kinase (PGK) or CTP:phosphocholine cytidylyltransferase
(CCT), synuclein aggregation in Parkinson’s disease, lipid storage in adypocytes, and binding
of antimicrobial peptides to cell surfaces. The binding depends on the structural and
physicochemical properties of both proteins and lipids and is facilitated by the hydrophobic
defects on the lipid surface that form primary protein binding sites (1–4). The common lipid
surface-binding motif found in many proteins, including apolipoproteins, perilipin, synucleins,
CTT and PGK, is amphipathic α-helix comprised of 11-mer sequence repeats ((5,6) and
references therein). The extended apolar face of such a helix is optimized for interactions with
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apolar lipid moieties while the polar face can interact with phospholipid head groups and
solvent molecules.

In solution, amphipathic α-helices may be largely unfolded (in apolipoproteins A-II and Cs, in
synucleins, and in short lipid-binding peptides ((7,8) and references therein), or they may be
folded in helix bundles (in apolipoproteins E, A-I, Lp-III, and in perilipin) (9–12). Studies of
highly helical apolipoproteins, such as apoE, apoLp-III and their mutant forms showed that
the rate of liposome clearance decreases with increasing protein size, thermodynamic stability
or degree of self-association in solution, i. e., with increasing tertiary or quaternary helix-helix
interactions in solution (1,13–16). This inverse correlation between the protein stability in
solution and its lipid binding ability was interpreted as a requirement for the helix bundle to
open and expose apolar helical faces to lipid (15–17). On the basis of lipid binding studies by
apoE and apoA-I, a multistep pathway of apolipoprotein binding to phospholipid surface was
proposed in which amphipathic α-helices play key roles in initial protein adsorption to the lipid
packing defects and in consequent insertion into the phospholipid surface (13,17). At the same
time, lipid-induced random coil-to-helix conversion in the lipid binding domains of these and
other apolipoproteins has been proposed to provide an energy source for the high-affinity
protein-lipid binding (18,19). Thus, in contrast to tertiary or quaternary apolipoprotein structure
in solution, the role of the pre-existing secondary structure in the lipid surface binding is not
entirely clear.

One way to analyze the effects of helical conformation on protein-lipid interactions is by using
large proteins such as apoA-1 (243 a. a.) from which individual helices have been deleted
(18). However, in the context of a large protein, such mutations change not only helical content
but also protein size, hydrophobicity and tertiary interactions, and the individual contributions
of these factors to lipid binding are difficult to resolve. Alternatively, apolipoprotein-
mimicking peptides of similar size (20 a. a.) and hydrophobicity but varying helical propensity
have been used, revealing a clear correlation between the α-helical propensity and lipid binding
ability (20). However, such short peptides are fully unfolded in aqueous solution and thus
unsuitable for testing the role of pre-existing helical structure on lipid binding.

Here, we use midway approach by utilizing the smallest human apolipoprotein C-I (57 a. a.)
and its point mutants that have similar size and hydrophobicity but differ in their helical content
in solution from 0–48% (Fig. 1). ApoC-I, which is a constituent of high-, intermediate- and
very low-density lipoproteins, is a secondary activator of lecithin:cholesterol acyltransferase,
an inhibitor of cholesterol ester transfer protein, and an important modulator of lipoprotein
metabolism ((23–25) and references therein). ApoC-I has high sequence homology and
structural and functional similarity to larger apolipoproteins such as apoE or apoA-I but, in
contrast to these proteins, apoC-I monomer in solution adopts a fluctuating helix-turn-helix
conformation that lacks substantial tertiary structure (22). The helix content in apoC-I in
solution can be increased by G15A mutation or reduced by Pro substitutions in the middle of
the helices (22). Thus, apoC-I is well-suited for the analysis of the secondary structural effects
on lipid binding.

To test the role of secondary structure in protein-induced remodeling of phospholipid surface
and in lipoprotein stability, we studied formation and denaturation of macromolecular
complexes containing apoC-I and dimyristoyl phosphatidylcholine (DMPC). Such complexes
comprise a phospholipid bilayer disk 12–21 nm in diameter surrounded by amphipathic protein
α-helices that adopt an extended conformation at the particle perimeter and thereby confer
lipoprotein stability and solubility ((26) and references therein). These reconstituted complexes
provide useful energetic, structural and functional models for nascent high-density lipoproteins
(HDL) whose main constituents are also phosphatidylcholines and exchangeable
apolipoproteins such as apoA-I, apoA-II and apoE
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Our earlier studies of apoC-I:DMPC disks have revealed a kinetic mechanism of lipoprotein
stabilization (27–29). We showed that the energy barriers to lipoprotein denaturation arise from
the heat- or denaturant-induced protein unfolding/dissociation and consequent lipoprotein
fusion that compensates for the surface depletion of the polar protein moiety (27). Stability
studies of DMPC disks containing wild type (WT) apoC-I and its three point mutants, R23P,
Q31P and L34P, showed no significant effects of mutations on the lipoprotein stability (28).
Interestingly, these studies revealed a correlation between the onset temperature TR of
lipoprotein reconstitution upon heating and cooling and the secondary protein structure: the
higher the helix content the higher the TR (28). To elucidate the origin of this correlation and
relate it to the role of the secondary structure in protein-phospholipid surface interactions, here
we analyze reconstitution and denaturation of DMPC complexes containing a wider range of
apoC-I point mutants (Fig. 1, Table 1).

