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ABSTRACT: The effects of the transmembranehelical peptide Ac-K(LA)1.K,-amide [(LA)z] on the
molecular organization and dynamics of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) membranes were
investigated using conventional and saturatioecovery EPR observations of phosphatidylcholine spin
labels, and the results were compared with our earlier, similar study obRAg#Ko-amide (Log) [Subczynski,

W. K., Lewis, R. N. A. H., McElhaney, R. N., Hodges, R. S., Hyde, J. S., and Kusumi, A. (1998)
Biochemistry 373156-3164]. At peptide-to-POPC ratios between 1/10 and 1/40, both methods (covering
a time scale of 100 psl0 us) detect the presence of a single homogeneous membrane environment for
both peptides, suggesting that these peptides are both well dispersed and that POPC is exchanging rapidly
between the boundary and the bulk domains. The local diffussotubility product of oxygen molecules
(oxygen transport parameter) in the membrane, studied by saturatioovery EPR, decreases by a factor

of about 2 by including 10 mol % (LA) whereas incorporating sk has practically no effect. (LA)
increases the alkyl chain order of POPC more thanll,, increases hydrophobicity (decreases the degree

of water penetration into the hydrophobic region of the membrane) more than does. (A&) ascribe

the much stronger effects of (L&)on membrane order and dynamics to the increased roughness of its
hydrophobic surface and also to the increased motional freedom of its leucine side chaipsg.the L
leucine side chains are packed tightly, giving a smooth hydrophobic surface. L%y are separated

by the small methyl groups of the alanine side chains, giving them additional motional freedom and the
ability to protrude between the phospholipid hydrocarbon chains. The frequengaumhe-trans
isomerization of hydrocarbon chains and concentration of vacant pockets (voids) in the lipid bilayer are
thus reduced, which decreases oxygen transport. This explanation was confirmed by calculating the
orientational order of leucine side chains in (LARNnd Ly4 from molecular dynamics simulation studies.

Proteins do not float freely in a sea of excess lipids in the the domains may form and disintegrate continually, with
cellular membrane, and the nonrandom distribution of lifetimes ranging from nanoseconds to seconds, and up to
proteins, protein-rich domains, and protein oligomeric struc- hours (7, 23—25). Second, even in long-lived domains, the
tures play important functional role$-8). Many functions constituent molecules may be rapidly exchanging. Some
of the plasma membrane are directly linked to the formation molecules go out while other molecules come in, as in
of specific protein complexes and protein-rich domains, such micelles in which constituent molecules move in and out
as signaling and protein sorting complex&s-16), cell— continuously 5, 26).
cell adhesion structured §—19), and caveolae20—22). A In the present research, we are concerned with the basic
critical issue in understanding membrane domains is theinteraction between formation and molecular organization
realization that these domains are not static structures. First,of membrane oligomers and protein-rich domains within the
membrane. We paid special attention to three types of
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o-helical peptides are packed and organized in the membrang39). Conventional EPR spectra, as well as saturation
at high peptide concentrations. recovery curves measured in both the presence and the

