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ABSTRACT. We have investigated the effect of a series of hydrophobic polypeptides (WALP peptides) on
the mean hydrophobic thickness of (chain-perdeuterated) phosphatidylcholines (PCs) with different acyl
chain length, usingH NMR and ESR techniques. The WALP peptides are uncharged and consist of a
sequence with variable length of alternating leucine and alanine, flanked on both sides by two tryptophans,
and with the N- and C-termini blocked, e.g., FmA{VA) \W.AEtn. 2H NMR measurements showed

that the shortest peptide with a total length of 16 amino acids (WALP16) causes an increase of 0.6 A in
bilayer thickness in di-G-PC, a smaller increase in dit&ZPC, no effect in di-@-PC, and a decrease of

0.4 A in di-C;g-PC, which was the largest decrease observed in any of the peptide/lipid systems. The
longest peptide, WALP19, in di4ePC caused the largest increase in thickness of the sefikg @),

which decreased again for longer lipids toward d§-€C, in which no effect was noticed. WALP17
displayed an influence intermediate between that of WALP16 and WALP19. Altogether, incorporation
of the WALP peptides was found to result in small but very systematic changes in bilayer thickness and
area per lipid molecule, depending on the difference in hydrophobic length between the peptide and the
lipid bilayer in the liquid-crystalline phase. ESR measurements with spin-labeled lipid probes confirmed
this result. Because thickness is expected to be influenced most at the lipids directly adjacent to the
peptides, also the maximal adaptation of these first-shell lipids was estimated. The calculation was based
on the assumption that there is little or no aggregation of the WALP peptides, as was supported by ESR,
and that lipid exchange is rapid on tB¢ NMR time scale. It was found that even the maximal possible
changes in first-shell lipid length were relatively small and represented only a partial response to mismatch.
The synthetic WALP peptides are structurally related to the gramicidin channel, which was therefore
used for comparison. In most lipid systems, gramicidin proved to be a stronger perturber of bilayer
thickness than WALP19, although its length should approximate that of the shorter WALP16. The effects
of gramicidin and WALP peptides on bilayer thickness were evaluated with respect to pré#dusIR

studies on the effects of these peptides on macroscopic lipid phase behavior. Both approaches indicate
that, in addition to the effective hydrophobic length, also the physical nature of the peptide surface is a
modulator of lipid order.

The ways in which proteins and lipids interact are of isimportantin such interplay. Hydrophobic mismatch may
fundamental significance for membrane structure and func- influence the activity of membrane proteiris @), drive the
tion. Evidence is accumulating that the extent of hydro- formation of lipid microdomains and the lateral segregation
phobic matching between these two membrane constituentof proteins in biomembranes3{5), and govern protein
sorting in the secretion pathwag)(
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aggregation is another possible reaction, when the proteinextensively in the bilayer, possibly due to the interfacial
hydrophobic length is both too long and too short, because tryptophan residues of these peptides.

it reduces the amount of water-exposed nonpolar surface area

(10). Alternatively, the lipids could respond to both mis- MATERIALS AND METHODS

match situations by ordering or disordering their acyl chains,
as described in the ‘mattress model’ of Mouritsen and Bloom

(11) or the model of Owicki et al.12). A drastic disordering The peptides WALP16, WALP17, and WALP19 (see
may even drive the formation of inverted nonbilayer lipid Tgple 1) were synthesized as described befaf. ( The
phases 13-15). Although each of these molecular rear- pa¢ral mixture of gramicidins froBacillus brevis (grami-
rangements will have consequences for membrane characggin A') was obtained from Sigma (St. Louis, MO). The
teristics, little is known about the guiding principles behind ¢no5 chain perdeuterated phospholipids 1,2-dilausyl-
these adaptations. glycero-3-phosphocholine (DLP@s), 1,2-dimyristoylsn

To understand the possible effects of hydrophobic mis- glycero-3-phosphocholine (DMPG:), 1,2-dipalmitoylsn-
match at a molecular level, it is necessary to carry out glycero-3-phosphocholine (DPP;), and 1,2-distearoyl-
systematic studies on well-defined proteiipid complexes. snglycero-3-phosphocholine (DSPd3s) were synthesized
Model peptides present a suitable tool to gain insight into based on the method of Boss et @4y, using a modified
such molecular interactions because of their well-defined procedure 25), or purchased from Avanti Polar Lipids Inc.
structure. Synthetic polyleucines and polyleucine/alanines, (Birmingham, AL); both batches gave identical results.
with terminally located charged residues to ensure a trans-Deuterium-depleted water was from Isotec Inc. (Miamisburg,
membrane orientation, have been used to study peptide OH). 5-, 12-, and 14N-oxy-4,4-dimethyloxazolidin-2-yl)-
lipid interactions and the effects of hydrophobic mismatch stearic acids (5-, 12-, and 14-SASL) were synthesized
(7, 8, 16, 17. Also the antibiotic gramicidin A (gA)has according to Hubbell and McConnelR§).
been extensively investigated as a model transmembrane
peptide (reviewed ii8). In its channel conformation, gA  Methods
spans the membrane asf&3-helical dimer in which the
N-termini are linked together by hydrogen bonding. The
interfacially located C-termini of this dimer are rich in
tryptophans and its core consists of hydrophobic residues.
We chose to use related unchargetelical peptides (WALP

Materials

NMR Sample PreparationPeptides were incorporated
into bilayers ofsn-2 chain perdeuterated phospholipids by
adding, at temperatures above the gel to liquid-crystalline
phase transition, TFA-pretreated peptide dissolved in 0.5 mL

peptides) which consist of a hydrophobic core with variable ]?f”TFEJObO'S(;gIT.Of a ]!ipid suspefnsion in digti_lled w;}ter,
lengths of alternating leucine and alanine residues, flanked ollowed by addition of 10 mL of water and immediate

