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ABSTRACT. The 18-amino acid amphipathic helical peptide Ac-DWFKAFYDKVAEKFKEAF-NH
promotes the separation of cholesterol from the phospholipid, resulting in the formation of cholesterol
crystallites, even at mole fractions of cholesterol as low as 0.3. The peptide exerts a greater degree of
penetration into membranes of pure phosphatidylcholine in the absence of cholesterol than into bilayers
of phosphatidylcholine and cholesterol. The circular dichroism spectrum of the peptide in buffer indicates
that it self-associates, leading to the formation of structures with higher helical content. However, in the
presence of lipid, the peptide remains helical over a larger concentration range. The peptide undergoes a
thermal transition on heating. Cholesterol has little effect on the secondary structure of the peptide; however,
increased Trp emission intensity in the absence of cholesterol indicates a deeper penetration of the helix
upon removal of cholesterol from the membrane. The results with these model systems demonstrate changes
in peptide-lipid interactions that may be related to the observed biological properties of this peptide.

There is a growing body of evidence which shows that in the plasma membrane of cells may inhibit the interaction
certain apo A-l1 mimetic, class A amphipathic helical peptides of class A peptides with these membranes and thus prevent
can be used to inhibit atherosclerosiy. (t has been shown  their protective action. Resonance energy transfer studies
that either intraperitoneal administration of a class A am- indicate that cholesterol modulates the insertion of the
phipathic helical peptide (4Fpr the oral administration of  tryptophan residue of the amphipathic helical class A peptide,
peptide 4F synthesized from al-amino acids inhibits  N-acetyl-18A-amide, with bilayers of phosphatidylcholine
atherosclerosis in dyslipidemic mouse models without alter- (6, 7). Peptide 4F was found to be the most active among a
ing plasma cholesterol levelg,(3). There are at least two  series of analogues dFacetyl-18A-amide in inhibiting LDL-
processes that can be influenced by the apo A-I mimetic, induced monocyte chemotatic activi®)( This peptide, with
class A amphipathic helical peptides that would protect an Ac-DWFKAFYDKVAEKFKEAF-NH; sequence, has the
against atherosclerosis. One of these is the well-establishecotential to form an amphipathic helix (Figure 1). In this
role of HDL in “reverse” transport of cholesterol from work, we investigate the interaction of amphipathic helical
peripheral tissues to the liver for excretiat),(and the other  peptide 4F with phosphatidylcholine, either in the presence
is the inhibition of inflammatory processes)( or in the absence of cholesterol. In addition, we demonstrate

Elevated levels of cholesterol are a risk factor in the the ability of the peptide to promote the formation of
development of atherosclerosis. Higher levels of cholesterol cholesterol-rich domains.
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"University of Alabama at Birmingham. Peptide Synthesi®eptide 4F was synthesized by the solid

1 Abbreviations: apo A-l, apo A-ll, and apo C-Il, plasma apolipo- ; ; ; _ ;
proteins A-l, A-1l, and C-lll, respectively; HDL, high-density lipopro- phase method with a Protein Technologies PS-3 automatic

tein; 4F, Ac-DWFKAFYDKVAEKFKEAF-NH,; PC, phosphatidyl-  Peptide synthesizer using the procedures described previously
choline; PO, 1-palmitoyl-2-oleoyl; SO, 1-stearoyl-2-oleoyl; LPC, (8). The peptide was purified using a preparative HPLC
lysophosphatidylcholine; DPH-PC, 2-[3-(diphenylhexatrienyl)propanoyl]- system (Beckman Gold), and the purity of the peptides was

1-hexadecanoydnglycero-3-phosphocholine; CP, cross polarization; . . .
DP, direct polarization; MAS, magic angle spinning; NOE, nuclear ascertained by mass spectral analysis and analytical HPLC

Overhauser enhancement; NOESY, nuclear Overhauser enhancemer®S previously reporteds].

spectroscopy; MLV, multilamellar vesicle; LUV, large unilamellar Concentrations of the Peptide and Lipithe concentra-
vesicle; SUV, small unilamellar vesicle; DSC, differential scanning ’

calorimetry; CD, circular dichroisni,,, transition temperature§Hca, tions of peptide 30|Ut_i0ns in buffer were determined spec-
calorimetric enthalpyAC,, change in heat capacity at constant pressure. trophotometrically using the absorbance at 280 nm and an
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Ficure 1: Helical wheel representation of antiatherogenic 4F. The _, 1
primary structure is given above the wheel diagram. The aromatic | 0 2
amino acids are shown in bold. In the helical wheel diagram, the
hydrophobic amino acids are shown in bold circles. The plus and PC

minus signs denote the charge on the amino acid at neutral pH. Ficure 2: Chemical structures of cholesterol and phosphatidyl-
choline (PC). The numbering system for cholesterol follows IUPAC

extinction coefficient of 6800 cnt M1, calculated from  rules, while the numbering of PC is arbitrary and is used for

the Tvr and Tro content. The phospholinid concentration was PUPOSes of |dent|f|cat|on only in the tables and figures. R ahd R
y . P ) pNoSpholip are the acyl chains.