A number of researchers have designed and synthesized@bsence of molecular oxygen, showed that, in the case of
peptide models of specific regions of natural membrane L2a phosphatidylcholine spin labels-PCs) detect the
proteins and have studied their interactions with model lipid €Xistence of a single homogeneous environment. This result
membranes of different compositio87 28). Particularly,  indicates that the peptides as well as the phospholipids in
the synthetic peptide Ac4GL.K-amide (By)! and its  1-palmitoyl-2-oleoylphosphatidylcholine (POP&)24 mem-
analogues have been successfully utilized as a model of thebranes are likely to be undergoing fast translational diffusion
hydrophobic transmembramehelical segments of integral ~ up to 10 mol % peptide and that the exchange rates of lipids
membrane proteins2@, 29). Both CD @9) and Fourier ~ among the bulk, boundary, andJcluster regions are fast.
transform infrared (FTIR)30—32) spectroscopic studies of ~Molecular dynamics simulations indicate that, in the liquid-
P,, have shown that it adopts a very stalehelical crystalline phase, 1012 molecules of phosphatidylcholine
conformation both in solution and in lipid bilayers, and X-ray are required to surround a transmembrerteelical peptide
diffraction (33), fluorescence quenchingd4), and FTIR  (42). Thus, Ls must form Losrich regions at 10 mol %, but
spectroscopic30—31) studies have confirmed thagfand  the regions must be forming and dispersing rapidly (in a time
its analogues assume a transbilayer orientation when reconscale shorter than Oys). This conforms to the conventional
stituted with various PCs. Differential scanning calorimetry EPR spin label time scale and the electron sittice
DSC @9, 31, 35-37) and?H nuclear magnetic resonance relaxation time scale in the presence of molecular oxygen.
(NMR) spectroscopic29, 36, 37) studies have shown that Although this does not exclude the possibility of formation
P, broadens the gel/liquid-crystalline phase transition and Of stable small oligomers ofd, it is unlikely, since L4 lacks
reduces its enthalpy. The phase transition temperature isthe features to favor formation of small stable oligomers.
shifted either upward or downward, depending on the degreeThese results have led us to inquire why; Hoes not form
of mismatch between the hydrophobic length of the peptide larger aggregates with lifetimes longer than @4 High
and the hydrophobic thickness of the PC lipid bilay@®(  peptide-POPC miscibility may be due to the four lysine

We have previously investigated the molecular organiza- 9r0UPS, which place two positive charges on each side of
tion and dynamics of phospholipids model membranes the membra}ne in the pep'ﬂde. These repulswe charges may
containing thex-helical transmembrane peptides AgtKK - be responsible for preventing aggregation ef. lAnother
amide (L) (38) and Ac-KeA K -amide (A4) (39) in the possibility is that L4 has a rz_ither_ smooth su_rface and its
picosecond to microsecond regime using spin labeling Presence on.Iy perturps_ the lipid like hard cyllnders placed
techniques. In particular, we studied (1) the hydrocarbon in @ lipid bilayer. Mixing entropy thus wins over the
chain order in the 100 ns time regime, (2) the effective interaction free energy betweensland POPC.
reorientation time of the hydrocarbon chains in the time  In the present study, we show that the effect of (LA)n
regime of 100 ps and 10 ns, (3) the hydrophobicity profiles POPC membrane dynamics and organization is different from
across the membrane, and (4) the local diffusisalubility that of L4, despite the similar presence of dilysine terminae.
characteristics of oxygen in the membrane, which are The differences indicated by conventional EPR spectroscopy
sensitive to the molecular dynamics up to several micro- are moderate. However, the effect of (LAJon oxygen
seconds. Presently, we extend our investigation to anothertransport within the lipid bilayer is significantly greater
peptide from the same class of peptides that possesses §ompared with the effect ofd. We believe these differences
significant roughness of the hydrophobic surface, Ac- are the result of differing organizations of the hydrophobic
K(LA) 1K ,-amide [(LA)2]. In this peptide, the polyleucine  peptide surfaces in 4 and (LA).. The former can be
core of Ly, or the polyalanine core of Awas replaced by ~ approximated by a hard surface smooth cylinder because of
alternating leucine and alanine residues, respectively. Re-the tight packing of the leucine side chains. The latter
placement of half of the leucine residues by smaller and lessfésembles a cylinder with a brush-like surface, because
hydrophobic alanine residues should affect its interaction with leucine side chains are separated by the small methyl groups
the lipid bilayer. of alanines. This gives (LA) the capability for stronger

All peptides forma-helices in methanol and exist as a inter'actio'n with t'he phospholipid hydrocarbon chains. The'
membranex-helix when incorporated into phospholipids in leucine side chanjs can penetrate between the phospholipid
the absence of water. When water is added, bathand ~ hydrocarbon chains, decreasing the frequencgaiche-

(LA) 1 form stable transmembrane associations with the lipid ans isomerization of these chains and reducing the con-
bilayer @40, 41). A, however, partitions strongly into the centration of voids in the lipid bilayer, which in turn
aqueous phase, where it exists primarily in a nehelical decreases oxygen transport.

conformation and interacts only weakly with the lipid bilayer

due to the insufficient hydrophobicity of the polyalanine core MATERIALS AND METHODS

Materials. The peptide Ac-K(LA)1.K,-amide [(LA)2]