MATERIALS AND METHODS
Peptide design and lipoprotein preparation

Human apolipoprotein C-1 and its point mutants were obtained commercially by solid state
synthesis and purified by HPLC to 95%+ purity at 21st Century Biochemicals as described
(22). The peptide termini were not blocked. Structure and stability of WT apoC-I prepared by
this method closely resemble those of the plasma protein. The mutants, which were analyzed
in their lipid-free state before (22), contain single Pro substitutions 1–2 helical turns apart.
Except for charge removal mutation R23P, the sites of Pro substitutions are located in the apolar
helical face, which does not significantly alter peptide hydro-phobicity (20) but reduces self-
association in solution (30). Depending on the Pro location in the middle of the helix, near the
helical kink or terminus, or in the linker region, the mutations induce complete, partial or no
helical unfolding in solution, respectively (22). In addition, we used G15A/M38L double
mutant that has increased helix content in solution (48% compared to 31% in WT).

The peptides were dissolved in 5 mM sodium phosphate buffer at pH 7.6, which is the standard
buffer used throughout this work. Peptide concentration was determined by absorbance at 280
nm and by modified Lowry assay at 750 nm (31). To prepare discoidal particles, apoC-I stock
solution of about 0.5 mg/ml protein concentration was mixed with DMPC suspension using1:4
protein:lipid weight ratio and was incubated overnight at the temperature Tc=24 °C of the
DMPC gel-to-liquid crystal phase transition at which the protein-lipid association is fastest
(1,2).

Circular dichroism (CD) spectroscopy and light scattering
Protein secondary structure as a function of temperature was monitored by far-UV CD using
AVIV-215 spectropolarimeter equipped with Peltier temperature control. Temperature-
induced changes in the particle size were monitored simultaneously with CD by using
fluorescence attachment to record 90° light scattering as described (32). The negative baseline
slope in the light scattering curves is an optical artifact of the AVIV-215 model (Jack Aviv,
private communication).

ApoC-I:DMPC samples of 20 µg/ml protein concentration placed in 5 mm cells were used to
record far-UV CD spectra, melting or kinetic data. The spectra were recorded from 185–250
nm with 15 s/nm data accumulation time. The CD data were normalized to protein
concentration and expressed as molar residue ellipticity [Θ]; protein helical content was
determined from the value of [Θ222] at 222 nm according to (33). In the melting experiments,
CD and light scattering data were recorded simultaneously at 222 nm during sample heating
and cooling with 1 °C increment at scan rates of 11 or 80 K/h. In the kinetic temperature-jump
(T-jump) experiments, sample temperature was rapidly increased at time t=0 from 25 °C to a
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higher constant value, and the time course of the protein unfolding was monitored by Θ222
with 30 sec increment for 2–20 h.

Kinetic analysis of the CD data was carried out as described (27–29). Briefly, the T-jump data
Θ222(t) recorded at each temperature were approximated by single exponentials to determine
the relaxation times τ which is inverse of the unfolding rate k=1/τ. Activation energy (enthalpy)
Ea≅H* of the unfolding reaction was determined from the slope of the Arrhenius plot, RT
lnτ versus 1/T, where R is universal gas constant and T is temperature in Kelvin. The accuracy
in Ea determination is 5–7 kcal/mol, which incorporates fitting errors and deviations among
different data sets. Mutation-induced changes δΔG* in the kinetic lipoprotein stability
ΔG*=ΔH*-TΔS* = −RT ln(k/K) (where K is the reaction rate in the absence of the barrier)
were determined from the shifts in the Arrhenius plots of the DMPC complexes with apoC-I
mutants as compared to a similar plot for the WT:DMPC complex, δΔG* = −RT ln(k mutant/
k WT) RT ln(τmutant/τWT) = RT δ lnτ. The accuracy in δΔG* determination is better than 0.5
kcal/mol.

Electron microscopy
ApoC-I:DMPC samples subjected to various thermal treatments were visualized using negative
staining technique in a CM12 transmission electron microscope as described (27–29). To trap
the intermediates of lipoprotein denaturation and reconstitution and to prevent protein-induced
DMPC remodeling during sample cooling to 22 °C and deposition on EM grids, we used 1-
naphthol. This is a small fluorescent probe that binds DMPC bilayers at two distinct sites: the
interfacial hydrocarbon region and the hydrophobic core region (34). Relative population of
these sites depends on bilayer fluidity, making 1-naphtol a useful probe for the analysis of lipid
phase transitions and the effects of additives on membrane fluidity (34–36). Importantly, 1-
naphtol binding does not alter the phase transition temperature or the polarity of the lipid
(34–36) and does not induce morphologic changes in DMPC vesicles or apoC-I:DMPC disks
(EM data not shown). However, our EM and clearance studies show that 100 µM concentration
of 1-naphthol inhibits apoC-I-induced DMPC clearance and lipoprotein reconstitution at 24 °
C. This enables us to use 1-naphthol as an inhibitor of DMPC remodeling by apoC-I. In this
work, lipoprotein samples of 20 µg/ml protein and 80 µg/ml lipid concentration were heated
and cooled to different final temperatures and a small amount of 1-naphthol stock solution (100
mM in ethanol) was added to the samples at these temperatures to the final concentration of
120 µM.