determined by phosphate analys®. (

Preparation of Samples for DSC and NMR Experiments. °C_ A clear supernatant was separated from the solid pellet
Phospholipid and cholesterol were dissolved in a chloroform/ and assayed for protein by absorption at 278 nm. The
methanol mixture (2/1, v/v). For samples containing peptide, absorption of a blank was subtracted, and a baseline, set at
an aliquot of a solution of the peptide in methanol was added 350 nm for each sample, was used to correct for residual
to the lipid solution in the chloroform/methanol mixture. The scattering. In addition, the amount of lipid in both pellet and
solvent was then evaporated under a stream of nitrogen withsypernatant fractions was determined by phosphate analysis.
constant rotation of a test tube so that a uniform film of lipid  Cijrcular Dichroism. CD spectra were recorded on an
could be deposited over the bottom third of the tube. Last Av|v model 215 spectropolarimeter using a quartz cell with
traces of the solvent were removed by placing the tube undera path length of 0.1 cm. The cuvette was placed in a jacketed

high vacuum for at least 2 h. The lipid film was then hydrated ce|| holder maintained at the desired temperature with
with 20 mM PIPES, 1 mM EDTA, and 150 mM NaCl with  cjrculating thermostatic fluid. The lipid was solubilized by

0.002% NaN (pH 7.40) and suspended by intermittent jncubation with the peptide.

vortexing and being heated to 8C for 2 min under argon. Temperature scans were performed at a heating or cooling
Samples used for NMR analysis were hydrated with the samerate of either 1 or 2C/min, with a 30 s equilibration pause
buffer made in either regular water at pH 7.4%k0 and 4t each point for thermal equilibration. The ellipticity at 222
adjusted to a pH meter reading of 7.0 (pD 7.4). The samplesnm was measured as a function of temperature by starting
used for NMR were incubated for 24 h at°€ to allow at 25°C, heating to 95C, and then cooling back to Z&
conversion of anhydrous cholesterol crystals to the mono- tg assess the reversibility of denaturation.

hydrate form. For the NMR measurements, the samples were  Tryptophan Fluorescenc&luorescence emission spectra
spun in an Eppendorf centrifuge at room temperature. The of 4F in the presence and absence of LUVs were recorded
resulting hydrated pellet was transferred to amllZapacity  at 25 °C using an SLM Aminco Series Il luminescence
spherical insert of a 18 mm 4 mm ZrG; rotor, attempting  gpectrometer. The excitation wavelength was 280 nm.
to pack the maximal amount of lipid into the rotor while  Emission scans were recorded and processed for inner filter
keeping it wet. and instrumental corrections.

Differential Scanning Calorimetry (DSCMeasurements 1H NOESY MAS NMRigh-resolution MAS spectra were
were taken immediately after sample preparation using aacquired using a spinning rate of 4 kHz in a Bruker DRX
nano differential scanning calorimeter (Calorimetry Sciences 500 NMR spectrometer. The probe temperature was 24
Corp., American Fork, UT). The scan rate was@min, °C. The two-dimensional NOESY spectra were obtained
and there was a delay of 5 min between sequential scans inusing mixing times of 50 and 300 ms. Resonances were
a series to allow for thermal equilibration. The features of assigned on the basis of their close similarity to literature
the design of this instrument have been described previouslyvalues for phosphatidylcholinel{), cholesterol 12), and
(10). DSC curves were analyzed by using the fitting program, amino acid residuesl®). The structures of the lipids that
DA-2, provided by Microcal Inc. (Northampton, MA) and  were used are given in Figure 2, numbered for the purposes
plotted with Origin, version 5.0. of identification.