1 Abbreviations: POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; Was synthesized by the Protein/Nucleic Acid Shared Fa-
P24, Ac-KoGLaKo-amide; Los, Ac-KoLogKo-amide; A, Ac-KoAz24Ko- cility (Medical College of Wisconsin, Milwaukee). 1-
amide; (LA}, Ac-Ky(LA)12K,-amide;n-PC, 1-palmitoyl-2-(-doxyl-
stearoyl)t-o-phosphatidylcholine, whera = 5, 7, 10, 12, and 16;
TEMPO-PC, 1-palmitoyl-2-oleoy$n-glycero-3-phospho(2,2,6,6-tetra- 2In the present paper, the word “transport” is used in its basic
methylpiperidine-1-oxyl)cholin€eT;, spin—lattice relaxation time; PC, physical sense, indicating the product of the (local) translational
phosphatidylcholine; SLOT domain, slow oxygen transport domain; diffusion coefficient and the (local) concentration of oxygen in the
DSC, differential scanning calorimetry; FTIR, Fourier transform membrane. Active transport across the membrane is not the subject of
infrared; NMR, nuclear magnetic resonance. this paper.
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Palmitoyl-2-f-doxylstearoyl)e-o-phosphatidylcholinesnf the nitroxide spin label (a slow relaxing species) placed at
PC, wheren =5, 7, 10, 12, and 16), 1-palmitoyl-2-oleoyl-  specific locations in the membrane was evaluated in terms
snglycero-3-phospho(2,2,6,6-tetramethylpiperidine-1-oxyl)- of an oxygen transport paramet&¥(x)]. W(x) was defined
choline (TEMPO-PC), and POPC were obtained from Avanti as
Polar Lipids, Inc. (Alabaster, AL).
Preparation of POPG(LA);, Membranes.The mem- W(X) = T, Y(air,x) — T, (N, X) (1)
branes used in this work were multilamellar dispersions of
POPC containing 1 mol %-PC or TEMPO-PC and various  where theT;s are the spiftlattice relaxation times of the
amounts of (LA), from 0 to 10 mol %. Briefly, these nitroxide in samples equilibrated with atmospheric air and
membranes were prepared by the following meth88 (  nitrogen, respectively4@, 48, 50). W(X) is proportional to
39): Chloroform solutions of POPC [(0-3L.0) x 107°mol] the product of the local translational diffusion coefficient
andn-PC or TEMPO-PC and a methanol solution of (4bA)  D(X) and the local concentratioB(x) of oxygen [thusW(x)
were mixed to attain the desired lipid-to-peptide ratio, the is called a “transport” parameter] at a “deptk’in a lipid
solvent was evaporated with a stream of nitrogen gas, andbilayer that is equilibrated in the atmospheric air:
then the lipid film on the bottom of the test tube was
thoroughly dried under reduced pressure (about 0.1 mmHg) W(X) = AD(X)C(x) A= 8apr, (2)
for 12 h. A buffer solution (0.2 mL of 10 mM PIPES and
150 mM NaCl, pH 7.0) was added to the dried lipids at 40 wherero (about 4.5 A) is the interaction distance between
°C and vortexed vigorously. oxygen and the nitroxide radical spin labBlL(52) andp is
Corventional EPR.The POPC or POPE(LA) 1, mem- the probability that an observable event occurs when a
branes were centrifuged briefly, and the loose pellet (about collision does occdrand is very close to onet®, 53, 54).
20% lipid, w/w) was used for the EPR measurements. For Molecular Dynamics Simulationdviolecular dynamics
conventional EPR measurements, the sample was placed irsimulations of the peptides were carried out for 1 ns each,
a 0.9 mmi.d. gas-permeable TPX capillary, and the capillary in @ vacuum at 37C, using AMBER 4.0%5). The all-atom
was p|aced inside the EPR dewar insert. It was then model and AMBER force field were used. Restraints of a