Analysis of the products of lipoprotein denaturation
HDL denaturation involves lipoprotein separation into two fractions: protein fraction that
dissociates from HDL in lipid-poor or lipid-free form, and lipid-rich fraction that comprises
fused lipoproteins (27,37). To establish the presence of protein in the lipid-rich fraction formed
upon denaturation of apoC-I:DMPC disks, we isolated and analyzed this fraction as follows.
A sample of apoC-I:DMPC disks (0.5 mg/ml protein and 2 mg/ml lipid concentration) was
incubated for 15 min at 90 °C and was immediately placed on ice to prevent lipoprotein
reconstitution at 22 °C. The lipid-rich fraction was isolated by density gradient centrifugation.
The density of the sample and the blank was adjusted to 1.25 mg/ml using solid KBr; the
samples were transferred to 4 ml SW-60 tubes, overlaid with 2 ml solution of 1.068 mg/ml
KBr, and spun at 4 °C, 50,000 rpm for 22 h. A turbid layer formed at the surface after the spin
indicated separation of lipid-rich vesicular fraction. The presence of protein in this fraction
was established by Bradford’s assay and by measuring intrinsic Trp fluorescence (280 nm
excitation wavelength) as described (29), which was facilitated by the presence of Trp45 in
apoC-I.
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Clearance studies
ApoC-I-induced clearance of DMPC multilamellar vesicles (MLV) at various temperatures
was monitored by turbidity at 325 nm using UV/Vis spectrophotometer Varian Cary-300
equipped with thermoelectroic temperature control. MLV were prepared by solvent
evaporation (38). To do so, 5 mg of DMPC was dissolved in one part choloroform, two parts
methanol solution that was evaporated slowly under nitrogen to form a uniform lipid film.
Excess solvent was removed by overnight incubation under vacuum, and lipid was suspended
in 1 ml of standard buffer. In our clearance studies we used 40 µg/ml lipid and 10 µg/ml protein
concentration; importantly, at this concentration and buffer conditions, human apoC-I is fully
monomeric (39). In our experiments, about 1 ml of DMPC suspension were placed in 1 cm
path length quartz cell and equilibrated at a constant temperature for about 5–10 min during
which turbidity was recorded with 1 s averaging time and 1 nm bandwidth. No changes in
turbidity were detected at this stage, indicating temporal stability of our MLV preparations.
Next, the data recording was briefly paused and a small volume of stock protein solution was
added to the lipid suspension and mixed gently, followed by resumption of the turbidity
measurements for 6–24 h.

All experiments in this study were repeated 3–6 times to ensure reproducibility. ORIGIN
software was used for the processing and/or display of the CD, light scattering and turbidity
data.

RESULTS
Effects of apoC-I mutations on lipoprotein denaturation upon heating

Fig. 2 shows CD and 90° light scattering data that were recorded simultaneously at 222 nm
during heating and consecutive cooling of G15P:DMPC complexes. Far-UV CD spectra of
such complexes at 25 °C (not shown) indicate that G15P apoC-I, which is largely unfolded in
solution (22), acquires 44% helical structure on DMPC disks. Changes in the CD signal
Θ222(T) in Fig. 2A, which is proportional to the α-helical content, indicate heat-induced protein
unfolding at 35–65 °C, and the concomitant increase in the light scattering (Fig. 2B) indicates
disk fusion into vesicles at these temperatures (27). Cooling curves show partial re-folding of
the helical structure and concomitant reduction in the particle size which reflects lipoprotein
reconstitution; the onset temperature of this transition is TR=32 °C (Fig. 2A, B). Thus,
lipoprotein reconstitution upon cooling is observed at significantly lower temperatures than
lipoprotein denaturation upon heating, indicating a thermodynamically irreversible reaction
(27–29).

Earlier we showed that the thermodynamically irreversible step in HDL denaturation involves
heat-induced protein unfolding/dissociation and particle fusion that compensates for the
decrease in the polar surface moiety (27,37). In this work we used 1-naphthol to trap the
products of lipoprotein fusion and reconstitution upon heating and cooling to different
temperatures. Samples of WT:DMPC disks were heated and cooled from 20–98 °C at a rate
80 K/h to different final temperatures (depicted in Fig. 3A) at which 1-naphthol was added to
stop lipoprotein remodeling. The samples were then cooled to room temperature and visualized
by negative staining EM. At 25 °C, addition of naphthol had no detectable effect on the size
or morphology of intact disks; in Fig. 3B these disks are seen in edge view stuck in rouleaux,
which is typical of negative staining preparation. Heating to 60 °C (early stage of the heat
denaturation) leads to formation of enlarged particles including protein-containing small
unilamellar vesicles (SUV, Fig. 3C). Heating to 75 °C (middle of the heat denaturation) leads
to disappearance of the intact-size disks and formation of large multilamellar vesicles (MLV,
Fig. 3D); MLV become the predominant species upon completion of lipoprotein denaturation
at 90 °C (Fig. 3E). Thus, the heat-induced increase in the light scattering observed between
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60–90 °C (Fig. 3A), which reflects increase in the particle size and/or refractive index, is in
excellent agreement with the EM data showing disk fusion into SUV and, eventually, MLV at
these temperatures (Fig. 3C–E).