Centrifugation Assay for Membrane Binding of 4Fhe 13C CP/MAS NMRA 4 mm zirconia rotor was placed in
fraction of peptide bound to the lipid after three heating and a Bruker Avance 300 spectrometer operating at 75.48 MHz
cooling cycles between 0 and 10QC was determined by  for 3C and equipped with CP/MAS capabilities. The spectra
separating the sample by centrifugation. The vesicles with were referenced to an external standard of glycine crystals,
bound protein were pelleted at 200@0fdor 90 min at 25 assigning a chemical shift of 176.14 ppm for the carbonyl
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Ficure 3: Differential scanning calorimetry of SOPC and cholesterol (7:3) with 0, 5, 10, or 15 mol % 4F. The scan rate was 2 K/min. The
lipid concentration was 2.5 mg/mL in 20 mM PIPES, 1 mM EDTA, and 150 mM NaCl with 0.002%; Kathl 7.40). Sequential heating

and cooling scans between 0 and 2D Numbers are the order in which the scans were carried out, with scans 1, 3, and 5 being heating
scans, each of which was followed by one of the cooling scans, scans 2, 4, and 6. Scans were displaced yakorig theclarity of
presentation.

carbon. Samples were spun at 5 kHz. The temperature insideeasonably estimated from cooling scans. For pure SOPC
the rotor was 25t 1 °C. The power levels used for cross- (data not shown), the transition occurs at 85on cooling
polarization corresponded to au % n/2 pulse. The Hart-  at 2 K/min with a transition enthalpy of 4 kcal/maol4).
mann—Hahn match was established on the sample of glycine. Previous results were presented per mole of SOP, (
Continuous-wave decoupling at an increased power level waswhile in the case presented here, it is presented per mole of
used during acquisition. Generally, each spectrum was cholesterol. With pure SOPC without cholesterol, addition
obtained with 12 000 scans and processed with a line of 15 mol % 4F shifts the transition temperature on cooling
broadening of 1 Hz. to 7.9°C and lowers the enthalpy to 1.5 kcal/mol (data not
Direct Polarization Single-pulse excitation with high-  shown). The marked reduction in transition enthalpy indicates
power proton decoupling was used with astpulse for3C that the peptide decreases the energy difference between the
and the proton frequency optimized for decoupling. A recycle gel state and the liquid crystalline state, likely by lowering
time o 5 s was used. the energy of the fluid phase. Addition of 30% cholesterol
to SOPC lowers the transition enthalpy to 500 cal/mol of
RESULTS SOPC (4). Addition of 5, 10, and 15 mol % 4F to SOPC

DSC Three thermal transitions can be observed in some With 30% cholesterol results in a further lowering of the
mixtures of SOPC, cholesterol, and 4F using DSC (Figures €nthalpy to 270, 46, and 20 cal/mol of SOPC, respectively
3-5). The DSC curves are presented as the excess heatFigure 3). At 40 or 50 mql _%_cholesterol, no transition is
capacity per mole of cholesterol. The lowest transition observed for the phospholipid in the presence of 4F (Figures
temperature is ascribed to the gel to liquid crystalline 4 and 5).
transition of SOPC. This transition occurs ne&Q) but its Another transition observed in many of these scans is that
enthalpy, based on the concentration of SOPC, can befrom the polymorphic transition of anhydrous cholesterol.
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Ficure 4: Differential scanning calorimetry of SOPC and cholesterol (6:4) with 0, 5, 10, or 15 mol % 4F. Other details were like those
described in the legend of Figure 3.
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For pure anhydrous cholesterol or anhydrous cholesterolThis is because the high transition temperature is readily
mixed with phospholipids, this transition occurs at 37 reversible, unlike the dehydration of cholesterol monohydrate
on heating and 22C on cooling at the scan rate of 2 K/min  crystals (6). Furthermore, a similar transition is observed
used hereX5). For the mixtures with 4F, the temperature of by DSC in samples of 4F in buffer or mixed with SOPC in
this transition is slightly shifted to 35 and 2C on heating the absence of cholesterol. The enthalpy of this transition
and cooling, respectively. This may be an indication of the on heating is~5 kcal/mol of 4F and is~25% greater on
presence of a small amount of “impurity” in these crystals. heating than on cooling. The transition temperature for the
However, the characteristic hysteresis of anhydrous choles-peptide in buffer is 60.3C on heating and 56.8C on
terol crystals is still observed. Six scans were run for each cooling at a peptide concentration of 488M. CD results
sample, three heating and three cooling. The average enthalpyndicate that at this concentration the peptide in buffer has a
observed for this transition is summarized in Table 1. In some conformation similar to that in lipid (see below). We would
samples, there was a decrease in the enthalpy of thisexpect the enthalpy of the transition in buffer to be dependent
transition in the final scans. This is noted in the table, and on the peptide concentration, but this was not investigated.
the lower values found in the later scans were not included The transition temperature is increased by the presence of
in the average. lipid and is not sensitive to the presence of cholesterol in
The highest temperature transition observed in the DSCthe membrane (Table 2). The transition temperature is
scans corresponds to that of 4F. It occurs in the temperatureSlightly lower on cooling than on heating.
range of~55—75 °C, where a transition is also observed in CD. The circular dichroism of 4F in buffer is dependent
the helical content of the peptide by CD (see below). The on the concentration of the peptide (Figure 6, top). Addition
dehydration of crystals of cholesterol monohydrate also of lipid to solutions of 4F at low concentrations augments
occurs in this temperature range, albeit somewhat higher.the magnitude of the CD in the far-ultraviolet region. This
However, we do not believe any cholesterol monohydrate is most dramatically seen when LPC is added to a solution
is formed during the time period of the DSC experiments. of 19uM 4F (Figure 6, middle). The spectra in the presence
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Ficure 5: Differential scanning calorimetry of SOPC and cholesterol (1:1) with 0, 5, 10, or 15 mol % 4F. Other details were like those
described in the legend of Figure 3.

