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ABSTRACT. High-sensitivity differential scanning calorimetry and Fourier transform infrared spectroscopy
were used to study the interaction of a catiomibelical transmembrane peptide, acetyl--i&4-LyS,-

amide (Lz4), and members of the homologous series of aniorsaturated diacyl phosphatidylglycerols
(PGs). Analogues of 44, in which the lysine residues were replaced by 2,3-diaminopropionic agie (L
DAP), or in which a leucine residue at each end of the polyleucine sequence was replaced by a tryptophan
(WL22W), were also studied to investigate the roles of lysine side-chain snorkeling and aromatic side-
chain interactions with the interfacial region of phospholipid bilayers. The gel/liquid-crystalline phase
transition temperature of the host PG bhilayers is altered by these peptides in a hydrophobic mismatch-
dependent manner, as previously found with zwitterionic phosphatidylcholine (PC) bilayers. However,
all three peptides reduce the phase transition temperature and enthalpy to a greater extent in anionic PG
bilayers than in zwitterionic PC bilayers, with WAV having the largest effect. All three peptides form

very stablea-helices in PG bilayers, but small conformational changes are induced in response to a
mismatch between peptide hydrophobic length and gel-state lipid bilayer hydrophobic thickness. Moreover,
electrostatic and hydrogen-bonding interactions occur between the terminal lysine residugsiod L
L24DAP and the polar headgroups of PG bilayers. However, such interactions were not observed in PG/
WL,W bilayers, suggesting that the catiem interactions between the tryptophan and lysine residues
predominate. These results indicate that the tijpdptide interactions are affected not only by the
hydrophobic mismatch between these peptides and the host lipid bilayer, but also by the tryptophan-
modulated electrostatic and hydrogen-bonding interactions between the positively charged lysine residues
at the termini of these peptides and the negatively charged polar headgroups of the PG bilayers.

Although about one-third of all proteins are integral phatidylglycerol is the predominant anionic lipid found in
membrane proteins, relatively little is known about the prokaryotic membrane$(6). Thus, elucidating the nature
detailed structures of membrane proteihs o date, only of the interactions between integral transmembrane proteins
76 unigue membrane protein structures have been reportecand anionic phospholipids is important for an understanding
(2), compared with the huge number (over 14 000) of soluble of the structure and function of membrane proteins. Indeed,
proteins in the Protein Data Bank. Most of these integral many studies have shown that some membrane-associated
membrane proteins are composed of tightly packed bundlesenzymes and transporters have a requirement for specific
of transmembrane-helices that contain about 20 hydro-  anjonic phospholipids7—10). For example, irfEscherichia
phobic amino acid residues. Statistical analysis shows thatcolj anionic lipids are necessary for the translocation activity
the hydrophobic core of these transmembrarieelices is  of SecA and for the efficient integration of the leader
normally flanked by aromatic residues such as tryptophan peptidase g, 10). In addition, our previous studies have
or tyrosine and that positively charged lysine or arginine ghown that the NaMg?*-ATPase ofAcholeplasma laidlawii
residues are found adjacent to these aromatic resid)es ( requires the presence of an optimal amount of anionic
In addition, the orientation of transmembrane proteins obeys hospholipid for maximal activity, while high levels of

the positive-inside rule, that is, the hydrophilic loops rich in - 5nignic phospholipid inhibit activity and may even irrevers-

positive charges are predommantly located in thg pytqplasm. ibly denature the proteir8].

Moreover, although the majority of the phospholipids in cell i ,

membranes are zwitterionic or uncharged, phospholipids Bgcausg most transmembrane proteins are relatively large,

possessing a negative charge are also predgrRifosphati- multldo_maln macromolecules of complex and often un_known

dylserine is usually the major anionic lipid found in the inner three-dimensional structure and topology that can interact

surface of the eukaryotic cell membranes, whereas phos-With lipid bilayers in complex, multifaceted way$¥-13),

our understanding of the physical principles underlying
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and synthesized peptide models of specific regions of naturalPC bilayers 27, 28). First, with the peptide LDAP, the
membrane proteins and have studied their interactions withtwo pairs of capping lysine residues at the N- and C-termini

model membranes of defined lipid compositiatd), The
synthetic peptide acetyl-KG-L,,-K>-A-amide (B4)* and its

of Lo4 have been replaced with the lysine analogues DAP,
in which three of the four side-chain methylene groups have

analogues have been successfully utilized as a model of thebeen removed. This peptide was used to test the so-called

hydrophobic transmembramrehelical segments of integral
membrane proteinslé, 15). These peptides contain a long

snorkel model first suggested by Segrest et28)) {0 explain
the behavior of positively charged residues in the amphipathic

sequence of hydrophobic leucine residues capped at both thénelices present at the surfaces of blood lipoproteins and later

N- and C-termini with two positively charged, relatively polar
lysine residues. Moreover, the normally positively charged

extended to transmembranehelices by von Heijne et al.
(30). According to the transmembrane peptide version of the