Similarly, cooling curves in Fig. 3A are in excellent agreement with the corresponding EM
data (Fig. 3F–I). These data show that cooling of the heat-denatured lipoproteins from 90-60
°C leads to no significant changes in the light scattering (Fig. 3A) or particle morphology (Fig.
3F). However, further cooling to 38 °C, i. e. near the onset temperature TR of the lipoprotein
reconstitution, leads to a large reduction in the vesicle size (Fig. 3G). Cooling to 33 °C (in the
middle of the reconstitution transition) results in a mixture of intact-size disks and vesicles
(Fig. 3H). Finally, cooling to 25 °C (near Tc=24 °C of DMPC where lipoprotein reconstitution
is complete) results in intact-size disks as the predominant species. Thus, light scattering and
EM data in Fig. 3 are in excellent agreement and show disk to SUV to MLV conversion upon
heating, followed by MLV fission and disk reconstitution upon cooling to TR and below.

Next, we analyzed the effect of the protein secondary structure on the lipoprotein denaturation
and reconstitution upon heating and cooling. To do so, we utilized apoC-I point mutants
differing in their helix content in solution and on the disks (Fig. 1, Table 1). Fig. 4A shows
normalized CD melting data Θ222(T) and Fig. 4B shows light scattering melting data recorded
during heating and cooling of DMPC complexes with these mutants at 11 K/h. These data show
that DMPC complexes with I29P apoC-I, which has among the lowest helical contents in
solution (<5%) and on the lipid (47%, Table 1), undergo heat-induced thermal unfolding and
fusion at relatively low temperatures, yet similar complexes with better-folded proteins, such
as L34P, WT or G15A/M38L (which contain 60%, 65% or 75% helix on DMPC, respectively),
show progressive increase in their apparent melting temperature. This suggests that apoC-I
variants with higher helical content on DMPC form more stable disks.

To further test the correlation between the disk stability and the protein α-helix content, we
analyzed the kinetics of the lipoprotein denaturation in T-jump experiments. The denaturation
was triggered at time t=0 by rapid heating from 25 °C to a higher constant temperature; the
time course of the protein unfolding at each temperature was monitored by CD at 222 nm. Fig.
4C shows the normalized kinetic CD data Θ222(t) recorded of DMPC complexes with selected
apoC-I variants in T-jumps to 65 °C. The unfolding rates for different proteins significantly
differ: proteins with lower helix content on DMPC, such as I29P, show faster unfolding, while
those with increased helical content, such as WT or G15A/M38L, show progressively slower
unfolding. A similar trend is observed in the T-jumps to other temperatures (data not shown).
As a result, the Arrhenius plots in Fig. 4D show small but significant shifts that correspond to
kinetic stabilization of G15A/M38L:DMPC disks by δΔG*=+0.7 kcal/mol and to
destabilization of the I29P:DMPC disks by δΔG*=−0.9 kcal/mol as compared to the
WT:DMPC disks. Other apoC-I mutations induce comparable or smaller changes in the disk
stability (summarized in Table 1). Taken together, these results suggest weak correlation
between the protein helix content on DMPC and the mutation-induced changes in the disk
stability δΔG* (r2=0.37): proteins with higher helical content tend to form more stable
complexes.

Effects of apoC-I mutations on lipoprotein reconstitution upon cooling
In addition to the differences in the heating curves of DMPC disks containing different mutants,
the CD and light scattering data in Fig. 4A, B also show significant differences in the onset
temperatures TR of lipoprotein reconstitution upon cooling: DMPC complexes with the less
helical I29P mutant show TR=27 °C, while similar complexes with increasingly more helical
proteins, such as L34P, WT, and G15A/M38L, reconstitute at increasingly higher TR of 31–
41 °C. A similar correlation was observed in our earlier studies of DMPC complexes with L34P
and Q31P apoC-I (28): the higher the protein helix content in solution and on DMPC at 25 °C
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the higher the TR (Table 1). This is confirmed by linear regression analysis of the results in
Table 1 showing a good correlation between TR and the helix content in solution (r2=0.96) and
on the lipid (r2=0.85). Interestingly, the average helical content observed upon lipoprotein
heating and cooling to its respective TR varies from less than 5% for I29P and other mutants
that are fully unfolded in solution to about 48% in G15A/M38L. Consequently, no minimal
helix content is required for the lipoprotein reconstitution to occur at TR.

To determine what factors may affect the TR, we first tested whether TR is influenced by the
extent of the disk denaturation. CD and light scattering melting data were recorded at 222 nm
from several apoC-I:DMPC samples upon heating and cooling at a rate of 45 K/h to the highest
temperature of 65–70 °C (in the middle of the heat denaturation) or 90 °C (in the post-
transitional range). The cooling curves in Fig. 5A, which were recorded of T45P:DMPC
complexes upon heating to 70 °C or 90 °C, show identical TR; similar data for other apoC-I
variants also indicated that TR is not affected by the extent of the lipoprotein denaturation.

Next, we tested the scan rate effect on TR. The melting data were recorded during sample
heating and cooling from 20–98 °C at various rates from 11–80 K/h. Light scattering heating
curves of DMPC complexes with apoC-I variants such as L11P (Fig. 5B) show large shifts (by
− 10 °C) upon reduction in the scan rate from 80 to 11 K/h, which is indicative of a kinetically
controlled transition with high activation energy Ea (27,40); in contrast, the cooling curves in
Fig. 5B show no significant scan rate effects on TR within the accuracy of its experimental
determination (about 2 °C). This suggests that the kinetic effects on TR, if any, are too small
to be detected experimentally.

