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Cholest eryl-ester transfer protein (CETP) is a plasmatic protein involved in neutral lipid transfer between 
lipoprotein s. Focusing on the last 12 C-terminus residues we have previously shown that mutation D470N
promote s a conformational change towards a b-secondary structure. In turn, this modification leads to
the formation of oligomers and fibrillar structures, which cause cytotoxic effe cts similar to the ones pro- 
voked by amyloid peptides. In this study, we evaluated the role of specific lipid arrangements on the 
structure of peptide helix- Z (D470N) through the use of thioflavin T fluorescence, peptide bond absor- 
bance, circular dichroism and electron microscopy. The results indicate that the use of micelles formed 
with lysophosphatidylcholine and lysophosphatidic acid (LPA) under neutral pH induce a conformational 
transition of peptide helix- Z containing a b-sheet conformation to a native a-he lix structure, therefore 
avoiding the formation of amyloid fibrils. In contrast , incubation with phosphatidic acid does not change 
the profile for the b-sheet conformation. When the electrostatic charge at the surface of micelles or
vesicles is regulated through the use of lipids such as phospholipid and LPA, minimal changes and the 
presence of b-structures were recorded. Mixtures with a positive net charge diminished the percentage 
of b-structure and the amount of amyloid fibrils. Our results suggest that the degree of solvation 
determine d by the presence of a free hydroxyl group on lipids such as LPA is a key condition that can 
modulate the secondary structure and the consequent formation of amyloid fibrils in the highly flexible
C-term inus domain of CETP.

� 2013 Elsevier Inc. All rights reserved.
1. Introductio n

CETP facilitate s the transfer of neutral lipids between lipopro- 
teins, and plays an important role in reverse cholester ol transport.
The tridimensional view of the C-terminus region of CETP 
(aa 453–476) is composed of a b-sheet (aa 453–462) and the native 
amphipathic a-helix (aa 465–476) named helix- X (Fig. 1). Several 
studies have demonstrated that a critical site for the transfer 
process is restricted specifically to the 12 residue C-terminus do- 
main structured as an amphipathi c a-helix [1–3]. Notwithstand- 
ing, our group has reported that this domain shows 
conformationa l changes in a non-lipid microenv ironment when 
mutation D470N is introduced through the use of peptide denomi- 
nated helix- Z [4,5]. These condition s give origin to a hydrophobic 
cluster (467LLVNFLQ473) which favors the presence of a b-seconda ry
structure, a mechanis m coupled with the formation of oligomers 
and amyloid fibrils [5]. Employing helix- Z as a model peptide, we
have studied the role of several lipid arrangements as potential 
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modulato rs of secondary structure and potentially upon amyloid 
fibril formation.

It has been reported that under specific conditions, lipid mole- 
cules induce conformationa l changes in various amyloid precursor 
proteins, in addition to the key role in the formatio n and stabiliza- 
tion of amyloid fibrils [6–8]. Likewise, the interaction between 
oligomeri c precursor species on specific domains of the cell mem- 
brane is a primary event that results in the appearance of early 
cytotoxic effects associated with disease [9,10]. In this case, the 
role of specific lipid compositions on the hydrophilic/hyd rophobic 
interface must be critical as a recogniti on site that can modulate 
possible conformationa l changes in secondary structure, which in
turn could modify the formation of structures controlled by
order-to- disorder and disorder-to-order transitions [5–7,9,11]. In
this respect, it has been described that molecules such as lysophos -
phatidic acid (LPA), a phospholipid derived from the enzymatic ac- 
tion of several extracellular phospholipase s from precursor 
molecule s such as lysophosph atidylcholine or phosphatidic acid 
(PA), can promote in the protein b2-microglobulin the formation 
in vitro of amyloid fibrils [12,13]. Nevertheless, the route by which 
the autotaxin enzyme particularly produces a high amount of LPA 
from lysophosph atidylcholin e, is still not well understood [14,15].
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Fig. 1. Structural representation of the C-terminus region of CETP showing 
sequences of peptides helix- X and helix- Z. The H466-D470 salt bridge and the 
hydrophobic cluster are shown. The structure was obtained from the Protein Data 
Bank, access code: 2obd.
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In this study, we present a series of experiments which demon- 
strate that treatment of helix- Z with LPA and lysophosphatidy lcho- 
line (lyso-C12PC), lipids that can be found on the surface of
lipoproteins, promote a structural change from a b-chain to a na- 
tive a-helix structure . Incubatio n of helix- Z with LPA concentra- 
tions above 2.5 mM complete ly inhibits the formation of amyloid 
fibrils, in a manner that interactio ns of peptide with specific hydro- 
philic/hydrop hobic interfaces formed by this lipid, should retain 
peptide monomer s at the surface and consequentl y prevent pep- 
tide self-asse mbly. These conditions might allow helix- Z to recover 
and maintain the functional a-helix conformation of the C-terminus
domain of CETP and therefore warranty protein function.
2. Materials and methods 