; ; hilization @5). Lyophilized samples containing 30
on both sides by tryptophans (see Table 1). These peptidedY°P N :
were shown to form transmembraanehelices in PC model ~ 20#Mmol of sn2 perdeuterated lipid and 3.3 mol % peptide

i ; hydrated in 1 mL of deuterium-depleted water. The
membranes1). Because singlel9) as well as multiple ~ Wer€ re ) v
(20-23) membrane-spanning proteins frequently display S@MPIes were spun down at 30gGor 15 min at 4°C, and
tryptophan residues near the membrane interface, wALp the supernatant was remoyed. The pellet was washed with
peptides are excellent models fathelical transmembrane ~ deuterium-depleted water, if the pH of the supernatant was

segments of these proteins. bell\lol\\;lval\H/l 6. H NMR t dod
: : easurements? spectra were recorded on
In the present study, we focus on the possible shortening ; )
or stretching of the lipid acyl chains in bilayer systems that a Bruker MSL 300 NMR spectrometer, using a high-power

are confronted with a hydrophobic mismatch induced by Ferrcrzbeer\ggjhreavzegrgnI;(t)é?jntglsv?tlhz?)n;eg EZ'IIn 'I;hsrjsg:ple
transmembrane WALP peptides. Gramicidin was included B-V‘FI)'1000 tem eratgure controlleH NMR mea%urements
for the purpose of comparison. Information about mean lipid P -

acyl chain length was obtained frothl NMR quadrupolar were performed_ at 46.1 MHz, using a quadrupolar echo
splitting measurements using phospholipids véth2 per- sequence A7) with 8 2.6us 90 pulse,_q_SOys pulse
deuterated chains. In addition, the interaction of the peptidesseparatlon' a repetition rate of wo acquisitions per second,

: : A . and a spectral width of 417 kHz, with 2048 data points in
with neighboring lipids was characterized by ESR measure- . o
ments with lipid probes, spin-labeled in the fatty acid chain. the time domain; 30 00860 000 scans were accumulated.

- S . The free induction decays were left-shifted to begin at the
Data from both techniques indicate that the peptide (o of the echo, zero-filled to 8192 points, and multiplied

hydrophobic length influences bilayer thickness in a sys- it an exponential window function equivalent to a line

tematic way such as to reduce the mismatch. The ESRbroadening of 50 Hz. Proton-decoupl®#® NMR experi-

measurements indicate that WALP peptides do not aggregateyants were carried out at 121.5 MHz, with 2490 pulse,

a 1.3 s interpulse time, and gated proton-noise decoupling.
1 Abbreviations: NMR, nuclear magnetic resonance; ESR, electron A sweep width of 25 kHz, 1024 data points, and a 100 Hz

spin resonance; Fm, formyl; Etn, ethanolamine; TFA, trifluoroacetic line broadening were used, and approximately 8000 scans

acid; TFE, trifluoroethanol; WALP, tryptophan-alanine-leucine peptide ;
FmAWS(LA) WoAEN: gA, gramicidin A; PC, phosphatidylcholine: were acquired. Spectra were recorded atClabove the

DLPC, 1,2-dilauroyisn-glycero-3-phosphocholine; DMPC, 1.2-dimyris- ~ 9€l-to-liquid-phase transition temperature of the pure lipids.
toyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitsylglycero- At these relative temperatures, the physical characteristics
3-phosphocholine; DSPC, 1,2-distearsylglycero-3-phosphocholine;  of pilayers are expected to be most comparaBg). (

DOPC, 1,2-dioleoybkn-glycero-3-phosphocholin@:-SASL, n-(N-oxy- . . 2
4,4-dimethyloxazolidin-2-yl)stearic acid spin-labeli,Hnverse hex- Analysis of the’H NMR Spectra. Unsymmetrized’H
agonal lipid phase. NMR powder spectra were dePaked by nonnegative least-
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squares analysis with Tikhonov regularizatid®)( This
procedure results in spectra that would be obtained for an
aligned membrane with its bilayer normal parallel to the
magnetic field. This enhances the resolution and results in
doublets with splittingsAvq, that relate to the bond order
parameteiScp(i) according to

eZ

N W

Avg =3 E09%()

(1)

wheree?qQ/h = 167 kHz is the static quadrupolar coupling
constant for a &2H bond B0). On the basis of geometric
considerations, the values &p(i) are assumed to be
negative; however, for practical reasons we will always refer
to the absolute valueSp(i) can be approximately related
to the segmental order paramet&i) by assuming axial
symmetry 81, 32:

i) = 25,
(i) = 6%p3

()
®3)

for methylene and methyl €D bonds, respectively.

Order parameter profiles were obtained by assuming that
the segmental order varies monotonically along the acyl chain
(33). The area of each resolved peak in the dePaked

spectrum was calculated and, based on the ratio of this are%/

to the total area of all peaks, assigned to a carbon position

(34). The unresolved peak, which is associated to the plateau

region, was fitted and subsequently deconvoluted into
Gaussian peaks using the Origin Peak Fitting Module 3.5
from Microcal Software Inc. (Northampton, MA). The area
and midpoint of these deconvoluted peaks were used for
carbon assignment argi) determination, respectively. The
whole procedure was applied to both the negative and

positive sides of the dePaked spectra, and the resulting value\s?v

of (i) were averaged.