Table 1: Enthalpy of the Polymorphic Transition of Anhydrous Table 2: Transition TemperaturéQ) for the Unfolding of 4F in
Cholesterol Crystafs the Presence of Lipid
% cholesterol in SOPC 5% 4F 10% 4F 15% 4F % cholesterol in SOPC 5% 4F 10% 4F 15% 4F
30 trace 18 100 Heating DSC Scans (transition at 60@ in the absence of lipid)
40 120 150 159 0 ND ND 77
50 50 150 375 30 63 72 76
aValues in calories per mole of cholesterol determined from areas gg gg (732 ;;
under the transitions at35 °C on heating and 23C on cooling shown ) -~ ) o
in the DSC scans of Figures-53.  The enthalpy decreases after several Cooling DSC Scans (transition at 566 in the absence of lipid)
heating and cooling scans. 0 ND ND 75.5
30 53 65 72
of lipid (Figure 6, bottom) are almost identical in the presence 40 64 53 61

50 55 69 70
of SOPC and SOPC and cholesterol at ratios of 7:3 and 1:1

and are also independent of the peptide-to-lipid ratio in the secondary structure after heating and cooling than before,
range of 0.05-0.16 (not shown). particularly in the presence of lipid or for the peptide in buffer
The temperature dependence of the spectrum shows aat low concentrations. This behavior is similar to that
substantial loss of secondary structure on heating t&6®5  observed in DSC studies discussed above. Both CD and DSC
(Figure 7). The temperature at which the unfolding occurs show that this transition occurs at a higher temperature and
is similar for the peptide in the presence of different lipid with greater cooperativity in the presence of lipid.
mixtures. However, in the absence of lipid, the peptide  Solubilization of Lipid and PeptideMixtures of SOPC,
unfolds at a slightly lower temperature and the temperature cholesterol, and 4F were centrifuged after the DSC experi-
and extent of unfolding are strongly dependent on peptide ments. In the presence of peptide, lipid is partially solubilized,
concentration. There is some hysteresis on heating andpresumably due to the formation of discoidal micelle particles
cooling, and at 25°C, the peptide has somewhat less (Figure 8). The peptide does not sediment in the absence of
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35000 4F in Buffer pellet and not in the solubilized micellar form. This coincides
with our finding of a bilayer-shaped stafitP NMR powder
pattern for this lipid mixture (see below).

Tryptophan FluorescenceThe fluorescence emission
spectra of 4F were measured in buffer and in the presence
of lipid (Figure 9). The emission maximum of the peptide
in buffer is 340 nm but shifts to 333 nm in the presence of

Mean Residue Ellipticity
(deg cmzldmol)
3
8

-5000 o ) )
lipid, either with or without cholesterol. These values are
-15000 somewhat lower than those for a series of 3F peptides, i.e.,
25000 - ; a ser_ies of amphipathic hel?cal 18-amino acid p_eptides with
200 210 220 230 240 250 260 identical sequences containing three Phe residues on the
nonpolar face, that had emission-aB50 nm in buffer and
35000 . ~338 nm in the presence of lipid 7). The results indicate
4F In LysoPC that the Trp residue inserts into the bilayer. In addition, there

is an approximately 2-fold increase in the emission intensity
in the presence of SOPC in the absence of cholesterol, again
indicating that the peptide interacts preferentially and inserts
more deeply into bilayers not containing cholesterol. The
ratio of intensities of Trp emission from 4F in buffer, 4F
mixed with SOPC, and 4F mixed with SOPC and cholesterol
is 1:1.3:2.0. The emission intensity is not sensitive to a
change in the mole fraction of cholesterol from 0.3 to 0.5 or
to the peptide:lipid ratio. It thus appears that in the presence
of cholesterol the peptide is less deeply buried in the
membrane. However, the Trp emission wavelength is not

Mean Residue Ellipticity
(deg.cmzldmol)

T _»._--"__.___ LN B L R RN B
200 210 220 230 240 250 260

> 35000+ SOPC-Cholesterol-4F sensitive to the presence of cholesterol, indicating that the
E 25000_: (70:30:15) polarity of the Trp environment is not greatly altered.