N-terminus and the negatively charged C-terminus are snorkel model, the long, flexible hydrophobic side-chains
blocked to provide a symmetrical tetracationic peptide that of lysine or arginine residues could extend along the

will more faithfully mimic the transbilayer region of natural

transmembrane helix so that the terminal charged moiety can

membrane proteins. The central polyleucine region of thesereside in the lipid polar headgroup region, while thearbon

peptides was designed to form a maximally stadoleelix,
particularly in the hydrophobic environment of the lipid

of the amino acid residue remains well below (or possibly
above) the membranavater interface, even when the

bilayer core, while the dilysine caps were designed to anchor hydrophobic length of the peptide is considerably different
the ends of these peptides to the polar surface of the lipid from that of the host lipid bilayer. Because of the shorter
bilayer and to inhibit the lateral aggregation of these peptides. spacer arms between the charged amino group and the

In fact, CD @4) and FTIR (6—18) spectroscopic studies of
P., have shown that it adopts a very stahiehelical
conformation both in solution and in lipid bilayers, and X-ray
diffraction (19), fluorescence quenchin?@, and FTIR
spectroscopicl(6—18) studies have confirmed thatfand

its analogues assume a transbilayer orientation with the N-

o-carbon in DAP, LDAP is expected to be less accom-
modating to the hydrophobic mismatch between the peptides
and the lipids, and any effects of such mismatch on the
thermotropic phase behavior of the host lipid bilayer should
thus be exaggerated. Second, with the peptide WI_the
residues Leu-3 and Leu-26 of,Jare replaced with tryp-

and C-termini exposed to the aqueous environment and thetophans. The preference of aromatic tryptophan or tyrosine
hydrophobic polyleucine core embedded in the hydrocarbon residues for the membrane polar/apolar interface has been
core of the lipid bilayer when reconstituted with various PCs. found to be one of the common features of natural membrane
DSC @1—23) and?H NMR spectroscopy4l, 22) studies proteins 81). Recent studies with WALP peptides (model
have shown that & broadens the AL, phase transition of  peptides with two tryptophans at each terminus anchor) have
the host phospholipid bilayer and reduces its enthalpy. The suggested that the interfacial anchoring properties of tryp-
Tm is shifted either upward or downward, depending on the tophan residues in transmembrane peptides can dominate
degree of mismatch between the hydrophobic length of the over hydrophobic match effects in the peptidipid inter-
peptide and the hydrophobic thickness of PC lipid bilayers actions since the tryptophan indole ring was consistently

(17), but this shift is not observed in PE bilayers, whesg P
substantially decreases tig in a hydrocarbon chain length-
independent manneR®). As well, small distortions of the
o-helical conformation of B are also observed in response
to peptide-lipid hydrophobic mismatchi(7). 2H NMR (24)
and ESR 25, 26) spectroscopic studies have shown that the
rotational diffusion of B, about its long axis perpendicular
to the membrane plane is rapid in thg dtate of the bilayer
and that the closely related peptides And (LA), exist at
least primarily as monomers in,LlPOPC bilayers, even at
relatively high peptide concentrations.

We have previously used three analogues of Rc-Ko-
L24—K2-amide (L24), AC-DAPZ-L24-DAP2-amide (L24DAP,
DAP is diaminopropionic acid), and AcKW-L,-W-K,-
amide (WL W) to study the roles of tryptophan and lysine
residues in membrangrotein interactions in zwitterionic

1 Abbreviations: B4, acetyl-Lys-Gly-Lelws-Lys,-Ala-amide; Lo,
acetyl-Lys-Lews-Lys,-amide; LsDAP, acetyl-DAB-Leus-DAP,-
amide; WL W, acetyl-Lys-Trp-LewTrp-Lys-amide; (LA), acetyl-
Lys,-(Leu-Ala)-Lys,-amide; DAP, 2,3-diaminopropionic acid; PG,

found to be located near the lipid carbonyl region, regardless
of the condition of hydrophobic mismatch between the
peptide and the lipid32). Since tryptophan residues have
been proposed to anchor the endsudfelical transmembrane
peptides to the polar/apolar interface of the lipid bilayer, we
would also expect that WEW would be less accommodating
to hydrophobic mismatch between the peptides and host lipid
bilayer than would L.

To further clarify the role of interfacially localized
tryptophan and lysine residues in lipigrotein interactions,
we have used DSC and FTIR spectroscopy to study the
interactions of L4, L24DAP, and WL,W with a series of
anionic PGs with different hydrocarbon chain lengths and
have compared these results with those obtained previously
for a homologous series of zwitterionic P@8). Our results
demonstrate that the negative charge of the host lipid bilayer
has modest but potentially important effects on the electro-
static and hydrogen-bonding interactions between the polar
residues at the termini of these peptides and the polar
headgroups of the phospholipid. Our results also indicate that
the interfacially localized tryptophan residues may play a

phosphatidylglycerol, where the number before the colon representsgignificant role in the interactions of model peptides with

the total number of carbon atoms in the hydrocarbon chains and the

number after the colon the number of double bonds; DSC, differential
scanning calorimetry; FTIR, Fourier transform infrared; lamellar

gel phase with tilted hydrocarbon chaing;, lamellar gel phase with
untilted hydrocarbon chains;llamellar liquid-crystalline phasn,
gel/liquid-crystalline phase transition temperatuxét, phase transition
enthalpy; AT, the shift of theT,, of the broad component relative to
that of the sharp component.

anionic phospholipids, due to itselectronic structure and/
or its strong hydrogen-bonding forming ability.