Estimation of Bilayer ThicknessThe effective length of
a saturated acyl chain in the liquid-crystalline phase of pure
lipid bilayers has been found to be proportional to the average
segmental order parametéB] (35, 3§. Under these
conditions, the average lengtli,[] projected on the bilayer
normal can be estimated from the relati@Y)(

1+ (80
o=l

4)
wherel, (= 1.27 x n A) is the projected length of an all-
trans chain (1.27 A is the projected distance between two
carbon atoms in the all-trans state) ant the number of
C—C bonds between the third carbon and the methyl group
of the sn2 chain 6 = n. — 3). The hydrophobic bilayer
thickness is then approximated by

DO= 20+ 3.75 A (5)
where 3.75 A is the €C distance, across the bilayer,
between contacting terminal methyl groups, as determined
by X-ray measurement88). We applied this same proce-
dure for bilayers with peptides incorporated.
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The area per lipid moleculd, was calculated according
to (37) from the plateau region only:

_ 869K
1+ {0

where [§,Uis the average order parameter in the plateau
region, andVer, = 27.6 A3 is assumed for the volume of a
CH, group in the fluid phase. It should be noted that
alternative, simplified approaches are also regularly used for
estimation of changes in bilayer thickness and lipid area (e.qg.,
37, 39.

ESR Sample PreparationPeptide dissolved in 0.5 mL
of TFE was added to 0.5 mL of a 3.0 mM lipid solution in
1/1 chloroform/methanol, v/v, doped with 1 mol % 5-, 12-,
or 14-SASL from a 3.3 mM methanol solution. The peptides
were incorporated into bilayers by evaporation of the solvents
on a rotavapor and subsequent hydration of the dry lipid/
peptide film in 40QuL of distilled water, at temperatures above
the gel to liquid-crystalline phase transition. Samples were
spun down at 50apfor 15 min at room temperature in 1-mm
i.d. capillaries, which were flame-sealed after removal of the
supernatant. The method of ESR sample preparation devi-
ated for practical reasons frotH NMR sample preparation,
but both preparation methods yielded similar results with
the latter technique (data not shown).

ESR SpectroscopyESR spectra were recorded on a

arian Century Line Series 9-GHz spectrometer equipped
with a nitrogen gas flow-temperature regulation system.
Sample-containing capillaries were accommodated within
standard 4-mm quartz ESR tubes containing light silicone
oil for thermal stability. Temperature was measured by a
fine-wire thermocouple located at the top of the microwave
cavity within the silicone oil. Conventional, in-phase ESR

spectra were recorded at a modulation amplitude of 1.6 G
p and a modulation frequency of 100 kHz, with a sweep
idth of the static field of 100 G.

(6)

RESULTS

°H NMR MeasurementsWALP peptides and gramicidin
(Table 1) were incorporated at a 1/30 peptide/lipid molar
ratio into bilayers oén-2 chain perdeuterated DLPC, DMPC,
DPPC, and DSPC3' NMR measurements (see alsb)
confirmed that the lipids in these systems are in a bilayer
organization (data not shown). The effect of the peptides
on acyl chain order was characterized®yNMR. Figure
1 presents, as an example, fii¢ NMR spectra of DLPC
bilayer dispersions, with and without the different peptides.
Spectra of the pure lipids are with regard to line shaf# (
and quadrupolar splittingdQ, 429 in good agreement with
previous studies. Visual inspection of the spectra reveals
peptide-specific increases in quadrupolar splittings for the
central methyl and the outer methylene peaks, the latter
representing the plateau region. This demonstrates that all
the peptides order the DLPC chains, and that the order
increases as a function of the length of the WALP peptides.
The largest increases in order are observed for gramicidin
and WALP19.

In these powder spectra, the individual methylene signals
are not all completely resolved, which limits a detailed
analysis of the data. Therefore, the spectra were transformed
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Table 1: Amino Acid Sequences of the Peptides Used and Their Estimated Total £ength

peptide sequence length (A)
WALP16 formyl-AWWLALALALALAWWA-ethanolamine 255
WALP17 formyl-AWWLALALALALALWWA-ethanolamine 27.0
WALP19 formyl-AWWLALALALALALALWWA-ethanolamine 30.0
gramicidin formyl-VGALAVVVWLWLWLW-ethanolaminé 26.0

a|tis assumed that the WALP peptides ardelical and that each amino acid contributes an axial length of 1.5 A, with the C-terminal ethanolamine
included as the length of an additional residu&nderlined residues are D-amino aciél&or the3%2 dimer conformation78, 79.
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Ficure 1: 2H NMR spectra for peptide/DLP @3 dispersions at a
1/30 molar ratio and at 18C. Spectra are shown without peptide
(DLPC) and for samples containing the peptides indicated.

into oriented ones by means of the dePakeing procedure.
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Ficure 2: (A) DePakedH NMR spectrum of WALP16/DMPC-

dy7 (1/30 molar ratio) at 34C. Peaks were assigned as described
under Materials and Methods. The insert shows the assignment of
the deconvoluted plateau peak, with the nonassigned peaks corre-
sponding to chain positions 10 and 11. (B) NMR powder
spectrum for the WALP16/DMP@,; system in (A). (C) Simulation

of the powder spectrum of WALP16/DMPE;~ in (B), by using

the parameters derived from the dePakeing procedure in (A).

[
-30 -20

For all peptide/lipid systems, segmental order parameters,

An example is shown in Figure 2A, for a sample of DMPC (i), were obtained from the dePaked spectra, and the
with WALP16. The assignment of the resolved major peaks resultant order parameter profiles are depicted in Figure 3.
and of the plateau region, by the use of deconvolution, is The pure lipids are characterized by the familiar plateau
also depicted in the figure. Additional minor peaks on both region of relatively high chain order near the lipid head-
sides of 13 CG-methylene correspond to the nonequivalent groups, followed by a second part of the profile that declines
2 C-atom deuterons of tte2 chain 85, 43, 44. The low- rapidly toward the low order of the methyl moiety in the
intensity signal near 7 kHz, present in all systems studied, core of the bilayer. The segmental order parameters that
was counterbalanced by an equisized negative peak aroundire obtained here are in agreement with the available
—7 kHz in a different dePakeing algorithm. Since this literature data on the order of pure lipid35( 43, 43. The
corresponds to the expected position of the shoulders of thelonger lipids show a decreased order parameter in the plateau
methyl resonances, this signal was considered an artifact andegion, relative to the shorter ones, again in agreement with
was further ignored. Also shown is a comparison between previous studies4b, 46. Longer WALP peptides always
the original’H NMR powder spectrum (Figure 2B) and the induce higher order than do the shorter ones, and the effect
powder spectrum as recalculated from the dePaked versiorof gramicidin exceeds that of the longest WALP analogue,
(Figure 2C). The accurate match of original and recalculated except in DSPC. The results obtained with gramicidin are
spectra underlines the reliability of the dePakeing procedure comparable with previous studie47, 48. In DLPC and