equilibrated with nitrogen gas used for temperature control flat bottom harmonic potentiab) were imposed on the phi
(43). The sample was thoroughly deoxygenated at a tem- and psi torsion angles to preserve théelical structure of
perature well above the phase transition temperature of thethe peptides during simulation.
lipid bilayer. A Varian E-109 X-band spectrometer with ~ The molecular order parameted,q, was adopted from
Varian temperature control accessories and E-231 VarianHubbell and McConnell7)
multipurpose cavity (rectangular T&zmode) were used. The
temperature was monitored using a coppesnstantan Sno = (1/2)B co$ 6, — 10 3)
thermocouple that was placed in the sample just above the
active volume of the cavity. A modulation amplitude of 6.5  wWhere6, is an instantaneous angle between the C, vector
1.0 G and an incident microwave power of 1.0 mwW were (linking C, and G, carbon atoms of the side chain of thié
used. EPR spectra were recorded for the temperature rangéeucine) in the dynamic structure (tinte0 ps) and the (-
10-55 °C. To measure the hydrophobicity profiles across C, vector in the initial energy-minimized structure (tirre
the membrane, the hyperfine interactions of the nitroxide O ps) of the peptide. The brackets in eq 3 denote averaging
were used; the samp]e was frozeﬂ]_65°C), and the EPR over four time frames at 970, 980, 990, and 1000 Ps of the
spectra were recorded). simulation time. A negative value &, indicates that the
Saturation Receery EPR TheTs of the spin labels were ~ angle between the vectors is between 548d 90.
determined by analyzing the saturationecovery signal of
the central line obtained by short-pulse saturatioecovery RESULTS AND DISCUSSION
EPR at X-band 26, 45—-48). The saturatiorrrecovery Saturation Receery Measurement#\ll measurements of
spectrometer was described previoushs, (45, 46). For T, were made on the central line of the EPR spectra between
saturatior-recovery measurements, the sample was placed10 and 45°C. Figure 1 shows typical saturatienecovery
in a capillary (i.d.= 0.5 mm) made of a gas-permeable curves for 16-PC in POPC and POP(A) 1, membranes
polymer, TPX @9). A relatively low level of observing  at 20°C in the presence and absence of oxygen. The recovery
power (8uW, with the loop-gap resonator delivering aa H  curves were fitted by single, double, and triple exponentials
field of 3.6 x 10°° G) was used for all experiments to avoid and compared. The results indicated that, for all of the
microwave power saturation (which induces artificial short- recovery curves obtained in this work, no substantial
ening of the apparent;). Typically, accumulations of the  improvement in the fitting was observed when the number
decay signals were carried out with 2048 data points on eachof exponentials was increased from one, suggesting that these
decay. For measurements of the oxygen transport parameteriecovery curves can be analyzed as single exponentials. The
the concentration of oxygen in the sample was controlled decay time constants were determined within an accuracy
by equilibration with the same gas that was used for the of +3%.
temperature control, i.e., a controlled mixture of nitrogen  Saturation-recovery measurements were carried out sys-
and dry air adjusted with flowmeters (Matheson Gas tematically as a function of the partial pressure of oxygen
Products, Model 7631H-604%#8, 49). in the equilibrating gas mixture, the mole percent of peptide
To monitor the local diffusiofrrsolubility characteristics