MATERIALS AND METHODS

The phospholipids used in this study were obtained from
Avanti Polar Lipids Inc. (Alabaster, AL) and were used
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without further purification. Commercially supplied solvents 14:0 15:0 16:0 18:0
of at least analytical grade quality were redistilled prior to

use. Peptides were synthesized and purified as TFA salts
using previously published solid-phase synthesis and reversed
phase high-performance liquid chromatographic procedures

(33).

Samples were prepared for DSC as follows. Lipids and 0—"—jL n - ~—
peptides were codissolved in methanol to attain the desired i J J
lipid-to-peptide ratio, and the solvent was removed with a L7 1 { |
stream of nitrogen, leaving a thin film on the sides of a clean ﬂ
glass test tube. This film was subsequently dried in vacuo 33 A A L
overnight to ensure removal of the last traces of solvent. '’ A A
Samples containing 0:5.8 mg of lipid were then hydrated ™ 553030 40 10 20 30 40 5020 30 40 50 60 30 40 50 60
by vigorous vortexing with a buffer (50 mM Tris, 150 mM o
NaCl, 1 mM NaN, pH 7.4) at temperatures some-1T6 Temperature 'C

°C above the gel/liquid-crystalline phase transition temper- Ficure 1. Effect of L4 on the DSC thermograms of a series of

ature of the lipid. DSC thermograms were obtained from n-saturated QiacyI-PGs. Thermograms are shown as a function of

0.5-mL samples with a high-sensitivity Microcal VP-DSC  the acyl chain lengthN:0) of the lipids, and the mole percent of

instrument (Microcal Inc., Northampton, MA), operating at peptide present in each sample is |nq|cated in the column of
. ) " pton, » Op 9 numbers printed on the left side of the figure.

heating and cooling rates of 2C/h. The data were analyzed _ B

and plotted with the Origin software package (OriginLab temperature of the main phase transitions of these PGs

Corporation, Northampton, MA). increases smoothly but nonlinearly, and th’s increase

Peptide samples to be used in FTIR spectroscopic experi_linearly, with an incrgase in hydrocarbon chain length. All
ments were converted to the hydrochloride salt by two cycles (N€S€ thermodynamic properties are comparable to those
of lyophylization from 10 mM hydrochloric acid. This ePorted previously by aqueous dispersions of various
procedure was necessary because the trifluoroacetate ioff-Saturated PGs3g) and are also similar to those of the
gives rise to a strong absorption bandlE70 cntl), which rippled gel to liquid-crystalline (L) phase transitions of
partially overlaps the amide | absorption band of the peptide COMparablen-saturated PCsLy, 28). ,

(17). Typically, samples were prepared by codissolving lipid € lower temperature transition is less cooperative and
and peptide in methanol at a lipid-to-peptide ratios near 30:1 Much less energetic and exhibits a modest cooling hysteresis
(mol/mol). After removal of the solvent and drying of the (Flgure 1). T_he mldpomt temperature of this transition also

film (see above), samples containing 2 mg of lipid were increases with an increase in hydrocarbon chain length.
hydrated by vigorous mixing with 7&L of a D,O-based However, the lower temperature transition exhibits a steeper
buffer (50 mM Tris, 150 mM NaCl, 1 mM NalpD 7.4). dependence on hydrocarbon chain length so that the interval
The dispersion obtained was then squeezed between the Car_between it and the main phase_transmon decreases W_lth
windows of a heatable, demountable liquid cell (NSG increases in the hydrocarbon chain length. These properties
Precision Cells, Farmingdale, NY) equipped with a2 are similar to those of the well-defined pretransitions of the

Teflon spacer. Once the sample was mounted in the sampld-Saturated 1,2-dicayl PCs. We therefore suggest that the

holder of the spectrometer, the sample temperature could bdOWer temperature transitions of PGs arg/R; phase
varied between 0 and 96C by an external, computer- transitions, similar to those exhibited by the corresponding

controlled water bath. Infrared spectra were acquired as adiacyl PCs. This suggestion should be regarded as tentative,
function of temperature with a Digilab FTS-40 Fourier nowever, until further structural studies such as X-ray
transform spectrometer (Bio-Rad, Digilab Division, Cam- diffraction are performed. , o
bridge, MA) using data acquisition parameters similar to __ 1€ Effect of Peptide Incorporation on the Pretransition.
those described by Mantsch et aB4). The experiment The incorporation of increasing quantities obsLinto
involved a sequential series oPE temperature ramps with ~ -Saturated dicyl PG bilayers slightly lowers the, &nd

a 20-min inter-ramp delay for thermal equilibration, and was Significantly lowers theAH and cooperativity of the pre-
equivalent to a scanning rate of “C/h. Spectra were transition in aII_ cases. In ad_dmon, the_pretransmon is
analyzed with software supplied by the instrument manu- completely abolished at the highest peptide concentration

facturers and other programs obtained from the National €X@mined (6.7 mol %) (see Figure 1). It is interesting that