Cholester ol, cholesteryl-est er, L-a phosphat idic acid dipalmitoyl 
(PA), L-a-phosphati dylethanolamine dipalmitoyl (PE), L-a-phospha-
tidylcholine dipalmitoy l (DPPC) and thioflavin T (ThT) were obtained 
from Sigma–Aldrich (St. Louis, MO). L-a-Phosphatidy lcholine 
(PC), 1-palmitoyl-2- oleoyl-sn-glycer o-3-phosphoch oline (POPC),
1-palmitoyl- 2-oleoyl-sn-gly cero-3-phospho- 1-glycerol (POPG), 1-
lauroyl-2-hyd roxy-sn-glycer o-3-phosphoch oline (lyso-C12PC) and 
1-oleoyl-2-h ydroxy-sn-glycer o-3-phosphate (LPA) were obtained 
from Avanti Polar Lipids (Alabaster, AL).
2.1. Peptide synthesis and peptide preparation 

Helix-Z (465EHLLVNFLQSLS476) and native peptide 
(465EHLLVDFLQSLS476) derived from the C-terminus of CETP were 
synthesized by GenScrip t (Piscataway, NJ) and dissolved in a car- 
bonate buffer pH 9.5 (1 mg/ml). From this solution a further 1:5 
dilution was carried out. To evaluate the structure at pH 7.2 in
the different lipid environments, a sodium phosphat e buffer was 
also used. Under the same conditions, the control peptide 
460DFGFPEHL46 was employed. Solutions were filtered through 
0.22 lm membrane filters before carrying out the experiments.
Purity of peptides was greater than 98% confirmed by mass spec- 
trometry and HPLC analysis. Peptide concentr ation was deter- 
mined by measuring the peptide bond absorbance at 205 nm.

Peptide samples at a concentr ation of 200 lg/ml were incu- 
bated with the different lipid preparations for 12 h at 25 �C before 
their structural characteri zation, employin g circular dichroism,
thioflavin T fluorescence, peptide bond spectroscopy and electron 
microscopy .
2.2. Circular dichroism spectroscopy 

Circular dichroism (CD) spectra were recorded with an AVIV 
62DS spectropolarimet er (AVIV Instruments) at 25 �C employing 
far UV waveleng th (190–260 nm). Experiments were performed 
at a peptide concentratio n of 200 lg/ml in a 1.0 mm quartz path 
length cuvette, running AVIV software. Spectra were recorded with 
a 1 mm bandwidth, using 1 nm increments and 2.5 s accumulation 
time averaged over 3 scans. CD results are reported as mean molar 
ellipticity (H, deg cm2 dmol�1) consideri ng the baseline correction.