Since lipoprotein fusion is a high-order reaction, it may depend on the sample concentration.
To test whether disk fusion upon heating and reconstitution upon cooling are affected by the
lipoprotein concentration, we recorded heating and cooling data from I29P:DMPC disks (1:4
protein-to-lipid weight ratio) containing 20 or 60 µg/ml protein. The results in Fig. 5C show
that the characteristic temperatures of the heating and cooling transitions are independent of
the sample concentration. Next, we tested whether the stoichiometry of the protein-lipid
complexes affects the temperatures of lipoprotein denaturation and reconstitution. To do so,
we prepared I29P:DMPC complexes using three protein-to-lipid weight ratios: 1:2 (which has
insufficient amount of lipid to accommodate all protein on the disks, thus part of the protein
is probably not associated with discoidal complexes, as suggested by significantly lower α-
helical content in these preparations as compared to disks), 1:4 (standard disk preparation in
which all protein and lipid are in discoidal complexes) and 1:6 (which contains excess lipid in
the form of vesicles). The melting data of these samples show that the protein-to-lipid ratio has
no detectable effect on TR (Fig. 5D). Thus, TR is not affected by the sample concentration or
by the presence of excess protein or lipid.

The major determinant for TR is the temperature Tc of the main transition from liquid crystalline
(Lα) to rippled gel phase (Pβ’); at Tc, the lipoprotein reconstitution from free protein and lipid
is fastest due to the maximal density of the linear hydrophobic defects running along the lipid
phase boundary that provide the primary protein binding sites (1–3). Our results show that
TR is also affected by the protein, since TR significantly exceeds Tc, particularly for apoC-I
variants with higher α-helix content in solution and on the lipid (Fig. 4A;Table 1). To
understand the effect of protein on TR, consider two protein fractions that are formed upon
HDL denaturation and were observed by non-denaturing gel electrophoresis (37): i) lipid-poor
or free protein that dissociates from lipoproteins upon heating, and ii) protein-containing lipid
vesicles that are formed upon heat-induced lipoprotein fusion. The presence of the protein in
the latter fraction formed upon apoC-I:DMPC disk-to-vesicle fusion was confirmed by
isolation and analysis of this fraction by using Bradford assay and intrinsic Trp fluorescence
(see Materials and Methods). To identify which protein fraction affects the TR, the cooling
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data were recorded from WT:DMPC samples that had identical chemical composition but were
prepared differently. In sample 1, the disks were formed using our standard protocol (overnight
co-incubation of protein and lipid at 24 °C) and were denatured by heating to 98 °C immediately
prior to recording the cooling data. In sample 2, free protein and lipid emulsion (that was
prepared by solvent evaporation (38) as described in the clearance studies in Materials and
Methods) were heated separately to 50 °C or to 98 °C and were mixed at these temperatures
which are too high for the spontaneous protein-DMPC complex reconstitution to occur. Thus,
at the beginning of the cooling, sample 1 contained lipid-dissociated and vesicle-bound protein,
while sample 2 contained lipid-free protein and vesicles that had no significant amount of
bound protein (as indicated by non-denaturing gel electrophoresis, data not shown). In addition,
sample 3 contained equal parts of samples 1 and 2 that were mixed at 98 °C immediately prior
to recording the cooling data. The data in Fig. 6 clearly show that, in contrast to TR=36–38 °
C of sample 1, lipoprotein reconstitution in sample 2 does not occur until cooling below 28 °
C. Consequently, protein-containing vesicles can reconstitute lipoproteins at significantly
higher temperatures than the protein-free vesicles. This implies that the bound protein in the
vesicle surface facilitates lipoprotein reconstitution. Furthermore, the cooling data of sample
3 showed two distinct transitions that are coincident with the reconstitution transitions in
samples 1 and 2 (Fig. 6). Taken together, these results suggest that protein-containing and
protein-free vesicles reconstitute lipoproteins via distinctly different pathways, and that the
presence of bound protein in the vesicles facilitates lipoprotein reconstitution at significantly
higher temperatures.

Effects of apoC-I mutations on DMPC clearance at various temperatures
To further test the role of the protein secondary structure in various pathways of lipoprotein
reconstitution, we analyzed the time course of DMPC clearance by apoC-I mutants at several
constant temperatures near Tc=24 °C of DMPC Lα to Pβ’ phase transition. Liposome clearance,
which was triggered by the addition of protein at the final protein-to-lipid weight ratio 1:4, was
monitored by turbidity at 325 nm. Importantly, at the solvent conditions and 10 µg/ml protein
concentration used in our experiments, human apoC-I is fully monomeric (39). Since Pro
substitutions in the apolar face of an amphipathic α-helix produce a kink that reduces peptide
self-association (this general phenomenon is described in (30)), Pro-containing apoC-I mutants
studied in our work are also monomeric under these conditions. Therefore, the clearance
kinetics in our studies is not affected by the peptide self-association. This is consistent with
the observation that the DMPC clearance rates by all peptides studied remain invariant upon
changing the peptide concentration from 5–20 µg/ml but decelerate at higher concentrations
when the apoC-I self-association becomes significant (data not shown).