Research Council of Canada. the incorporation of peptide is as effective in this regard in
the shorter chain PGs as in longer chain PGs. In contrast,
RESULTS the incorporation of B and L is more effective in

abolishing the pretransition in shorter chain PC bilay&i (

Thermotropic Phase Beb@r of PG Bilayers in the 28). Essentially identical results have been observed for the
Absence of Peptideas illustrated in Figure 1, in the absence L,, analogues ,DAP and WL, W (data not presented).
of peptides, the DSC thermograms of the fousaturated These findings suggest that the presence of these model
diacyl PGs studied exhibit two structurally distinct thermo- peptides may abolish hydrocarbon chain tilt in gel-phase PG
tropic phase transitions. The higher temperature main phasebilayers, causing the progressive replacement of thend
transition is highly energetic and more cooperative. Itis also P; phases with a disorderedslike phase with untilted
freely reversible, as shown by the absence of significant hydrocarbon chains, as observed previously in PC bilayers
cooling hysteresis (data not presented). In addition, the (17, 28, 36).
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Ficure 2: lllustration of the curve-fitting procedure used to resolve g wl
the components of the DSC heating thermograms. The examplesH or
shown are by/14:0 PG (left panel) and 4/15:0PG (right panel). 35 \ A \ A \ A ) )
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) . ) . Concentration of L, 4(mol%)
The Effect of Peptide Incorporation on the Main Transi-

tion. The effects of the incorporation of4on the main phase Ficure 3: Effects of Ly, concentration on the peak temperatures

" . . of the two components of the DSC thermograms exhibited by the
transitions of the four PGs studied here are also illustrated i+ ves of L, and then-saturated diacyl-PGs. The symbois)(

in Figure 1. In all cases, the incorporation of increasing and @) represent the sharp and broad components of the DSC
quantities of peptide produces a two-component DSC en- endotherms, respectively.

dotherm (see Figure 2), as well as a progressive decrease in
the AH and cooperativity of the overallfL, phase transition

of the host PG bilayer. The relative contribution of the sharp
component of the DSC endotherm, which initially possesses
aTm, AH, and cooperativity similar to that of the PG alone,
decreases in magnitude as the proportion afibcreases.

In contrast, the relative contribution of the broad component
increases as the peptide concentration increases, and it is
the predominant component present at the highest peptide
concentration tested. Using the rationale provided in our
previous DSC studies of the interaction of,Rnd related
peptides with lipid bilayersl(7, 28, 36), we assign the sharp 14 15 16 17 18
and broad component of our DSC endotherms to thike.L Hydrophobic chain length

phase transitions of peptide-poor and peptide-rich PG FIGURe 4: Plot of the differences of the transition temperatures of

domains, respectively. We also observe a small decrease ifthe peptide-associated and the peptide-poor PGs versus the hydro-
the temperature and cooperativity of the sharp componentphobic chain length of the lipid bilayer at a peptide concentration

of the DSC endotherms. This is ascribed to domain boundaryof 3.3 mol %. The symbolsa), (®), and @) represent peptides
effects arising from the decreasing size of the peptide-poor WL22W, L2aDAP, and Ly, respectively.
PG domains, which also explains their progressively smaller
AH as peptide concentration increases. Note that thesegreater depression of tig, in PG bilayers compared to PC
characteristic effects of 4, and its analogues on the sharp bilayers produced by the incorporation of comparable
component of the DSC endotherms are noted in all the PGsamounts of these peptides.
studied and are hydrocarbon chain length and peptide The effects of the lipid hydrocarbon chain length on the
structure independent. shift of the Ty, of the broad component relative to that of the
The effects of peptide incorporation on the thermodynamic sharp component\T) in PG bilayers are presented in Figure
parameters of the peptide-rich PG domain, however, do 4. With all three model peptides examined, th& of the
depend on the hydrocarbon chain length and thus on thePG/peptide mixtures becomes larger and more negative with
thickness of the host PG bilayer. For example, as shown inthe increase in lipid hydrophobic chain length, which is
Figure 3, theT, of the broad component of the DSC similar to that reported previously in PC/peptide mixtures
endotherm occurs at the same temperature as that of the sharwith chain lengths of 15 carbons or moi28). In addition,
component in 14:0 PG bilayers, but at progressively lower we observe that all three model peptides reduceNhef
temperatures in 15:0, 16:0, and 18:0 PG hilayers. If the samePG bilayers to a greater extent than that of PC bilayers of
trend continues, th&,, of the broad component of the DSC comparable hydrocarbon chain length. Moreover, in all four
endotherm would occur at a higher temperature than that of PGs examined, Wi,W reduces the\T to a greater extent
the sharp component in 13:0 or shorter chain PG bilayers, than Ly, and Ly, reduces th\T to a larger extent thanylk-
as observed previously in PC bilayets(28). Furthermore, DAP. In PC bilayers, these model peptides also affect the
in all cases thely,’s of both components decrease with AT in a manner dependent on the hydrophobic mismatch
increasing peptide concentration. It is interesting that the between the model peptides and the lipid hydrophobic
phase transition temperatures of the broad and sharp comzthickness, but exhibit a different dependence on the structure
ponents are almost equal in 14:0 PG but in 15:0 PC bilayersof these peptides. The differential effects of these peptides
(17, 28). This difference in behavior is likely due to the on theAT of PG and PC bilayers suggest that the thermo-