2.3. Thioflavin T fluorescence and peptide bond spectroscopy 

Employing 180 lg/ml of peptide, the absorbance was measured 
every 1 nm using a Perkin Elmer UV/Vis Lambda 2S spectropho-
tometer scanning from 200 to 240 nm. Peptide spectra were cor- 
rected by subtracting the correspondi ng control spectra obtained 
under identical condition s. Additionally , the b-structure was char- 
acterized with ThT fluorescence assay. Fluorescenc e emission spec- 
tra were registered at 25 �C from 470 to 540 nm with an excitation 
waveleng th of 450 nm. A scan velocity of 60 nm/min using an Olis 
DM45 spectrofluorimeter was used. The concentrations of ThT and 
peptides were 10 lM and 36 lM, respectivel y.

2.4. Preparation of micelles formed by phosphatidylcho line/ 
cholestery l-esters 

Lipids were mixed in chloroform and dried for 6 h under a gen- 
tle stream of N2, and an additional period of 24 h in a SpeedVac 
concentr ator (Savant). Lipid mixtures were prepared with a molar 
ratio of PC 2 mM and cholesteryl- ester 100 lM (20:1). After drying,
lipids were resuspended in pH 6.8 buffer and subsequent ly soni- 
cated 15 s on/30 s off pulses for 4 cycles of 10 min in an ice bath 
under a flow of N2 using a Sonifier 250 ultrasonicat or (Branson).
Samples were left to equilibrate for 2 h and centrifuged at
13,000 rpm for 10 min before being used.

2.5. Preparation of micelles formed by lyso-C 12PC, LPA and PA

The required amounts of lyso-C 12PC dissolved in chlorofor m
were placed under a gentle stream of N2 for 4 h, complete solvent 
free treatment was achieved by an additional 22 h in a vacuum 
equipme nt. Samples were resuspend ed in a phosphate buffer pH
6.8 at 37 �C (50 mM). Samples were kept 2 h at 25 �C and subse- 
quently centrifuged at 13,000 rpm for 10 min at 12 �C.

LPA samples in chloroform were placed under a gentle flow of
N2 for 6 h, and additional 12 h in vacuum equipment. The samples 
were hydrated in phosphate buffer and afterwards processed 
through 4 cycles of freezing in liquid N2, and thawing at 37 �C.
Solutions were left to equilibrate for 2 h and centrifuged at
13,000 rpm for 10 min. Under the same experimental condition s,
PA vesicles were prepared with an additional step of sonication 
for 4 cycles of 10 min.

2.6. Preparation of micelles by phospholipids and LPA 

PC and LPA were mixed in chloroform and dried for 6 h under a
gentle stream of N2 with an additional treatment using a SpeedVac 
concentr ator 22 h in vacuum. Lipid mixtures were prepared with a
molar ratio of PC 3.06 mM and LPA 0.92 mM. After drying, lipid 
mixture was resuspend ed in pH 6.8 buffer and subsequent ly soni- 
cated for 4 cycles. Samples were left to equilibrate for 2 h and cen- 
trifuged at 13,000 rpm for 10 min. Employing the same 
methodol ogy, micelles consisting of DPPC/LPA and PE/LPA were 
prepared . Under a ratio of POPC 75% and POPG 25%, negatively 
charged micelles were prepared with the addition of LPA.
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2.7. Electron microscopy 

Peptide samples incubate d under different conditions were pro- 
cessed employing a negative staining techniqu e and visualized 
using transmission electron microscopy (NS-TEM). Samples 
(10 ll) were placed on carbon-coated copper grids (400 mesh)
for 10 min at 25 �C. Excessive liquid was removed and the grids 
were negatively stained with uranyl acetate solution (2%, w/v)
for 5 min. Samples were dried for 20 min. NS-TEM images were ac- 
quired using a JEM-1200EX11 JEOL microscope at 70 kV with a
magnification of 60,000 �.
3. Results and discussion 