The data in Fig. 7A show that at 24 °C the clearance kinetics for the I29P, L34P and WT apoC-
I are similar despite large differences in the protein α-helical content in solution (5–31%). In
contrast, at T>Tc the clearance kinetics for different apoC-I variants is significantly different
(Fig. 7B–C). Temperature increase above 24 °C leads to a gradual reduction in the DMPC
clearance rate by WT apoC-I, along with a gradual increase in the residual turbidity that
suggests the presence of larger particles (Fig. 7B). Interestingly, electron micrographs show
that the lipoprotein disks formed at higher temperatures have comparable or smaller diameter
than those formed at 24 °C, suggesting that larger residual turbidity observed at higher
temperatures reflects the presence of large lipid vesicles in addition to the small disks.
Importantly, significant DMPC clearance by WT apoC-I is detected at temperatures up to 32–
33 °C, which is close to TR=37 °C observed for this protein in the heating and cooling
experiments (Fig. 3A, Table 1). DMPC clearance by less well-folded proteins stops at
progressively lower temperatures (30 °C for L34P and for 26 °C I29P (Fig. 7C, D)) that are a
few degrees lower than their respective TR (Table 1). Studies of other apoC-I point mutants
reveal a similar trend: the clearance rate is similar for different peptides at 24 °C but declines
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sharply, particularly for less helical proteins, at T>Tc, and completely stops as the temperature
approaches TR. At T<Tc, the clearance rates are much slower but show a similar trend (Fig.
7E–G): proteins with higher helical content can clear DMPC in a broader temperature range.

Quantitative Arrhenius analysis of the clearance kinetics is precluded by the inherent caveats
in the reaction rate determination (41): turbidity (which is dominated by light scattering of
large vesicles) is not proportional to the extent of the reaction, the reaction products at different
temperatures are different, and the data are not well-approximated by exponentials.
Nevertheless, the data in Fig. 7 clearly show that at T> Tc and T> Tc, proteins with higher
helical content clear lipid faster, suggesting lower free energy barrier for lipid penetration by
such proteins. Also, proteins with higher helical content show more gradual temperature
dependence of the clearance rates above and below Tc, suggesting lower activation energy
(enthalpy) of lipid penetration.

DISCUSSION
Lipoprotein stability correlates with protein α-helical content

The results of this work suggest a weak correlation between the protein helix content on DMPC
and the lipoprotein stability ΔG* (Table 1). For example, apoC-I mutations such as I29P or
G15P that reduce the protein helical content in solution and on the lipid destabilize the apoC-
I:DMPC complexes by up to −1 kcal/mol, while G15A/M38L mutation that increases the
protein helical content increases the lipoprotein stability by about +0.7 kcal/mol (Fig. 4D).
However, not all peptides follow this trend. Thus, L11P, R23P or M38P mutations lead to a
large reduction in the α-helix content in solution and on the lipid, yet they cause no large
destabilization of the apoC-I:DMPC complexes (Table 1). Therefore, lipoprotein stability
depends not only on the protein α-helical content but also on the location and the character of
the mutation (Fig. 1). For example, charge removal by R23P substitution may help to optimize
the electrostatic interactions that are important for the apoC-I:DMPC disk stability (29); these
improved electrostatic interactions may compensate for the destabilizing effect of Pro in the
middle of the helix, resulting in similar stability of the R23P and WT-containing DMPC disks.

Earlier studies of 20-residue apolipoprotein peptides showed that Pro substitutions in the
middle of the helix, but not near its ends, have large effects on the helical content and peptide-
lipid association (20). Our results suggest that some Pro substitutions located in the middle of
the helix (T45P), near helical kinks (L11P) or ends (M38), or in the interhelical linker (Q31,
L34) follow this general trend, while others (G15P, R23P, I29P) do not (Table 1). For example,
despite its terminal location in the helix, I29P mutation causes a large reduction in the helical
content in solution and on the lipid and greatly destabilizes apoC-I:DMPC disks (Table 1).
Thus, factors affecting protein conformation and lipoprotein stability in the context of a full-
size apolipoprotein, even as small as apoC-I, are more complex than in small single-helical
peptides.

Weak correlation between the protein helix content on the lipid and lipoprotein stability
reported here is consistent with the earlier studies suggesting that increased helix content in
apolipoprotein-based 18-mer peptides optimizes protein-lipid interactions (42). This
correlation may, at least in part, be an enthalpic effect, since proteins with higher helical content
may form more extensive interactions with the lipid. A similar enthalpic effect probably
contributes to the correlation between the protein size and the disk stability reported earlier
(43,44). However, since apoC-I mutations have no significant effect on the slopes of the
Arrhenius plots and hence on the activation energy (enthalpy) Ea of lipoprotein denaturation
(Fig. 4D), the enthalpic effects of these mutations may not exceed the accuracy in Ea
determination, which is 5–7 kcal/mol. Entropic effect of the protein α-helices on the acyl chain
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disordering (45) and entropic cost of lipid-induced helical folding may also contribute to the
observed correlation between the helix content and lipoprotein stability.

Our results also show that the apparent melting temperature Tm obtained from thermal
unfolding at a constant rate does not necessarily provide an accurate measure of the lipoprotein
stability. For example, the heating data of L34P:DMPC complexes show significantly lower
apparent Tm than similar data of WT:DMPC (Fig. 4A, B), yet these complexes show similar
unfolding rates in kinetic T-jump experiments and thus have similar kinetic stability ΔG*

(27). This illustrates that the thermodynamic analysis of lipoprotein stability may not always
be consistent with the kinetic analysis and should be treated with caution.