1

2t

Temperature Difference (°C)
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Ficure 7: Effect of NaCl concentration on the phase behaviors of

Ficure 5: Effects of L, concentration on the transition enthalpies L,/16:0 PG mixtures at a peptide concentration of 3.3 mol %.

of the two components of the DSC thermograms exhibited by
mixtures of L, andn-saturated diacyl-PGs. The symbo#)((a),

and (v) represent the total enthalpy and the enthalpy of the sharp organization to a considerably larger degree in PG as
and the broad components of DSC endotherms, respectively. compared to PC bilayers.

8 8 To further explore the physical principles underlying-PG

peptide interactions, we have examined the effect of salt

6 6} concentration on the thermotropic phase behavior of 16:0
/ PG alone and of a44/16:0 PG mixture containing 3.3 mol

ar —_'f % peptide (Figure 7). With an increase of NaCl concentra-
>< tion, there is a gradual increase in thg of the main phase

(54

\ 2 transition of the 16:0 PG from 40.9C at 0 mM NacCl to
. 4 42.1°C at 900 mM (data not shown). A similar increase is
(1],4 .
R e e s e— obs_erved in the temperature of the shar_p component of the
Concentration of L. (mol%) main phase transitions of the416:0 PG mixture, from_39.9
M °C at 0 mM NacCl to 41.8C at 900 mM NacCl, while a
t'i';#;ﬁfr; e%?hrgll%i‘g:%? ;/flghg ggeg&t%fﬁé—%ﬁnﬁtengggmvﬁﬂ ttrr:gt smaller increase was observed in the temperature of the broad
on the transitiorﬁ) enthalpies of,4(15:0 PC m?xturr)e (left panel). cqmponent of the main phase transitions of th¢16:0 PG
The symbols®), (a), and () represent the total enthalpy and the ~Mixture, from 38.9C at 0 mM NaCl to 40.2C at 900 mM
enthalpy of the sharp and the broad components of DSC endo-NaCl. This suggests that the electrical repulsion between the
therms, respectively. negatively charged phosphate groups in the peptide-enriched
domains in PG bilayers is weakened by the presence of these
tropic phase behavior of peptide/lipid mixtures is influenced cationic peptides. Moreover, with the increase of the salt
by other forces besides those arising from hydrophobic concentration, a much larger increase was observed for the
mismatch between the model peptides and the host phostemperature of the pretransition of the,116:0 PG mixture,
pholipid bilayers. A possible molecular mechanism for from 32.2°C at 0 mM NaCl to 39.6C at 900 mM NacCl,
rationalizing these results will be presented later. which leads to the overlapping of the pretransition and the
The effect of peptide incorporation on tieH'’s of the main phase transition at 900 mM NaCl. However, the small
four PG bilayers studied here is shown in Figure 5. In all effects of increases in salt concentration onTheAH, and
cases, the overalhH decreases by about 3 kcal/mol with cooperativity of the main phase transition of the/L6:0
an increase in peptide concentration. However, Atk of PG mixture suggest that forces other than electrostatic ones
the broad component of the DSC endotherm initially play a significant role in the interactions of these model
increases with increasing peptide concentration before level-transmembrane peptides with anionic phospholipid bilayers.
ing off, while the AH of the sharp component decreases Fourier Transform Infrared Spectroscopic Studies of
rapidly but does not become zero even at the highest peptidePeptide-Containing PG Bilayersn these studies, infrared
concentration tested. In contrast, in comparable PC bilayers,spectra of mixtures of these peptides with each of the four
the overallAH decreases by only about 2 kcal/mol at the PGs studied were recorded as a function of temperature and
highest peptide concentration (Figure 6). Moreover Ake as a function of the mole fraction of the peptide. The use of
of the broad component decreases at higher peptide concenFTIR spectroscopy permits a nonperturbing monitoring of
tration after an initial increase, and theH of the sharp both the structural organization of the lipid bilayer and the
component approaches zero at the highest peptide concentrazonformation of the incorporated peptide. Thus, the changes
tion in PC bilayers. Thus, the lowekH of the PG as in the degree of rotational isomeric disorder of the lipid
compared to the PC bilayers at higher peptide concentrationshydrocarbon chains accompanying thgll, phase transi-
is due to the much lower enthalpy of the broad component tions of the lipid bilayer can be conveniently monitored by
of the former system. The fact that theH of the sharp changes in the frequency of the €slymmetric stretching
component goes to zero at high peptide concentrations inband near 2850 cm, changes in gel-state hydrocarbon chain
PC but not in PG bilayers suggests that these peptides argacking by changes in the GHcissoring band near 1468
not as well dispersed in the latter mixture. However, the fact cm™, changes in the hydration and/or polarity of the
that the overallAH is nevertheless decreased to a greater phosphate polar headgroup of the lipid bilayer by changes
extent indicates that these peptides disrupt the gel-statein the frequency of the ©P—0O asymmetrical stretching