that was applied. DMPC, all peptides are characterized by chain order profiles
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Ficure 3: Experimental order parameter profiles of the dePa&k&®MR spectra ofsn2 chain perdeuterated phosphatidylcholines. (A)
DLPC at 10°C, (B) DMPC at 34°C, (C) DPPC at 52C, and (D) DSPC at 65C, respectively: pure lipidd), with WALP16 incorporated
(@), with WALP17 (©), with WALP19 (), and with gramicidin M). Methods used for deriving the order profile are described under
Materials and Methods.

that lie entirely above the chain profile of the pure lipid, separations from the pure lipid profiles than do the corre-
suggesting that an increase in bilayer thickness is inducedsponding ones for DMPC. This demonstrates that the DMPC
by the peptides. The DLPC profiles, however, have larger membrane is somewhat less influenced by the peptides than
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Table 2: Estimated Hydrophobic Bilayer Thicknesses (A) and in
Parentheses Area per Lipid Molecule3%f Pure Lipid, and

Changes in Hydrophobic Thickness and Area per Molecule Relative
to Pure Lipids, for Systems at a 1/30 Molar Ratio of Peptide to
Lipida

DLPC DMPC DPPC DSPC
purelipid ~ 19.9(59.2) 22.5(61.8) 25.4(62.8) 28.5(63.6)

+WALP16 +0.6 (-1.9) +0.4 (-1.1) +0.0 ¢-0.1) —0.4 (+1.1)
+WALP17 +1.0(-3.2) +0.4(-1.2) +0.1(-0.3) —0.1 (+-0.0)
+WALP19 +1.4 (-4.6) +0.6 (-1.7) +0.2(-0.6) +0.0(~0.3)

+gramicidin +1.5 (—4.8) +1.0(=2.9) +0.4 (—-1.2) —0.2 (+0.3)

aMeasurements were performed at A0 above the main phase
transition temperature of the pure lipids, these being 10, 34, 51, and
65°C for DLPC, DMPC, DPPC, and DSPC, respectively. The estimated
experimental precision in hydrophobic thicknessH8.1 A.

+ WALP19

+ WALP17

+ WALP16

g
-

L
T

is the membrane composed of DLPC lipids. With the longer DMPC /14-SASL

chain lipids, the perturbations in chain order become
relatively small, and the profiles for the different peptides
cross each other more often. This is clearly observed with
DPPC and DSPC, where the profiles with the WALP
peptides may even remain below those of the pure lipids,
indicating that a decrease in membrane thickness is induced
by these peptides.

The mean hydrophobic thicknesses of the different lipid/
peptide systems were estimated from the segmental order

parametersy(i), according to Nagley), as described under FIGURE 4: ESR spectra of the 14-SASL stearic acid spin-label in

Methods. _These values are presented i_n Table 2. Theppmpc, in the absence and in the presence of the peptides indicated,
hydrophobic membrane thicknesses obtained for the pureat a peptide/lipid molar ratio of 1/10 and 3&, total scan width=

lipid systems are in fairly good agreement, within about 1 100 G.
A, with values based on X-ray measuremed, 0. We
will focus first on the effects induced by the WALP peptides. that of WALP16 ¢-25.5 A) and WALP17 €27 A). We
In DLPC, all of these peptides cause a systematic increasenote, however, that the structural features are significantly
in the estimated membrane thickness relative to the pure lipid.different when comparing gramicidin with the WALP
The largest effects of the whole study were observed in peptides, and the results suggest that another factor in
DLPC, with an estimated increase in thickness of 1.4 A for addition to the hydrophobic length plays a secondary role
WALP19. A systematic increase with increasing peptide (see Discussion).
length is also observed, but to a lesser extent, in DMPC ESR MeasurementsESR spectra obtained from spin-
systems. In DPPC, a slight increase or no change inlabeled lipids provide information on the dynamics and
thickness upon incorporation of WALP peptides is obtained. conformational order of lipids through the line widths, line
In the longest lipid, DSPC, the incorporation of WALP19 shapes, and hyperfine splittings of the ‘fluid’ or bulk lipid
has no effect, and the shorter WALP16 and WALP17 even component31). Peptide assemblies that specifically restrict
cause a slight decrease in thickness relative to the pure DSPGhe lipid acyl chains in their rotational motion cause a second
bilayer. The maximum decrease amounts—0.4 A for or ‘restricted’ spectral component to appear, which can be
WALP16 in DSPC. Thus, different WALP analogues (that related to the peptide aggregational stai@, (53. ESR
differ only in hydrophobic length) in the same lipid cause a experiments were performed with different lipid/spin-label
systematic, length-dependent disturbance of average bilayeccombinations, of which DMPC and the 14-SASL spin-label
thickness. Also when comparing the effects of one particular at 34 °C potentially present the optimal resolution of such
WALP peptide in lipids of different length, a systematic two-component spectra. For comparison withdHeNMR
decrease from stretching to shrinking upon increasing chainexperiments, samples were first prepared with a 1/30 molar
length is observed. The changes in mean area per lipidratio of peptide to lipid. The resultant spectra were very
molecule calculated solely from the plateau values of the similar to those of the pure lipid (data not shown), and
chain order parameters (see Methods) are also given in Tableapparently overall lipid dynamics were not severely affected
2. These changes are seen to be conjugate to those in that this ratio, relative to the intrinsic line widths in the absence
lipid length and are a further manifestation of hydrophobic of peptide. The peptide concentration was therefore in-
matching. creased to 10 mol %, at which ratio DMPC systems still
With gramicidin, a similar systematic decrease from maintain a planar bilayer organizatiod, yielding the
stretching to shrinking was seen for the series of lipids of spectra depicted in Figure 4.
different lengths. Although not the longest peptide assembly Pure DMPC with 14-SASL is characterized in the fluid
(Table 1), the 26-A-long gramicidin dimer exerts the largest lamellar phase by a spectrum with three sharp, symmetrical,
perturbing influence in most of the PC-lipids, except in quasi-isotropic peaks. Substantial changes in both line shape
DSPC, where the effect of gramicidin is intermediate between and anisotropy of the hyperfine splitting were observed upon