Bound α-helices facilitate insertion of additional helices in the lipid surface
The results of this work suggests that the role of the protein secondary structure in lipid surface
binding depends on the availability of the hydrophobic defects. If such defects are readily
available, as is the case at the phase transition temperature Tc=24 °C of DMPC, the clearance
rates by apoC-I variants are identical (Fig. 7A) despite large differences in their solution
conformation (0–31% α-helix, Table 1). To our knowledge, this is the first direct observation
of the effects of pre-existing secondary structure on lipid clearance; it was facilitated by the
identical protein size, by substantial helical content in apoC-I monomer, and by the lack of
significant tertiary structure in this small protein. Thus, in contrast to tertiary or quaternary
apolipoprotein interactions that correlate inversely with the PC clearance rates (13–16), the
secondary protein structure in solution has no detectable effect on the clearance kinetics at
Tc (Fig. 7A) and thus on the intrinsic rate constant of protein insertion into the pre-existing
lipid packing defects that are maximal at Tc.

As the temperature increases above or decreases below Tc, the perimeter of the lipid phase
boundary, and thus the density of the lattice defects running along this boundary that may form
protein binding sites, decreases sharply (45,46); also, the fluctuations in the lipid density that
have been proposed to define the size of the dynamic lipid packing defects decrease sharply
(47). This greatly decelerates apolipoprotein-lipid binding and clearance at T>Tc and T<Tc
(48). Under these conditions, the secondary structure plays an increasingly important role in
protein-lipid interactions: proteins with higher helical propensity can clear lipid in a broader
temperature range both above and below Tc (Fig. 7B–D and E–G) and also show higher
reconstitution temperature TR upon lipoprotein heating and cooling (Table 1). For example,
WT apoC-I can clear DMPC at temperatures as high as 32–34 °C (Fig. 7B), which is well
beyond the DMPC phase transition range and a few degrees lower than TR=37 °C of
WT:DMPC reconstitution upon heating and cooling (Fig. 3A,Table 1). Similarly, the highest
temperature of DMPC clearance by other apoC-I variants, such as L34P or I29P (Fig. 7C, D),
is a few degrees lower than their respective TR (Table 1). This small difference in the highest
temperature of the complex formation observed in the heating/cooling and in the clearance
studies may result from different vesicle radii; MLV formed upon disk heating, which are
significantly smaller that those obtained by solvent evaporation, may have increased protein
reactivity (42,49) and thus form lipoproteins at somewhat higher temperatures.

Importantly, the cooling data in Fig. 6 show that lipoprotein reconstitution at TR≫Tc is
facilitated by the vesicle-bound rather than lipid-free protein. This implies that the observed
correlation between the TR and the maximal clearance temperature is due to sequential binding
and insertion of protein molecules to the lipid surface during clearance.

Taken together, our results suggest that if the hydrophobic defects are abundant (i.e. at the lipid
phase boundary), the rate of protein binding and insertion into these pre-existing defects is
independent of the secondary structure in solution (α-helix or random coil). However, if the
packing defects are scarce, protein insertion in the phospholipid surface is aided by the presence
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and the helical propensity of other surface-bound proteins: the higher the propensity the faster
is the clearance the broader its temperature range (Fig. 7, Table 1) and hence the more readily
additional protein molecules insert into lipid surface. Consequently, lipid-bound α-helices can
facilitate binding and insertion of additional helices. The positive cooperativity in the binding
and insertion of amphipathic α-helices into the lipid surface, which was also suggested in other
apolipoprotein studies (19), may result from lipid-mediated interactions (bound α-helices
perturb adjacent lipid molecules thereby helping to accommodate additional helices) and,
possibly, from direct protein-protein interactions (lipid-bound α-helices may provide a
template for folding and insertion of additional helices).