Enthalpy (KCal/mole)
=
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FicUrRe 8: FTIR spectra of gel (top) and the liquid-crystalline phase ) . . . . . . . . .
(bottom) fc_)rmed by a mixture of 4; with 16:0 PG at a peptide 1135 1205 1275 1345 1415 1135 1205 1275 1345 1415
concentration of 3.3 mol %.

Wavenumbers

2853 F————7——1————7—— 1656.5 Ficure 10: (A) The asymmetrical phosphate stretching regions of
infrared spectra of 16:0 PG alone in the gel and the liquid-crystalline
phases. (B) The asymmetrical phosphate stretching regions of
infrared spectra of pure 16:0 PG416:0 PG, 1.,DAP/16:0 PG,

and WL4W/16:0 PG at a peptide concentration of 3.3 mol %. The
absorbance spectra shown here were acquired in the liquid-
crystalline phase of the lipids.

-1

-1

2852
1656.0

2851

1655.5
hydrocarbon chains exhibited by a mixture of,land 16:0

PG (3.3 mol % peptide). The DSC heating endotherm of
this sample is also shown to facilitate a comparison of the
calorimetric and FTIR spectroscopic results. The heating
endothermic transitions reported by DSC are accompanied

Sogagli o o0 o0 iesss by an increase in the GHsymmetric stretching frequency,
20 25 30 35 40 45 50 indicating that both the sharp and broad components of the
Temperature °C DSC endotherms are associated with lipid hydrocarbon chain-

Ficure 9: Combined plots of Ckisymmetric stretch@), peptide melting evgntsi(?). Moreover, the I'p!d phase transition is
amide | band 4), and calorimetric thermograms as a function of accompanied by a small decrease in the frequency of the
temperature for systems 084/16:0 PG at a peptide concentration L4 amide | band. This frequency change is both reproducible
of 3.3 mol %. and reversible, suggesting that the conformation of the model
peptide is slightly altered by the lipid phase transition.
bands nears 1215 crh and changes in peptide secondary Qualitatively similar results were obtained when the peptides
structure can be monitored by changes in the conformation-|_,,DAP and WIL,sW were incorporated into all four PG

2850

1655.0

Amide I Frequency, cm

2849

CH, Stretching Frequency, cm

ally sensitive amide | band near 1650 th{37). bilayers examined here (data not shown). The pattern of the
lllustrated in Figure 8 are the FTIR spectra ofy116:0 amide | frequency shifts of the model peptide at the gel/
PG (3.3 mol % peptide) mixture in thegzl(top) and Ly liquid-crystalline phase transition of PG bilayers is very

(bottom) phases. 44 exhibits a sharp band at about 1654 similar to that observed when these peptides are incorporated
cm, indicating that this peptide adopts a predominantly into PC bilayers 17, 28) and thus is also ascribed to small
a-helical structure in both phases. A similar sharp amide | conformational distortions of the peptide helix induced by
band was observed for all three model peptides in all four changes in phospholipid bilayer hydrophobic thickness.
PGs examined. These results indicate that the potentially To study the effects of peptide incorporation on the PG
stronger electrostatic and hydrogen-bonding interactions polar headgroups in both the bnd L, phases, FTIR spectra
between the model peptides and the polar headgroups ofin the O-P—O asymmetrical stretching region of PG bilayers
anionic PG bilayers do not change the peptide conformation with and without peptides were obtained at various temper-
dramatically relative to comparable zwitterionic P@eptide atures. The FTIR spectra of the-®—0O asymmetrical
mixtures. In addition, in the L phase, the PG broad=€D stretching absorption bands of pure 16:0 PG are illustrated
stretching bands centered near 1738 toontain subcom-  in Figure 10A. The strong, relatively broad absorption band
ponents centered near 1741 and 1726 criypon cooling centered at 1205 cmis the O-P—O asymmetric stretching

of the sample, an increase in the intensity of higher frequency band and the series of weaker, overlapping bands at 1200,
component relative to that of the lower frequency component 1222, 1244, 1266, and 1288 chare the CHwagging band

is observed. Since these two components have been attributerogression arising from the gel-state all-trans hydrocarbon
to a differential infrared absorption by free and hydrogen- chains. With an increase in temperature, the intensity of the