+ Gramicidin

N
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incorporation of the WALP peptides. However, even at this
relatively high peptide/lipid molar ratio (1/10), there is no
evidence for a second, more motionally restricted spin-
labeled lipid component, such as is generally observed for
the 14-C atom spin-labels with large integral proteins or
oligomeric transmembrane peptidégl(55. In contrast, a
second, motionally restricted component is observed in the
outer wings of the central three-line component (which
corresponds to the fluid lipid population), in gramicidin/
DMPC complexes at a 1/10 molar ratio. This second
component is more readily detected in the low-field region AN g A
of the gramicidin/DMPC spectrum and is absent from the ) '
spectra of the samples containing the WALP peptides. The
direct motional restriction of the lipid chains by gramicidin
has been observed previoush6(-58). The inference that
can be drawn from these results with the 14-C atom spin-
labeled lipids in the reconstituted lipid membranes is that
the WALP peptides are most probably present as monomeric
transmembrane helices, and certainly are not present as
extensive oligomers. Other combinations of lipids, peptides,
and 14-, 12-, and 5-SASL spin-label positional isomers
indicated that even under more extreme conditions of
mismatch no substantial aggregation of these particular
peptides occurred.

Thg WALP pept@es thergfore affect the lipid chain FIGURE 5: ESR spectra of the 5-SASL stearic acid spin-label in
mobility in a generalized fashion throughout the membrane, pMpC in the presence (continuous line) and in the absence (dotted
as recorded by the 14-C atom spin-labels. Under theseline) of the peptides indicated, at a peptide/lipid molar ratio of 1/10,
circumstances, the perturbations in chain mobility can be at 34°C, total scan width= 100 G.
recorded more readily from the ESR spectra of spin-labels variations in the set of WALP peptide analogues, the
that are attached at the 5-C atom of the chain. This is opportunity to gain insight into length adaptations of lipids
because, being situated closer to the lipid polar headgroupsjn direct contact with a mismatching peptide. The ESR data
the spectra from such 5-SASL spin-labels display a very well- additionally serve a second aim in providing information on
defined axial anisotropy. These ESR spectra are given inpotential peptide aggregation, which would be another
Figure 5, for DMPC in the fluid phase with the different possible way to relieve mismatch-imposed constraints.
WALP peptides. The outer hyperfine splittingA®ay) is Finally, the information obtained on changes in apparent
increased in a systematic way by the peptides of increasingbilayer thickness can be related to data previously obtained
length, and correspondingly the apparent inner hyperfine on hydrophobic mismatch from studying lipid phase behavior
splitting (2Amin) is decreased. The values for the apparent (15).
hyperfine splittings, for both the 5-SASL and 14-SASL spin-  Effects of Peptides onu&rage Bilayer ThicknessThe
labels, are listed in Table 3. Also included in Table 3 are notion that, also in the presence of peptides, order parameters
values for the increase in effective spectral anistropy, can be used to estimate the bilayer thickness is supported
(Amax — Amin), that is induced by the peptide. The latter by the similar shape of the chain order profiles in the
increases systematically with peptide length and parallels presence of gramicidin and WALP peptides to those in the
rather closely the length dependence of the peptide-inducedabsence of peptides (Figure 3), thus excluding gross, qualita-
changes in quadrupolar splittings that are observedrby  tive peptide-induced local perturbations in the chain order
NMR (cf. Figure 3 and Table 2). In the case of the spin- profile. 2H NMR as well as ESR results showed that WALP
labeled lipids, however, the effective hyperfine anisotropy peptides do induce clear effects on bilayer thickness, and
is determined not only by the chain order, but also includes that these effects are directly correlated with the extent of
contributions from motional rates that are slow on the spin- hydrophobic mismatch (Table 2). Conjugate to these
label ESR time scale (se®9, 60. It is likely that the changes in mean bilayer thickness, there are compensating
peptides not only increase the chain order in DMPC, but changes in the effective mean area per lipid molecule (see
also slow the rates of certain rotational components, conceiv-Table 2). This is expected, since a lipid bilayer is effectively
ably to different extents for WALP peptides and for ‘incompressible’ with respect to volume changég)( In
gramicidin. DLPC and DMPC (see also Table 3), the longer WALP

peptides proved to be more potent lipid ‘stretchers’ than the
DISCUSSION shorter ones, whereas in DSPC the shorter WALP peptides

In this study, we investigated b§H NMR and ESR were more effective ‘shrinkers’. These systematic effects
spectroscopy if and how incorporation of transmembrane were strongest in DLPC, and support unambiguously the
peptides into model membranes influences the lipid chain notion that hydrophobic mismatch between a transmembrane
conformations and mean bilayer thickness as a consequenceeptide and its lipid environment leads to a bilayer response
of hydrophobic mismatch. In addition, the combination of that reduces the extent of mismatdii (15, 63. The results
these two techniques offers, via the well-defined length obtained with gramicidin were consistent with previgtts

+ WALP19

+ WALP17

+ WALP16

+ Gramicidin
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Table 3: Outer (Amay and Inner (2nin) Hyperfine Splittings (G) from the ESR Spectra of 5-SASL and 14-SASL Lipid Spin-Labels in
Peptide/DMPC Systems at 1/10 Molar Ratio and°82

5-SASL 14-SASL
2Amax 2Amin A(Amax - Amin) 2Amax 2Amin A(Amax - Amin)
DMPC 50.1 19.0 0 32.1 25.3 0
+WALP16 52.1 18.8 1.1 33.3 23.8 1.3
+WALP17 52.6 18.3 1.6 33.6 22.8 2.0
+WALP19 53.4 17.8 2.3 34.1 22.3 25
+gramicidin 52.1 18.8 1.1 42.6/33.6 22.6 (2.1)

aValues are also given for the increases in effective hyperfine anisot\§Byiax — Amin), relative to DMPC alone. The precision in measurement
of hyperfine splittings is 0.1 @G Estimated outer hyperfine splittings for the restricted and fluid components, respectively.