Cooperative lipid surface binding by amphipathic α-helices from the same or from different
molecules may be involved in a variety of metabolic lipoprotein reactions, such as
apolipoprotein exchange among lipoproteins in plasma or apolipoprotein-mediated lipoprotein
binding and activation of specific receptors, transporters or lipolytic enzymes. Also, rapid
desorption and re-adsorption of the central helices in apoA-I in response to changes in HDL
lipid composition, which leads to formation of HDL subclasses, is facilitated by the lipid-bound
helical segments of the molecule (50). This intramolecular cooperativity is a result of
apolipoprotein evolution from the apoC-I-related precursor via the duplication and deletion of
the 11-mer codon repeats (51). Interestingly, similar 11-mer helical repeats in α-syniclein show
cooperative binding to phospholipid surface (52). Thus, the cooperative binding of α-helices
to phospholipid surface reported here is not limited to apolipoproteins but may extend to
functional reactions in other lipid surface-binding proteins and peptides.
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Figure 1.
NMR structure of human apoC-I in “lipid-mimetic” environment (21) (PDB code 1IOJ).
Locations of point mutations used in our work are indicated. The effects of these mutations on
the secondary structure of lipid-free apoC-I monomer in solution were determined in (22) and
are listed in Table 1.
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Figure 2.
Thermal denaturation and reconstitution of apoC-I:DMPC complexes. Samples of
G15P:DMPC disks (20 µg/ml protein, 80 µg/ml lipid in 5 mM Na phosphate buffer, pH 7.6)
were heated and cooled from 20–98 °C at a rate 11 K/h. (A) Protein unfolding and refolding
upon heating and cooling monitored by CD at 222 nm. (B) Lipoprotein fusion and
reconstitution monitored by 90° light scattering at 222 nm simultaneously with the CD signal
in panel A. The reconstitution temperature TR is indicated.
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Figure 3.
Complexes of WT apoC-I:DMPC at various stages of thermal denaturation and reconstitution.
Bar size is about 15 nm. (A) Light scattering data recorded of WT:DMPC disks during sample
heating and cooling at 80 K/h from 20–98 °C; sample conditions are as in Fig. 1. (B–I) Electron
micrographs of negatively stained WT:DMPC samples that were heated (lower row) and then
cooled (upper row) to different final temperatures (indicated in the panels) that correspond to
different stages of lipoprotein denaturation and reconstitution (indicated in panel A). At the
final temperature, 1-naphthol was added to each sample (120 µM final concentration) to trap
the reaction intermediates. Ovals in B, H indicate disk rouleaux, arrows in C indicate collapsed
small unilamellar vesicles (that are thicker and larger in diameter than disks), and arrowheads
in D–G indicate collapsed multilamellar vesicles.
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Figure 4.
Effects of protein mutations on thermal denaturation and reconstitution of apoC-I: DMPC
complexes. (A) CD and (B) light scattering heating and cooling data recorded at 222 nm, 11
K/h scan rate of DMPC disks with WT (black line), L34P (grey), I29P (light grey), and G15A/
M38L apoC-I (open circles). (C) Time course of lipoprotein denaturation monitored by CD at
222 nm in T-jumps from 25 to 65 °C. Solid lines show monoexponential data fitting that was
used to determine the relaxation times τ of protein unfolding. (D) Arrhenius plots, RT ln τ
versus 1/T, of DMPC disks containing WT, I29P and G15A/M38L apoC-I. Exponential
relaxation times τ(T) at 60–90 °C were determined from the kinetic CD data Θ222(t) recorded
in T-jumps from 25 to 60–90 °C. Double arrows indicate changes in the kinetic free energy of
the disk stability δΔG* induced by mutations.
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Figure 5.
Effects of the extent of the disk denaturation, scan rate, sample concentration, and protein-to-
lipid ratio on the onset temperature TR of lipoprotein reconstitution. Panels A–D show heating
and cooling data recorded by light scattering at 222 nm of DMPC complexes with apoC-I
variants (indicated in the figures). Unless otherwise stated, discoidal complexes were prepared
as described in Materials and Methods using 1:4 protein-to-lipid weight ratio, and fresh samples
under standard conditions (20 µg/ml protein, 80 µg/ml lipid) were used for the data collection
at 11 K/h scan rate. (A) T45P:DMPC disks were heated and cooled at a rate 45 K/h from 20 °
C to different highest temperatures: 67 °C (grey) or 90 °C (black). (B) L11P:DMPC disks were
heated and cooled from 20–98 °C at various scan rates from 11 to 80 K/h (indicated on the
lines). (C) I29P:DMPC disks samples of different concentrations (black - 20 µg/ml protein, 80
µg/ml lipid; grey − 60 µg/ml protein, 240 µg/ml lipid) were heated and cooled from 20–98 °
C. Protein concentrations are indicated. (D) Heating and cooling data of I29P:DMPC samples
containing 20 µg/ml protein and different DMPC concentrations: 40 µg/ml (black), 80 µg/ml
(grey), and 120 µg/ml (light grey). Protein-to-lipid weight ratios are indicated.

Benjwal et al. Page 19

Biochemistry. Author manuscript; available in PMC 2008 November 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Effect of vesicle-bound protein on the onset temperature TR of lipoprotein reconstitution upon
cooling from high temperatures. Light scattering data were recorded during cooling from 98–
20 °C at 80 K/h of three samples with identical chemical composition (20 µg/ml WT, 80 µg/
ml DMPC in standard buffer) that were prepared differently. Sample 1: protein and lipid were
incubated at 24 °C to prepare disks (as described in Materials and Methods), which were heated
to 98 °C prior to recording the cooling data. Sample 2: protein solution and lipid emulsion
(prepared by solvent evaporation (38)) were heated separately and mixed at 98 °C prior to
recording the cooling data. Sample 3: equal amounts of samples 1 and 2 were mixed at 98 °C
prior to recording the cooling data. The curves are shifted along the Y-axis to avoid overlap.
Cooling data of DMPC emulsion alone (80 µg/ml lipid in standard buffer) is shown for
comparison. Protein-containing samples 1–3 show a reduction in the 90° light scattering upon
cooling that reflects reduction in the particle size upon lipoprotein reconstitution. In contrast,
DMPC alone shows a sharp increase in light scattering upon cooling beyond Tc=24 °C, which
is due to higher refractive index (higher density) of the rippled gel phase Pβ’ as compared to
the high-temperature liquid crystalline phase Lα of DMPC.
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Figure 7.
Effects of apoC-I mutations on the time course of DMPC clearance at various temperatures.
After lipid emulsions (prepared by solvent evaporation (38)) were incubated at a constant
temperature, the clearance was triggered by addition of protein (indicated by arrows). Final
sample concentrations are 10 µg/ml apoC-I and 40 µg/ml DMPC in standard buffer; apoC-I is
fully monomeric under these concentrations (22). Clearance by WT (black), L34P (grey), and
I29P apoC-I (light grey) at Tc =24 °C of the main DMPC phase transition (A), above (B–D)
and below Tc (E–G); the temperatures are indicated. Panels E–G show substantial clearance
at 14–16 °C near the pre-transition temperature Tc’=15 °C from the gel (Lβ’) to rippled (Pβ’)
phase.
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