Previous studies from our laboratory have shown that peptide 
helix-Z shows the formation of a b-type secondar y structure 
dependent on pH and peptide concentratio n [5]. Conditions such 
as ionic strength did not modify the content of b-structure, and 
only temperatures above 70 �C promote a decrease in the percent- 
age of this type of secondary structure [5]. In this study we evalu- 
ated the effect of several lipid arrangements upon helix- Z structure
at pH 7.2 under physiolog ical conditions. Specifically, we con- 
ducted a series of experiments by changing regional characterist ics 
Fig. 2. Effect of lysophosphatidylcholine upon the structure of helix- Z. (A) CD spectra obt
ellipticity values at 201 nm. (C) Under the same conditions, absorbance at 218 nm, (D) flu
fibrils formed by helix- Z. (F) Helix- Z incubated with lyso-C 12PC vesicles (10 mM). Bars c
of lipid such as: polar head size, acyl chain length, electrostatic 
charge and degree of solvation, all of them able to modify the sec- 
ondary structure of helix- Z.

Treatment with increasing incubation concentratio ns of lyso- 
C12PC (0.01–40 mM) showed that lipid concentratio ns below 
5 mM allow helix- Z to maintain a b-sheet conformation when 
monitore d by CD (Fig. 2A). Incubation with 1 mM lyso-C 12PC, a
concentr ation close to the critical micelle concentratio n (0.9 mM)
for this lipid, increased values that correspond to a b-structure
(Fig. 2A and B). Under this condition, interactions of helix- Z and
lyso-C12PC in an aqueous environment must have taken place in
a dynamic equilibrium between lipid monomers as well as formed 
micelles. In this regard, it has been reported that molecules with a
similar structure to lyso-C 12PC trigger the aggregation phenome- 
non in amyloidogeni c proteins at concentratio ns equivalent to
those used in this study [16]. In our hands, concentr ations of
lyso-C12PC close to 10 mM induced a transition point between 
b-sheet structure s and the formation of a-helical structure s. This 
change was followed by evaluating the CD characteristics for a
b-sheet conformation at 201 nm (H201nm) (Fig. 2B). This phenom- 
enon was also studied following changes in peptide bond absor- 
bance at 218 nm (Fig. 2C) and by fluorescence coupled to ThT 
(Fig. 2D). Under treatment with lyso-C 12PC (10 mM), fibrillar struc- 
tures were still identified in smaller quantities but more extended 
ained under treatment with increasing concentrations of lyso-C 12PC. (B) Mean molar 
orescence coupled to ThT at 482 nm. Native peptide was used as control. (E) Amyloid 
orrespond to 100 nm.
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with respect to helix- Z samples not incubated with lipid (Fig. 2E
and F). At higher concentratio ns of lyso-C 12PC (20 and 40 mM),
although a residual signal for b-structures was detected following 
peptide bond absorbance and fluorescence coupled to ThT, CD
measureme nts showed the formation of well-defined a-helix
structures.

In another series of experiments , consideri ng that the hydropho- 
bic characteri stics of the surrounding microenvironmen t are key 
conditions that favor structural changes in specific domains of lipid 
binding proteins, we evaluated several lipid molecule s with struc- 
tures similar to lyso-C 12PC. Using a concentratio n range between 
0.1 and 10 mM LPA, a lipid with a small polar head close to the acyl 
chain, a series of experiments were carried out and the conforma- 
tional changes from b-structures to a-helices studied. Spectra ob- 
tained showed an isodichroic point near to 215 nm associated 
with the presence of only two conformationa l states (Fig. 3A).