FiGure 6: Side view (top panel) and top view (bottom panel) of WALP17 (left), gramicidin (right), and an all-trans diacylphosphatidylcholine
(middle). When comparing both panels, please note that the top view is on a 3% smaller scale as the side view. Tryptophans are visible as
protruding rings near the termini of both peptides, with front-turned indole NH-groups darkened.

NMR (47, 48§ and ESR %7, 58 studies, and in general peptides. Nevertheless, the primary and most important
proved coherent with the results obtained with the synthetic factor is the mismatch between lipid and embedded peptide.
peptides. However, in most lipids, except in DSPC, grami- Within the family of WALP peptides, the length correlation
cidin displayed a bilayer-perturbing influence that was much is very good.

more potent than a WALP peptide of the same length. The Overall Extent of Lipid Adaptation.Although the total
gramicidin8-helical dimer differs from a WALRux-helical length of the peptides is known or can be estimated (Table
monomer in shape, cross-sectional area, and number ofl), it is not known what exactly determines their effective
tryptophans that are present at the interface (see Figure 6)hydrophobic length. Because tryptophans display a strong
Some of these factorgn addition to hydrophobic length interaction with especially the interfacial region of a mem-
are likely to modulate the lipid-perturbing influence of the brane 63), their positioning within the molecule may be an
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import_ant factpr in defining Fhe Iength _Of the membran_e Table 4: Estimated Maximum Possible Increases in Hydrophobic
spanning region. Quantitative analysis of hydrophobic gilayer Thicknesses (A), Relative to Pure Lipids, of First-Shell
mismatch thus becomes feasible by comparing the effectsLipids, Calculated for Monomeric WALP Peptides and for a

of peptides with well-defined variations in hydrophobic Dimeric Aggregational State of the WALP Peptides and Gramicidin

length. The three WALP analogues differ only in the number DLPC DMPC DPPC DSPC
of central residues, the contribution of which to the total Monomer

length can be expected to be about 1.5 A per amino acid +WALP16 +1.7 +1.2 +0.0 -1.3
residue in ano-helical conformation. As is evident from +WALP17 +2.9 +1.3 +0.4 —0.2
Table 2, the differences in peptide length were not reflected +TWALP19 +4.3 +1.8 +0.7 +0.0
in an equisized increase or reduction in calculated average Dimer

membrane thickness. In other words, a complete lipid iWﬁtEi? 1421"11 ﬂ; ig'g :(1).2
adaptation to the imposed mismatch could not be accounted ywa|p19 +61 426 +09 +00

for by the data on mean lipid length obtained fréirtnNMR.

However, the data measured are averages over all Iipids, a2 0ne transmembrane gramicidin channel can be compared with a

becaus_e of the, Ion'g tm_]e ScaIeQd:ﬁ NMR relative to lipid dimeric side-by-side WAIE_’P aggregational state becausFe) the cross-

translational diffusion times. It is generally assumed that sectional area of both assemblies should be approximately equal.

lipids further away from a membrane-perturbing protein or

peptide will be influenced to a lesser extent than lipids that 50

are in direct contact with it11, 62, 64, 65 From a

mismatch point of view, the behavior of these ‘first-shell’

lipids is expected to be most affected and to be directly

related to the absolute hydrophobic length of the peptide. 457 r
Adaptation of Lipids in Direct Contact with Peptide$o

test whether the first-shell lipids could display a complete

response to a mismatch situation in the presence of WALP

+gramicidirt +6.3 +4.3 +1.8 -0.7

peptides, it is necessary to specify the number of these lipids 40

per peptide, a parameter that is related to the peptide

aggregational state. In our model, we therefore made use

of the assumption, that is supported by ESR, that the peptides 35-] -

are dispersed as monomers or at most as dimers (see below).
Based on geometrical considerations, the number of acyl
chains that are in direct contact with a WALP monomer or

hydrophobic bilayer thickness (A)

dimer will be approximately 20 or 28, respective§2). This WALP1S
corresponds to a number of first-shell diacyl lipidé;X of

N; = 10 for a monomer or %, = 14 for a dimer. Under WALP17
the experimental conditions used, the total number of lipids | WALP16

per peptide ) is 30, and all ‘bulk’ lipid will be present in
the second and third shells, when the peptides are homoge-
neously dispersed. The maximum possible extent of stretch-
ing of the first-shell lipids can be estimated by assuming
that they alone are responsible for the effects on chain order,
while the other lipids remain unperturbed. With rapid
translational averaging over all diffusing lipids, the mean
segmental order parameté®y, of the first-shell lipids is 12 14 16 18
related to the averagé®, over all lipids, which is the
experimentally determined quantity, by

15 T T T T

ne, diC(ng)PC
Ficure 7: Calculated maximum effective hydrophobic bilayer
thickness of the first-shell lipids surrounding monomeric WALP16

N; ;

— L ot (®), WALP17 (®), and WALP19 @) peptides, and thgs®3

(B4 = (80 |:Sg)Nl—i_ 5o @) gramicidin channel ) in di-C(n;)-PCs as a function of lipid
chainlengthn,. Also given are the effective hydrophobic thicknesses