23 ] IH NOESY MAS NMRSlices from the two-dimensional

o -E 15000 NOESY spectrum of 4F in the presence of POPC, ata 1:10
Q- ] peptide-to-lipid ratio, are presented for the spectral region
2 § 5000 of the aromatic side chain resonances using a mixing time
29 _5000_3 of 50 or 300 ms (Figure 108 NMR powder patterns

c 2 ] demonstrated that all of the samples used for MAS studies
3 -15000 were in a bilayer arrangement; although there was a very
= 250005 minor isotropic component in the spectra of 4F in the

presence of POPC, this component was not present in the
sample with POPC and cholesterol (not shown). The slices
nm at 7.77 and 6.69 ppm from the two-dimensional NOESY
FlGURE 6: Circular dichroism .SpeCtra of 4F in buffF_)r (top panel), Spectrum of 4F in POPC (Figure 10) Correspond to protons
in the presence of LPC (middle panel), and with SOPC and ¢ the Trp and Tyr side chains, respectively. Both of these

cholesterol (7:3) (bottom panel). The concentrations of 4F in buffer .. . . .
(top panel) are as follows: 1M for curve 1, 80uM for curve 2, positions give rise to NOESY cross-peaks with the methylene

165uM for curve 3, and 33@M for curve 4. In the middle panel, ~ protons of the acyl chain having a negative sign, indicating
curve 1 shows 1@M 4F in buffer for comparison, curve 2 shows rapid motion. The resonance at 7.02 ppm has a strong

19 uM 4F with 10 mM LPC, and curve 3 shows 168 4F with positive cross-peak with the GBECO protons, while the 7.13

10 mM LPC. The bottom panel is a spectrum of 188 4F in a e :
SOPC/cholesterol/4F mixture (70:30:15). The lipid was solubilized PPM resonance has a positive cross-peak with the methylene

by the peptide, but the mixture was also sonicated to reduce theProtons of the acyl chain. These resonances likely come from
likelihood of scattering artifacts. This spectrum in the presence of the side chain of Tyr. The spectra taken with mixing times
lipid is representative of a number of similar spectra measured at of 50 and 300 ms appear to be qualitatively similar, indicating
?Aftfigrsent peptide concentrations and different SOPC-to-cholesterol ¢,5¢ spin diffusion does not play a major role in affecting

: the intensities of the cross-peaks. These findings indicate that
lipid; thus, all of the peptide in the pellet is bound to lipid. the peptide inserts into the bilayer of POPC but does not
However, when lipid is present in the supernatant, soluble access the center of the bilayer; i.e., there are no cross-peaks
peptide can be free in solution or bound to solubilized lipid with the terminal methyl groups of the acyl chain. The Tyr
particles. In general, as more peptide is added, more SOPQresidue is adjacent to a Phe residue in the linear sequence
is solubilized and less peptide is found in the pellet (Figure of 4F (Figure 1). If there is stacking between these aromatic
8). Curiously, an increasing cholesterol concentration resultsresidues or with others that are spatially close as a result of
in less solubilization of the lipid at 10% 4F, but more folding, it would result in a shift to a lower frequency
solubilization was observed at 15% 4F. At present, we cannot(upfield) of the Tyr resonances as a result of ring current
account for this change. The results for the partitioning of effects. Thus, the CH group ortho to the OH group has a
the lipid and peptide in the samples used for DSC indicate resonance at 6.69 ppm compared to the random coil value
that in the case of the higher concentrations used for NMR of 6.86 ppm, and the meta CH group of Tyr that is usually
the major fractions of the peptide and lipid are found in the at 7.15 ppm appears in these spectra at 7.02 ppm. The ortho