bonded ester carbonyl groups, respectivéld; 88, 39), this CH, wagging bands decreases significantly and almost
observation indicates a loss of water from this region of the disappears completely upon the gel-to-liquid-crystalline phase
bilayer upon entering theylstate. transition that occurs around 4£C. Moreover, above the

lllustrated in Figure 9 are the temperature-dependent lipid phase transition, the ©P—0 absorption band remains
changes in the frequencies of the peptide amide | absorptionbroad, but its maximum frequency shifts to about 1218%tm
band and the CiHsymmetric stretching band of the lipid Similar results were observed for the other three PGs
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examined here (data not presented). These observationsesults from a relatively greater disruption of the intrinsically
suggest that in the gel phase the PG phosphate polarstronger attractive electrostatic and hydrogen-bonding inter-
headgroups reside in a more polar environment, or areactions at the PE bilayer surface as compared to PC bilayers,
involved in stronger hydrogen-bonding interactions than in and that this disruption of attractive interactions between
the liquid-crystalline phase. adjacent polar headgroups is sufficiently large to attenuate

Because of the Over|apping of the Strong MQg”]g the effects of hydrOphObiC mismatch between the peptlde
band and the ©P—0 absorption bands in the gel phase, and. the host I_ipid bilayer. In the case of _anio_nic PG bilayers,
we will only discuss the effects of the incorporation of model L4 incorporation produces a hydrophobic mismatch-depend-
peptides on the ©P—0 absorption bands in the,lphase. ent decrease in th&, and AH which is less than that
lllustrated in Figure 10B are the FTIR spectra of the®>-O observed in PE bilayers but greater than that found in PC
absorption bands of 16:0 PG alone and the mixtures of 16:0bilayers of comparable hydrocarbon chain length. This result
PG with Lo, L2sDAP or WLxW, respectively, in the L is surprising in one sense, in that the binding of water soluble-
phase. The ©P—0 absorption bands of the mixtures of 16:0 cationic peptides or proteins to anionic phospholipid bilayers
PG with either L, or Lo.DAP exhibit two components, with ~ Usually produces an increaseh andAH due to a partial
one component centered near 1215 &mvhich is similar alleviation of the electrostatic repulsion arising from adjacent
to the O-P—O spectra of 16:0 PG alone, and the other anionic polar headgroups at the surface of the bilayers, thus
centered at a lower frequency of about 1208 &nThese  Stabilizing the gel stated(, 41). The fact that the incorpora-
observations suggest that some of the phosphate polation of these cationic transmembrane peptides instead actually
headgroups of the PG bilayer reside in more polar environ- reducesT’s of these anionic PG bilayers suggests that their
ments than others in the presence of these peptides. Thélisruption of the attractive hydrogen-bonding network present
|ower-frequency popu|ation of phospho||p|ds are ||ke|y in geI-State PG bilayers is the dominant effect here. This
peptide-associated molecules that form more extensiveconclusion is supported by our finding that the thermotropic
electrostatic and hydrogen-bonding interactions withdr phase behavior of 4/16:0 PG bilayers is only weakly
L,.DAP. In contrast, the ©P—0 absorption bands exhibited ~dependent on variations in salt concentration, which indicates
by the mixture of 16:0 PG and WEW exhibit a one- that electrostatic effects are not of primarily importance here.
component spectra centered around 1215'cmhich isvery  Itis interesting to note that the overall effects of Bnd B4
similar to that of the pure 16:0 PG. Similar results were incorporation are more similar in zwitterionic PC and anionic
obtained with the other PGs studied (data not presented),PG bilayers than in zwitterionic PE bilayers. This suggests
suggesting that these differences betweemMiLand Los that the strength of the electrostatic and hydrogen-bonding
or Lo4DAP are independent of the mismatch between peptide interactions between adjacent polar headgroups, rather than
hydrophobic length and lipid hydrophobic thickness. The Polar headgroup charge per se, is the primarily determinant
possible molecular basis for this difference in behaviors Of the effect of the incorporation of these transmembrane
between Wly,W and Ly, or L,,DAP will be discussed later.  Peptides on the thermotropic phase behavior of the host
phospholipid bilayer.

One purpose of this paper is to study the potential role of
. ) the snorkel effect in lipietpeptide interactions by studying

In this study, we have shown that model peptides that the interactions of these model peptides with anionic PG and
mimic the hydrophobic transmembranehelical segments  zyitterionic PC bilayers. The transmembrane version of the
of integral membrane proteins have somewhat different snorkel model suggests that the long side-chain of Lys can
interactions with anionic PG bilayers than with zwitterionic reach up along the transmembrane helix to allow the terminal
PC bilayers. In particular, all three model peptides reduce charged amino group to reside in the lipid polar headgroup
the phase transition temperatures and enthalpies of the PGegion while thea-carbon of the residue is positioned well
bilayers to a greater extent than PC bilayers. These resultsyelow the membranewater interface. Because of the shorter
indicate that the nature and strength of the interactions spacer arms between the charged group and.tbarbon of
between the somewhat polar an_d Charged amino acid reS|due®AP, the pept|de LDAP is expected to be less accom-
at the ends of these model peptides and the polar headgroupgodating to the hydrophobic mismatch between model
of anionic PG and zwitterionic PC bllayers are different. peptides and ||p|d bi|ayers' and any effects of such mismatch