. of di-C(n.)-PC bhilayers in the absence of peptidg) (and the
where[S4d is the mean segmental order parameter for all predicted hydrophobic bilayer thicknesses for all-trans ch&ns (

remaining lipids, outside the first shell, which is equivalent The measurement temperature is I above the chain-melting
to the experimentally obtained value @ Ifor a pure lipid transition temperature in each case. The calculated total lengths of
system. The averaged projected lenditj, of the first- thea-helical WALP peptides are indicated by the horizontal lines.
shell lipids is then obtained by substitutin§ from eq 7 Tables 2 and 4, as compared to the thickness of the pure
for [8Jin eq 4. The upper limit values for first-shell lipid lipid bilayers in the liquid-crystalline phase and in the all-
adaptation obtained in this way (Table 4) are considerably trans state, where in the latter case the lipids are stretched
larger than the experimentally derived mean values (cf. Tableto their maximum. Also shown in the figure are the
2). estimated total lengths of the three WALP peptides (dashed
Figure 7 shows the estimated maximum possible hydro- lines). Figure 7 summarizes the most important observa-
phobic thickness of the bilayer shell immediately adjacent tions: (1) the longest peptide induces the highest increase
to the different monomeric peptides, based on the values inin bilayer thickness in the short lipids, and the shortest
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peptide induces the largest shrink in the longer ”Pids? () Table 5: Phases of Peptide/Lipid Combinations Used at a 1/10
for WALP16, the values apparently correspond with fully molar Ratio of Peptide to Lipitl

matching lipid chains in DPPC and for WALP17 with a DLPC DMPC DPPC DSPC
notional di-G-PC, while WALP19 seems to have the best TWALPLG ol ol "
match with DSPC; (3) even in DLPC, where the largest [\ ‘01 pilaver llayer — bilayer. - Hu

. . yer bilayer isotropic Il
stretch is observed, the adaptations are small compared to waLp1o bilayer bilayer bilayer isotropic
the all-trans length and they are less than the total length of
the peptides; (4) the adaptations are also less than the relative

differences in hydrophobic length between the various nature of the nonbilayer component is given. The isotropic phase is

peptides; (5) in the presence of the different peptides, the pelieved to represent a ‘molten’ cubic phase (88 ® From Killian
first-shell bilayer thickness is less dependent on chain lengthet al. (15). ¢ From Van Echteld et al.13). ¢ At a 1/7 ratio of peptide

than in the pure lipid systems, illustrating the acyl chain to lipid, a broad isotropic signal is observed (M. R. R. de Planque and
adaptation to the hydrophobic mismatch; and (6) for grami- J. A. Killian, unpublished observations)System forms an inverse
cidin, the first-shell bilayer thickness is less dependent on hexagonal phase at a 1/7 peptideflipid radg)(
chain length than for the WALP peptides, suggesting that
gramicidin induces a more complete lipid adaptation to ences in peptide behavior is not known, the absence of the
mismatch, which may reflect the greater rigidity of this motionally restricted spin-labeled lipid population in the
peptide. This is also consistent with the results of Goulian presence of high concentrations of WALP peptides strongly
et al. 66), who showed that increasing tension on DOPC indicates that these peptides are not aggregated and are
membranes modulates the mismatch in hydrophobic thick- Present as monomers, or at most dimers, in the reconstituted
ness between a gramicidin dimer and the membrane, but thasystems (see Note Added in Proof). The experiments with
the effect is much weaker on channel lifetime than on gramicidin under identical reconstitution conditions serve as
formation rate. The results suggested that the lipid/peptide & control that such a motionally restricted lipid population
hydrophobic matching is less than complete (as we show in should readily be detectable if it were present with the WALP
Figure 7), and, importantly, that the dimer, once formed, is peptides (see Figure 4).
relatively rigid. Effects of Mismatch on Chain Length As Compared with
All these conclusions also hold if it is assumed that the Effects on Phase Behmr. We previously found using'P
WALP peptides are dimeric, in calculating the first-shell NMR that WALP peptides at higher concentrations are
bilayer thickness. It should be noted, that with probably capable of inducing nonbilayer phases, the nature of which
more realistic assumptions in which the second- and third- depends on the particular WALP/PC combination chosen and
shell lipids are also adapted, but by 25 or 50% less than thethus on the precise extent of hydrophobic mismatth).(
first-shell lipids, the changes with respect to the mean data The phase behavior of the peptide/lipid mixtures, used in
are considerably smaller in all systems (calculations not this study, is summarized in Table 5. This offers a unique
shown). Thus, assuming monomeric or dimeric peptide opportunity to relate the directd NMR-derived length data
aggregation, it can be concluded that the lipids adjacent toto independent mismatch information from another technique.
a mismatching WALP peptide display only a partial adapta- The induction of an inverse hexagonal lipid phase was
tion to the hydrophobic mismatch. ascribed to the WALP peptides being substantially too short
Aggregation State of the Peptidednsight into the when compared with the host bilayd5. This would imply
aggregational state of the peptides was obtained by ESRthe existence of a lipid-shrinking potential in these systems
measurements, which showed that the lipid chains spin-when the peptide/lipid molar ratio is lowered such that the
labeled on the C-14 atom are not specifically restricted by lipids are forced to remain in a bilayer, as in the present
interaction with the transmembrane WALP peptides. The study. Similarly, a planar bilayer should accommodate
reason for this most probably lies in the fact that the average approximately matching peptides and longer peptides, and
cross-sectional area of a single transmembuahelix is not the latter would have a lipid-stretching influence. Both
appreciably larger than that of a fluid phospholipid molecule. expectations are consistent with the present results obtained
Therefore, an isolated-helix does not provide the extensive on the WALP peptides, as can be seen from comparison of
intramembranous hydrophobic surface that is presented toTables 2 and 5. However, the lipid shrinking effect seems
the lipid chains by large integral proteins or transmembrane rather small as compared to the lipid stretching effect.
peptide oligomers. It should be noted that at the high Moreover, the induction of an isotropic lipid phase has been
peptide/lipid ratios used for the ESR measurements, mostinterpreted as the peptide being slightly too shaf)(yet
monotopic proteins will relatively easily form aggregates at the peptide concentrations used féf NMR, in such
(see, e.g53). Only one unambiguous case has been reportedsystems either no effect or even a slight stretching of the
of a peptide being present as an isolated transmembrane heli%¥pids is observed. This apparent discrepancy might be
under these conditions. This is the L37A mutant of explained by considering the physical nature of the peptide
phospholamban in its monomeric form, which nevertheless surface 64). In this view, the WALP peptides may be
was found to directly restrict the rotational motion of spin- considered as a relatively ‘hard’ surface, as compared to the
labeled lipid chains 7). On the other hand, the highly fluid acyl chains in the lipid bilayer. Therefore, they will
hydrophobic lung surfactant protein SP-C, which is thought give rise to ageneralincrease in lipid chain order in all
to cross the membrane as a singtelix, does not evidence  systems, independent of the extent of mismatch.
a second motionally restricted spin-labeled lipid population  The effects of gramicidin on lipid chain order seem to
(68), similar to the situation with the WALP peptides in the deviate even more from the mismatch predictions based on
present study. Although the exact reason for these differ- lipid phase behavior. Gramicidin modulates lipid phase