L L L D L
200 210 220 230 240 250 260
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Ficure 7: Temperature dependence of the mean residue ellipticity at 222 nm of 4F in buffer and in the presence of lipid as indicated. For
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negative NOEs. The other group that gives rise to negative
NOEs comes from the Trp residue that lies between two polar
0 Lys resides in the helical wheel projection (Figure 1). This
group is therefore also likely to be less buried in the
30 40 5?, 30 40 50 . 30 40 50 membrane and hence would have greater motion, as indicated
mol% Cholesterol in SOPC by the negative sign for the NOEs.
FiGURE 8: Solubilization of the peptide and lipid in mixtures of The NOESY slices from the spectra of 10 mol % 4F in
4F and MLV of SOPC with 0.3, 0.4, or 0.5 mole fraction bilayers of POPC and cholesterol (1:1) are qualitatively
cholesterol, each containing 5, 10, and 15 mol % peptide, after the gifferent. With a mixing time of 50 ms, there are virtually
series of DSC runs shown in Figures-3. Error bars are the o5 giagonal peaks (Figure 11, left side). High expansion
standard error of the mean of experiments repeated three times. . . T .
is required to barely detect some signals above the noise
CH group would likely be closer to the membrane interface, level. However, all of the aromatic protons show cross-peaks
being adjacent to the OH group of Tyr. This position has with aliphatic residues when a mixing time of 300 ms is
more molecular motion than the meta CH group that is more used (Figure 11, right side). Again in the case of the Tyr
deeply buried in the membrane and hence gives rise toresidue (6.80 ppm slice), the NOESY peaks are negative for
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Ficure 10: One-dimensional slices from the MASI NOESY spectrum at the chemical shifts of the aromatic protons of a sample of
POPC containing 10 mol % 4F. The mixing times were 50 (left) and 300 ms (right). Top spectra are conventional one-dimensional proton
spectra of the samples. Resonance assignments are indicated on the top spectrum using the numbering system given in Figure 2.
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Ficure 11: One-dimensional slices from the MASI NOESY spectrum at the chemical shifts of the aromatic protons of a sample of

POPC and cholesterol (1:1) containing 10 mol % 4F. The mixing times were 50 (left) and 300 ms (right). Top spectra are conventional
one-dimensional proton spectra of the samples. Resonance assignments are indicated on the top spectrum using the numbering system
given in Figure 2.

the ortho protons on the ring, indicative of a high degree of Table 3: Changes itH Chemical Shifts of Lipid Resonances
motion. The nonlinear dependence of the signal intensity on Induced by 4F

mixing time is evidence of spin diffusion. chemical shift difference(ppm)

Int_era_ctlon of 4F W|th_ lipid can qlso bg assessed_ by resonance POPC 1:1 POPC/cholesterol
monitoring the changes in the chemical shifts of the lipid
resonances upon introduction of the peptide (Table 3). These glycerol C2 (3) 0 0.02

€S upon , ne pepuat : glycerol C3 (4) 0.01 0.03

changes in chemical shifts may arise from ring current effects  cholinea. (5) 0.01 0.02
as well as from changes in the polarity of the environment.  glycerol C1 (2) 0.005 0.01
In the case ofH MAS/NMR, only changes in the spectrum  cholineg (6) 0.01 0.02

f the phospholipid can be assessed, since resonances are d-atermary CH(7) 0.015 0.02
0 phospholip ' ) = CH.CO 0.04 0.01
not observed from protons of cholesterol in these lipid cH, 0.01 0.02
mixtures (1) and the lower concentration of peptide makes  terminal CH 0.01 0.02

it difficult to discern its resonances. The largest change in  achemical shift differences are between that of lipid alone and in
chemical shift caused by addition of the peptide to POPC in the presence of 10 mol % 4F. A positive sign corresponds to a shift in
the absence of cholesterol is the shift of the ,CB the resonance to a lower frequency caused by the peptide.
resonance of the acyl chain to a lower frequency (Table 3).

This result suggests that the aromatic groups of 4F penetratdhese protons are greater in the presence than in the absence
into the bilayer, below the interfacial region, in the absence of cholesterol (Table 3). These results indicate that 4F is
of cholesterol. In contrast, in a 1:1 mixture of POPC and largely at the interface of membranes containing cholesterol,
cholesterol, the largest changes in chemical shift occur for however, the peptide is able to penetrate more deeply into
protons in the lipid headgroup and shifts caused by 4F for bilayers of POPC that are devoid of cholesterol.
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Table 4: 3C Chemical Shift Differences of Lipid Resonances Table 5: 3C Peak Intensities for Mixtures of POPC and Cholesterol
chemical 1:1 POPCl/cholesterol (1-1) Containing 10 mol % 4F