CD experime nts show that this b to a transition was also iden- 
tified by plotting the signal at H201nm, where it was found that 
incubation with concentratio ns of LPA above 1 mM induces a dras- 
tic decrease in CD values associate d with the loss of b-structure
(Fig. 3B). In parallel, conformati onal changes were followed record- 
ing absorbance of peptide bonds at 218 nm (Fig. 3C) and by
measureme nts of fluorescence coupled to ThT (Fig. 3D).
Fig. 3. Lysophosphatidic acid prevents the formation of amyloid fibrils by helix- Z. (A) CD
ellipticity values at 201 nm. (C) Absorbance values at 218 nm. (D) ThT-fluorescence at 48
of helix- Z at different concentrations of LPA. (E) Amyloid fibrils formed by helix- Z. (F) E
different days. Bars correspond to 100 nm.
The present data indicate that LPA induces a well-defined struc- 
tural transition in secondary structure from b-sheet towards an
a-helix at concentrations above its cmc. In fact, after treatment 
with 2.5 mM LPA, ThT fluorescence was suppressed (Fig. 3D insert),
indicating a complete loss of b-structure content. Fibrillar struc- 
tures were not found in LPA samples analyzed below 10 mM and 
processed through NS-TEM (Fig. 3F). Our results suggest that con- 
formatio nal changes in secondar y structure depende nt of LPA are 
associate d with a cooperative process, where helix- Z recovers the 
levels of an a-helical structure similar to what it is found when 
the native peptide is studied (Supplement ary Fig. 1). However, this 
might not be considered a general phenomeno n for lipids with a
free hydroxyl groups at the polar head. At the highest lyso-C 12PC
concentr ations (20 and 40 mM), the fluorescence signal coupled 
to ThT was not completely abolished; therefore, incubation with 
lyso-C12PC is associated with a partial transition towards the for- 
mation of a-helices.

Polar head size and the presence of a free hydroxyl group in po- 
sition sn2 of the glycerol backbone, properties that should modify 
the degree of solvation at the surface of interfaces [7], should play a
key role in the mechanism s that modulate lipid-depen dent amy- 
loid fibril formation [7,9]. In this case, the hydrophilic components 
of phospholipid s such as a free hydroxyl group in LPA, may affect 
spectra of helix- Z incubated with increasing concentrations of LPA. (B) Mean molar 
2 nm. The native peptide was used as control. The insert shows the emission spectra 
ffect of LPA treatment in the formation of fibrils. Four samples were processed on
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the position and the array of the hydrophobic assembli es in rela- 
tion to the interface [17]. We tested this possibility by treatment 
with increasing concentrations of PA, a lipid molecule with two 
acyl chains associate d to the glycerol backbone , conditions that 
should not favor the conformationa l change from b-sheet struc- 
tures to an a-helix. Employin g spectroscop ic techniques, this thesis 
was corroborated using a concentratio n range of 0.1–5 mM PA,
when a b-sheet structure was maintained and the property to form 
amyloid fibrils was observed when peptide helix- Z was studied 
(Supplement ary Fig. 2).

Considering that the electrostatic charge on lipid surfaces is a
factor that could modulate the secondary structure of helix- Z, we
studied the effect of a series of phospholipid s mixed with LPA 
(76%/24%) (Fig. 4). Peptide treatment with micelles formed with 
POPC/POPG and LPA does not modify the profile of the b-seconda ry
structure evaluated by CD and ThT fluorescence (Fig. 4A and B).
This condition is maintain ed throughout the concentr ation range 
of 0.1–2.4 mM of these mixtures, showing micelle formation at
the highest concentratio ns (data not shown).

When helix- Z was incubated with neutral vesicles compose d of
POPC (1.23 mM) and LPA (0.37 mM), CD spectra and fluorescence
emission values were similar to the control values without the 
addition of lipids (Fig. 4A and B). A similar response was obtained 
when neutral micelles formed by phosphatidylch oline (PC) were 
studied, a condition in which the formation of well-defined
amyloid fibrils is maintained (Fig. 4C and D). Since an extended 
incubation time (24 h) was used, the presence of oligomeric struc- 
tures was reduced [5]. However, in these samples it was possible to
identify amyloid fibrils located at the surface of lipid micelles 
(Fig. 4D insert), a condition that suggests there might be interac- 
tions at the surface of micelles without the presence of a structural 
change in helix- Z.