+gramicidirf bilayer bilayer bilayetr Hy

2In cases where bilayer and nonbilayer phases coexist, only the
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behavior in much the same way as does WALP16 (for such a partial mismatch configuration is allowed energetically
comparison, seé5 and 69), implying a similar effective or that other, additional responses occur. Thus, the results
hydrophobic length. Yet for most lipid systems gramicidin in this study suggest that also in biological membranes a
influences bilayer thickness in a way similar to a longer large mismatch may not lead to significant stretching or
WALP peptide. Gramicidin even causes a lipid stretch in shrinking of the acyl chains. This is supported by studies
DPPC, although at higher gramicidin concentrations a in Acholeplasma laidlawii(76), which showed that a
hexagonal phase is formed in this lipid syste#®)( This variation of as muchs8 A in bilayer thickness could be
apparent discrepancy also may be explained by the physicakolerated without an apparent effect of the proteins on acyl
nature of the surfaces of the peptides. The amino acid sidechain order. A likely alternative possibility to relieve
chains of gramicidin in general are rather bulky and have mismatch effects in biological membranes is that the proteins
relatively small spatial separations, due to its organization become surrounded preferentially by the lipids with the best
in a 882 helix (Figure 6). The side chains of thehelical matching hydrophobic length (e.d, 77). By such a
WALP peptides are less tightly packed, also because theremechanism, hydrophobic mismatch could promote the oc-
are fewer tryptophans and the protruding, and probably currence of preferential interactions of the type that may lead
highly mobile, leucine side chains are separated by shortto lipid and protein sorting and domain formatid, 4, 6.
alanine spacers. Therefore, gramicidin would offer a *harder’ ~ Summarizing Conclusiondn summary, incorporation of
lipid contact surface than do the WALP peptides, thereby WALP peptides in PC bilayers can induce a hydrophobic
increasing the chain order more than a WALP peptide with mismatch that perturbs the bilayer in a systematic manner
the same hydrophobic length in all lipid systems. This without apparent peptide aggregation. In addition, a com-
interpretation is consistent with the considerably smaller parison of the relative effects of gramicidin and WALP
degree of motional restriction of the 14-SASL chain by the peptides demonstrates that other factors, such as peptide
WALP peptides than by gramicidin that is observed by ESR. shape, may modulate the effects of hydrophobic mismatch.

Biological Significance. In the relatively large number  However, in nearly all cases the adaptation of the lipids is
of 2H NMR studies that have been carried out on the insufficient to relieve the mismatch completely. It thus
influence of integral membrane proteins (for reviews, see seems either that the system allows a partial mismatch
70-73), it has generally been found that lipid chain order is configuration, as suggested by theoretical stud&$, (or
not changed much by the presence of integral proteins, everthat other responses, such as peptide tilt or conformational
at high concentrations. However, most of these experimentsadaptation, occur to achieve a more complete mismatch
were carried out on lipid/protein systems that closely response?, 8. The WALP family of peptides represents
resembled biological membranes. On energetic grounds,an effective system for investigating these possibilities.
Mouritsen and Bloom(1) anticipated a close match between
biological bilayers and their natural integral membrane NOTE ADDED IN PROOF
proteins, which could explain the small or negligible varia-
tions in lipid chain order upon protein incorporation.

The present findings, based on two-component systems
consisting purely of a single lipid and a single peptide, both
with well-defined variations in hydrophobic length and thus
enabling the use of systems with a large difference in
component hydrophobic length, do show a clear, mismatch-
dependent response of the acyl chain order. Comparison o
the 2H NMR results with previous studies on polyleucines
(74, 79 reveals that the WALP peptides have the larger
influence on mean membrane thickness. This is most
directly demonstrated by the observation that a 24-residue-
long peptide with a Ley-core, under similar experimental  AckNOWLEDGMENT
conditions, caused the same increase in quadrupolar splitting
of the plateau region7d) as a WALP analogue with only We thank Drs. Ben de Kruijff and Olaf Andersen for
16 residues in total. Possible explanations for this difference helpful suggestions on the manuscript, Drs. Vladimir and
may involve a larger tendency of the lysine-flanked polyleu- Mila Chupin for lipid acyl chain perdeuteration, and Frau
cines toward tilt or aggregation, which would reduce the B. Angerstein for spin-label synthesis.
extent of lipid stretching or the fraction of first-shell lipids.
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