assignmerit shift (ppm) with or without 4P relative observed intensities
acyl C=0 174 0.19 chemical no.of C CP/MAS DP with DP lipid
cholesterol C5 142 0.22 assignment shift (ppm) atoms with 10% 4F 10% 4F aloné
acyl C=C 130.1 0.16 c=0 173.8 2 0.50 098 0.94
acyl C=C 129.6 0.14 cholesterol C5 141.9 1 0.25 021 045
cholesterol C6 121 0.13 acyl G=C 129.9 ? 1.04 0.65 0.82
glycerol C2 (3) 71 0.26 acyl c=C 129.5 i 0.96 0.93 0.95
cholinef (6) 66 0.15 cholesterol C6 120.5 1 0.48 029 054
glycerol C3 (4) 64 0.10 quaternary Chl 54.3 3 0.32 3.0 3.0
cholinea. (5) 60 0.16 terminal CH 141 2 1.95 1.91 2.08
cholesterol C14/17 57 0.17 crystallinﬁ %hotISS(t:elrgl 13.7 c ND¢ 016 0

monohydra

gﬁgltgé?;gl gg(n 5;11 061:36 cholest_erol C18 12.6 c 1.37 0.68 0.71
cholesterol C13 43 0.17 cryﬁqtallmﬁ (éholeséelré)l 11.9 c 0.40 ND! 0
cholesterol C24 40 0.13 ononydrate
cholesterol C10 37 0.17 aRelative to the total number of=€C groups set to 2.0 for CP/
acyl C2 35 0.17 MAS. P Relative to the number of quaternary €hroups set to 3.0
cholesterol C2 31 0.25 for DP/MAS.¢Sum of these three values should equal Mot
cholesterol C16 29 —0.028 determined because signal not sufficiently above the noise feVaken
cholesterol C25 28 -0.14 from ref 18 using a delay time of 100 s. Intensities from spectra using
cholesterol C19/21 20 —0.37 a delay time 65 s were similar.
acyl terminal methyl 14 0.12

_*Numbers in parentheses correspond to the numbering shown inThege positions, the C5 and C6 double bond position of
Figure 2.5 Chemical shift differences are bgt_weer_l that of lipid alone cholesterol and the acyl chain—& group at 129.5 ppm
and in the presence of 10 mol % 4F. A positive sign corresponds to a " y -~ FED
shift in the resonance to a lower frequency caused by the peptide. have even lower intensities in the presence of 4F, indicating
that this peptide rigidifies certain regions of the bilayer.
Finally, the C-18 peak of cholesterol has a chemical shift of
12.6 ppm when dissolved in a membrane, but is split into
peaks at 11.9 and 13.7 ppm when present as crystals of
cholesterol monohydrate. From the intensities of these peaks,
one can estimatel8) the percent of total cholesterol that is
in the crystalline form, 20%1@). This compares with 11%
crystalline anhydrous cholesterol found in fresh samples
using DSC with SOPC (Table 1). The estimates of crystalline
cholesterol levels from NMR and DSC are in the same range,
although they are not identical. Factors such as the increased
. . ) - . length of time for measurement and conversion of the
lattice relaxation time. Rigid structures may require delay anhydrous cholesterol crystals and the much higher concen-
times that are so long that they are impractical to attain. tration of lipid used for the NMR may contribute to the

F_irst, we compare changes_ i_n thE chemical shifts_ _of observed difference.
various carbon atoms of the lipid caused by the addition of
4F to POPC and cholesterol (1:1) (Table 4). Resonances ofp|sScUSSION
both the phospholipid and cholesterol are altered by the
peptide, suggesting that there is no preferential interaction Compared with other peptides that lower the solubility of
of the peptide with one lipid component or the other. cholesterol in bilayers of phosphatidylcholindé4( 19),
Resonances from atoms expected to be deep within thepeptide 4F is particularly potent in promoting the formation
bilayer are also shifted as a result of peptide penetration. of cholesterol crystals. Even with cholesterol mole fractions
We suggest this is a consequence of molecular motionas low as 0.3, cholesterol crystals are formed in the presence
causing transient contact and/or of changes in lipid packing. of higher concentrations of 4F (Table 1). In some cases, the