Treatment with increasing concentr ations of lipids contained in
mixtures composed of PC/cholesteryl -esters extensively used in a
previous work employing CETP [18], did not modulate the struc- 
tural changes described above for LPA and lyso-C 12PC and only a
slight decrease in b-structure content was recorded (data not 
shown).
Fig. 4. Effect of lipid electrostatic charge upon the structure of helix- Z. (A) CD spectra of
ofThT-fluorescence. NS-TEM of helix- Z without lipid treatment (C), and with micelles co
Under the same conditions, incubation with neutral micelles 
formed by DPPC and LPA maintains a b-sheet conformati on in
helix-Z. Nevertheless, in this case an increase in the fluorescence
spectrum of ThT was registered, condition that is related to the 
presence of high concentratio ns of fibrils shown by samples pro- 
cessed for NS-TEM. Several characterist ics related to the morphol- 
ogy of these fibrils showing a highly heterogeneous pattern, were 
registered (Fig. 4E).

Treatment with micelles composed of phosphat idylethanol- 
amine (PE) and LPA presenting a positive charge at their surface 
and a small polar head group, induced a moderate decrease in
the content of b-structures of helix- Z (Fig. 4A and B). Likewise,
lower amounts of amyloid fibrils were recorded with respect to
previous lipid treatments (Fig. 4F). Under our experimental condi- 
tions, at neutral pH helix- Z maintains a net negative charge (�1), in
such a way that these results could be associated with a low elec- 
trostatic binding capacity at the surface of positive charged vesi- 
cles. Interestingl y, when helix- X, the native C-terminus domain 
of CETP in a disordered state was evaluated in the presence of
PE/LPA vesicles, the highest levels of a-helix are promoted (Supple-
mentary Fig. 3).

A hydrophobic cluster at the C-terminus domain of CETP 
467LLVNFLQ473 originated by mutation D470N shares similar charac- 
teristics with the hydrophobic structural motifs for steric zippers ,
which have been described to integrate the molecular structure 
of amyloid fibrils [19,20]. In this sense, mutation D470N minimize s
the electrostatic repulsion between peptide monomers, promoting 
the formatio n of hydrogen bonds in the backbone and triggering 
b-sheet and fibril formatio n in helix- Z [5]. These phenomena are 
restricted to the C-terminus end (residues 465–476), since peptide 
sequence s that corresponds to 460DFGFPEHL467, do not show 
b-sheet formation, and even in the presence of lipids the peptide 
remains in a disordered state (data not shown).

The inhibition of fibril formatio n and stabilizati on of an a-
helical structure in helix- Z seem to be directly associate d with 
the specific physicochemi cal properties of LPA. The presence of a
free hydroxyl group and a small polar head group may facilitate 
the molecula r recognition for helix- Z, allowing the interaction of
helix- Z incubated with lipid micelles of different composition. (B) Emission spectra 
mposed of PC/LPA (D), DPPC/LPA (E) and PE/LPA (F). Bars correspond to 200 nm.
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monomeric peptides at the surface of micelles. Therefore, nucle- 
ation and stacking of peptides, phenomena that lead to aggregation 
and ultimately to fibril formation are suppressed . In this sense, it
has been reported that the stability of native folding is primarily 
determined by hydrophobic interactio ns between side chains,
whereas the stability of amyloid fibrils is more dependent on back- 
bone intermolecu lar hydrogen bonding interactions [21].

On the other hand, a large group of events occurring at the 
surface of lipids are influenced by hydrogen bonding networks 
[22], in such a way that binding of lipid/helix- Z at the surface of
micelles or lipoproteins may involve the release of highly ordered 
water molecules located at the first layers of hydration, with the 
consequent reorganiz ation of hydrogen bonds and hydrophobic 
interactions . Hence, conformationa l changes and modulation of
secondary structure of peptides requires key conditions associated 
to the microenvironm ent, being key components the degree of
solvation and the size of the polar head of lipids. In conclusio n,
our results suggest a regulator y role for LPA by modulating the 
mechanism s that maintain the C-terminus domain of CETP in a
functional conformati on directly associate d to the presence of an
a-helical structure for this segment.
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