DISCUSSION

It is instructive to compare the effects okJand the
closely related peptide,Pon theT, and AH of the main
phase transitions of zwitterionic PQ7, 28) and PE 23,

on the thermotropic phase behavior of its host lipid bilayer
should be exaggerated. In contrast to this prediction, our
previous study actually showed that replacing the terminal

unpublished data) bilayers with that of anionic PG bilayes Lys residues of ks by DAP attenuates the hydrophobic
(this study) of comparable hydrocarbon chain length. As mismatch effects of the peptide on the thermotropic phase
mentioned previously, 44 and B, decrease th&.,, and AH behavior of the host zwitterionic PC bilaye28). This

of the main phase transitions of PE bilayers to a greater extentattenuated hydrophobic mismatch effect was rationalized by
than that of PC bilayers, and the characteristic effects of thesepostulating that the DAP residues are too short to engage in
peptides on PE bilayers are not as strongly dependent onsignificant electrostatic interactions with the polar headgroups
the bilayer thickness as with PC bilayers. We suggested of the host phospholipid bilayer. Therefore, we expect that
earlier that the differing effects of peptide incorporation of a differential hydrophobic mismatch effect of,,DAP

PE and PC bilayers were due primarily to the stronger lipid relative to that of k4 will also be observed in PG bilayers,
polar headgroup interactions in the former system. More and may be more prominent there because of the potentially
specifically, we postulated that the larger effect of trans- stronger electrostatic attractive interactions between these
membrane peptide incorporation on gel-state PE bilayerscationic model peptides and the polar headgroups of the
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anionic phospholipid. Indeed, our results show that the residues may engage in cation interactions with the

dependence of th\T of PG bilayers on hydrophobic
mismatch is less for 4DAP than for Ly, as predicted.
However, the magnitude of the variation&T with changes
in hydrocarbon chain length produced by, IDAP incor-

poration relative to that by, is only slightly greater in PG

positively charged side-chains of the lysine residues at the
N- and C-termini of Wl,W. The catior-zr interaction is a
noncovalent force between a positive charge and the quad-
rupole moment of an aromatic structuds). Considerable
evidence suggests that catiam interactions are important

than in PC bilayers, suggesting that the magnitude of thein many proteins that bind cationic substratesl-{46).
attractive electrostatic interactions between the positively Previous studies of the interactions of four tryptophan
charged lysine or DAP residues at the peptide termini and analogues with PC bilayers suggested that the preference of
the negatively charged phosphate groups of PG and PCtryptophan for the membrane interface is dominated by its

bilayers are not greatly different.

A comparison of the effects of the incorporation of,L
and WLy, W on various PG bilayers reveals that the latter
peptide produces a slightly greater decrease imthef the

m-electronic structure and associated quadrupolar moment

(aromaticity) that favor residing in the electrostatically
complex interfacial environmen#q). In the PG/WIlx W
mixtures, if the positively charged amino groups of the lysine

broad component of the DSC endotherm than does theresidues form cationz interactions with the adjacent

former. However, the variations of the difference in tem-

tryptophan residues, we would expect that these lysine

perature between the sharp and broad component withresidues would be less likely to form electrostatic attractions
variations in PG hydrocarbon chain length are identical with the anionic phosphate group of the PG bilayer. As a

within experimental error for both peptides. Thus, although

result, the model peptide WEW will have a much smaller

the presence of tryptophan residues at the ends of theeffect on the frequency of the -€P—O asymmetrical

polyleucine core of Wk W perturbs the organization of gel-

stretching absorption bands of the peptide-associated PGs

state PG bilayers slightly, they do not seem to alter the in the L, phase than would 44 and L..DAP, as shown by
magnitude of the hydrophobic mismatch response betweenour FTIR results.

WL, W and the host lipid bilayers, as might be predicted if
the tryptophan residues interact strongly with the glycerol

In conclusion, the present study and our previous work
highlight the importance of the electrostatic and hydrogen-

backbone region of the PG molecules. A possible reason forbonding interactions between the lysine residues at the ends

these findings will be offered below.
Our current studies also show thakland L., DAP lower
the frequencies of the ©P—O asymmetrical stretching

of a-helical transmembrane peptides and the polar head-
groups of the phospholipids in lipid bilayer membranes.

These studies also suggest that specific residues, such as the

absorption bands of the peptide-associated PGs in the liquid-aromatic tryptophan residues, may modulate such interactions
crystalline phase. Our previous studies have shown that thebetween model peptides and lipid polar headgroups. We hope

frequency of the ©P—0 asymmetric stretching absorption
bands of PGs (1205 crhin the L; phase and 1215 crhin

the L, phase) are significantly lower than observed with other
phospholipids (122061230 cm?t) (42), suggesting that the

that further structural and computer modeling investigations
will help to further elucidate the molecular basis for these

observations.
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