We have also compared the peak intensities from MAS enthalpy of the polymorphic transition of anhydrous cho-
spectra of POPC and cholesterol (1:1) using both CP andlesterol decreases with repeated scanning between 0 and 100
DP/MAS and compared the DP/MAS spectra with and °C-. A factor that likely contributes to this effect is the fact
without 4F (Table 5). The Ckpeak of the choline headgroup that the conformational transition of the peptide on heating
has an intensity in CP/MAS that is much lower than expected is not completely reversible (Figure 7). Also, some pure lipid
for the number of carbon atoms. This indicates that this group Systems exhibit this kind of metastability, such as mixtures
has a high mobility. Several of the resonances exhibit similar of SOPC and cholesterol, that forms metastable cholesterol
intensities via DP/MAS in the presence and absence of 4F.crystals at 0.7 mole fraction of cholesteraby.
These include the €0 group, one of the acyl<€C groups The peptideN-acetyl-LWYIK-amide (4) and the myris-
(at 129.5 ppm), the CHgroup of the choline N-(CkJ3, and toylated protein, NAP-221(9), also promote the formation
the terminal CHgroup of the lipid acyl chain (the cholesterol of cholesterol crystals in lipid mixtures of cholesterol and
C18 is a special case and will be discussed below). OtherPC. However, there is a qualitative difference in the
resonances arise from more rigid positions and do not give mechanism by which the segregation of cholesterol crystals
DP/MAS intensities that correspond to the number of protons. is promoted by 4F. NAP-22 does not interact with liposomes

13C MAS/NMRResonances from both POPC and choles-
terol can be observed withC MAS/NMR. Two methods
were used to measure tH€ spectra. One is CP/MAS NMR
that utilizes cross polarization from protons to carbon atoms
to increase the intensity of tHéC signals (not shown). The
efficiency of cross polarization is greatest for positions that
are relatively rigid, giving higher-intensity CP/MAS signals.
The other method is direct polarization that should provide
a measure of the number of all carbon atoms, provided that
the delay time is sufficiently long compared with the spin
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of pure PC 19, 21), and DSC studies demonstrate that secondary structure content, as determined by CD, is
N-acetyl-LWYIK-amide promotes the formation of domains increased by both peptiddipid and peptide-peptide inter-
enriched in SOPC in which the enthalpy of the phospholipid actions. The relative enthalpic contributions of these two
transition is greater in the presence of peptide than in its kinds of interactions are not known, but are likely to be
absencel4). In contrast, 4F interacts strongly with pure PC. different and could contribute to the differences observed in
TheH NOESY spectra indicate that 4F inserts more deeply the unfolding transition of 4F as measured by CD and DSC.
into membranes composed of only PC than into bilayers of We have previously shown that 4F is particularly potent
PC containing cholesterol. This is the opposite of the situation in inducing the quenching of DPH-PC in bilayers of POPC
with N-acetyl-LWYIK-amide (4). Peptide 4F markedly (17). This is an indication that the peptide, as a consequence
reduces the enthalpy of SOPC, while both NAP-22 and of its deeper insertion, allows a deeper penetration of water
N-acetyl-LWYIK-amide have virtually no effect on the into the membrane. Our NMR studies indicate insertion of
enthalpy of pure PC. In the case of 4F, SOPC-enriched the aromatic amino acid side chains of 4F past the membrane
domains also contain the peptide and therefore have broad-interface. This would cause a disruption of the packing of
ened transitions with lower enthalpies that are not detected.the phospholipid and allow deeper penetration of water. In
Thus, 4F gives rise to the formation of cholesterol-rich a biological plasma membrane that contains cholesterol, there
domains by interacting with PC and stabilizing domains would be the additional feature that cholesterol would be
devoid of cholesterol. In contradi-acetyl-LWYIK-amide depleted from the regions where the peptide binds. This
(14) and NAP-22 19, 22) bind preferentially to cholesterol-  would also loosen the packing of the lipid, allowing deeper
rich domains to stabilize them. Polyunsaturated acyl chainswater penetration. This phenomenon has been used to explain
also promote the formation of cholesterol-rich domains by the anti-inflammatory activity of 4F1(7). Furthermore, the
not interacting with cholesterol28). Curiously, both 4F sequestering of cholesterol into domains may also facilitate
peptides 2, 3) and certain polyunsaturated fatty aci@g-{ its transfer to cholesterol-rich domains of the plasma
26) have antiatherogenic properties in humans. It remains membrane, such as caveolae, where it can transfer into
to be determined if there is some commonality in the action lipoprotein particles40). Thus, the molecular nature of the
of these diverse substances. interaction of 4F with membranes can provide a mechanism
The enthalpy of denaturation of 4F 4s6 kcal/mol both for the antiatherogenic actions of this peptide both in
in the presence and in the absence of lipid. The helical inhibiting inflammatory processes and in reverse cholesterol

content of 4F in the presence of lipid was estimated to be transport.

60% at 25°C, based on analysis of the CD spectrui)(

At 95 °C, there is essentially no helical structure remaining. REFERENCES
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