of oxygen molecules in the membrane, _the bim(_)lecular 3 Ais remarkably independent of the hydrophobicity and viscosity
collision rate between oxygen (a fast relaxing species) and of the solvent and of the spin label specié8, (54).
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FiGure 1: Representative saturatiorecovery signals and fitted

curves of 16-PC in POPC membranes in the absence (A, B) and

the presence (C, D) of 10 mol % (L#&)at 20°C. (B) and (D)
were obtained for samples equilibrated with a gas mixture of 50%
air and 50% nitrogen at 20C. (A) and (C) were obtained for
samples equilibrated with 100% nitrogen gas. The solid lines
indicate the fit to single-exponential curves with recovery times of
2.03 us (A), 0.58us (B), 2.71us (C), and 0.92us (D). The

difference between the experimental data and the fitted curve is

shown in the lower part of each recovery curve.

Table 1: Electron SpinLattice Relaxation TimesTg in us) for
n-PC in POPC Membranes Containing 0 or 10 mol % (1At
Different Temperatures

temp (LA)1 T1 (us)
(°C) (mol%) T-PC 5PC 7-PC_ 10-PC 12-PC 16:PC
10 0 4.10 7.12 6.17 5.63 4.85 2.60
10 4.49 826 7.70 6.63 6.20 3.28
20 0 339 566 4.90 4.57 4.05 2.03
10 3.61 6.72 6.20 5.47 5.18 2.71
35 0 229 411 3.65 3.26 3.03 1.45
10 254 488 4.45 3.88 3.76 1.91
45 0 1.90 3.37 3.00 2.76 2.57 1.27
10 2.05 401 3.65 3.30 3.19 1.62

in the lipid bilayer, and the location of spin labels in the
membrane, with the temperature in the range of49°C.
Previously, we found that the presence of two recovery

constants, i.e., the presence of two membrane environments,

can be found more readily in the presence of oxydg&h (
58), but we always found single-exponential recovery in the
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FiIGURE 2: T;71for 5-, 10-, and 16-PC in POP®J and POPC
(LA) 12 (10 mol %) membraned®) at 20°C plotted as percent air
(v/v) in the equilibrating gas mixture.

oxygen concentration between 0 and 50% air for a temper-
ature region between 10 and 46 for all spin labels. The
oxygen transport parametéf(x), was obtained from the
slope of the linear plot in Figure 2 (three decay measurements

for each point in the plot), with an accuracy better that©%

(see eq 1).
W(x) values for POPC and POPCLA);», membranes are

displayed in Figure 3. The presence of (LAdecreaseB/(x)
at all positions in the POPC bilayer and at all temperatures.

Since the overall oxygen concentration in the liquid-
crystalline phase membrane is practically independent of
temperature above the phase transition temperaf2rég)
and the shape of the membrane profile®\{X) is practically
independent of temperature in the liquid-crystalline phase,
the temperature dependencé/gfx) can be attributed to the
diffusion rate of molecular oxygen in the membrane. Since
the oxygen transport parameters plotted in Figure 3 show
linear dependence on the reciprocal temperature between 10
and 45°C for all spin labels, the activation energies for
oxygen diffusion in the POPC and POPQA):, mem-
branes were evaluated from the slopes (Table 2). In the
presence of 10 mol % (LA), the activation energy at all
positions is increased by +@5%. The effect is strongest
in the central region of the membrane.

Effects of (LA), on Membrane Profiles of the Oxygen
Transport ParametefThe membrane profiles of the oxygen

present experiments. This indicates the presence of a singldransport paramet&k(x), plotted as a function of the location

homogeneous membrane when averaged over @s1@he

of the free radical, were constructed for POPC and POPC

shortest recovery time observed here) at a peptide-to-POPJLA) 12 membranes [10 mol % (LAj] at 10, 20, 35, and 45
ratio between 1/10 and 1/40 and that, in these membranes’C (Figure 4). The profile for the POP€.,, membrane (10
the rates of lipid exchange among the bulk, boundary, and mol % L»4) at 20°C (38) is also included in Figure 4A for

peptide-rich regions are greater than therelaxation rate
(greater than 6< 10° s™%; see ref38 for more detail).

Effects of (LA), on T, in the Absence of Molecular
Oxygen.The T; data are summarized in Table 1. In the
absence of molecular oxygen, incorporation of 10 mol %
(LA) 1> increases thd; of all spin labels, probably due to
the decrease in rotational motion of the nitroxide group in
the POPC membran®&$—61).

Saturation-Recaery Measurements of the Oxygen Trans-
port Parameter.In Figure 2,T,;"* values for 5-, 10-, and
16-PC in POPC membranes with or without 10 mol % (L,A)
at 20°C are shown as a function of oxygen concentration
(in percent air) in the equilibrating gas mixture. All plots of

comparison. Large decreases\ifix) across the entire lipid
bilayer were induced by incorporation of (LA)in the
membrane. This result presents a marked contrast with the
effects of L4 (10 mol %), which were much smaller. The
difference in effects between the peptides is greatest in the
central region of the membrane, where 10 mol % (LA)
reducedW(x) by a factor of about 2, while 10 mol %k
gave practically no effect. Near the membrane surface (the
5-PC position), (LA), decreaseS\V(x) by 40%, while Ly4
does so by 25% (see profiles in Figure 4A). (LARIso
decreased the oxygen transport parameter in the polar
headgroup region of POPC membranes by 26%. At all
temperatures, membrane profilesid{x)are flattened in the

T, ! for these membranes show a linear dependence on thepresence of (LA).
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Ficure 3: W(X) plotted as a function of reciprocal temperature for spin labels in P@R@r{d POPE-(LA) 12 (10 mol %) membraned).
To better indicate the effects of (L&) data for 10-, 12-, and 16-PC are presented in (A) and for 5-, 7-, and TEMPO-PC in (B). For
TEMPO-PC data (T), (x -) indicates pure POPC and+--) indicates POPE(LA) 1, (10 mol %).
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Ficure 4: Profiles of the oxygen transport paramet¥(x) across the POPC bilayer in the absen©g &nd presence®) of 10 mol %
(LA) 1 obtained at 45 and 28C (A) and at 35 and 10C (B). A W(x) profile obtained in the presence of 10 mol %ylat 20°C is also
shown (-x -) (data from ref38).

Table 2: Activation Energy for the Translational Diffusion of ing different membrane domains (discri.mir!ation by oxy_gen
Molecular Oxygen in POPE(LA) 1> Membranes Calculated for transport-the DOT method), when the lifetime of domains
Temperature Range @15 °C at Different Depths in the Membrane  is longer thanM(Xx)* (26, 38, 58). As described abovay(x)
(LA) 12 activation energy (kcal/mol) did not show any signs of the presence of two membrane
(mol%) T-PC 5PC 7-PC_10-PC 12-PC_ 1le-pc  domains.
0 5.0 6.2 5.6 5.4 4.6 4.6 Figure 6 shows the profiles of the order parameters,
10 6.3 7.1 6.2 5.8 5.7 5.7 calculated according to Marsle4), obtained withn-PC in
POPC-(LA) 1> membranes at 20C. The alkyl chain order
Effects of (LA), on Hydrocarbon Chain OrdefThe effect increases gradually with increase of the (LAgoncentration.

of (LA) 1. on the hydrocarbon chain order was studied at five AS €an be seen from Figure 7, the increase is largely
depths (5-, 7-, 10-, 12-, 16-PC) in POPC membranes. Figureproportlonal_to the pept|d_e—to-l|p|d ratio, which alsc_) supports
5 shows a panel of conventional EPR spectra of various spin®Ur concluspn that peptide mplecules are well dispersed in
labels in POPC membranes containing 0 and 10 mol o, the POPC bilayer. The effect is greater than that caused by
(LA) 1, at 20°C. The remarkable feature of these spectra is L2a

that none of them showed any indication of the presence of Figure 8 shows the effect of (LA on the alkyl chain

two components (weakly and strongly immobilized). Mem- order displayed as a function of temperature. With a lowering
branes containing 4, also exhibited one-component EPR of temperature, the alkyl chain order increases. The effect
spectra 88). On the basis of these observations, it is of 10 mol % (LA), on the order parameter is similar to that
concluded that, even at the highest peptide concentrationsof lowering the temperature by 48 °C, while the effect
(1/10), the peptides are well dispersed, and the nitroxide of 10 mol % Ly4is similar to that of lowering the temperature
moiety samples both the bulk and the boundary domains by about 8°C (38). Our results differ somewhat from those
sufficiently well during the time determined by the anisotropy presented by Pare et al423), who used?H NMR to

of the hyperfine interactions of the nitroxide (0,04). This demonstrate that both (LA)and L.4 have roughly compa-
result is consistent with the saturatierecovery measure-  rable ordering effects on the liquid-crystalline state of POPC
ment in which all of the saturatietrecovery curves were  membranes. The reader, however, should be cautioned that
single-exponential curves. We are aware that proving thethe order parameter was calculated here using a rather
absence of a second component (strongly immobilized simplistic method of spectral analysis. It is possible that the
component) in conventional EPR spectra is difficult. Previ- order parameter contains some contributions from slow
ously, we showed that(x) is a better probe for distinguish-  motion, at least at lower temperatures. This could be the
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Ficure 5: Panel of EPR spectra of 5-, 7-, 10-, 12-, and 16-PC in C

POPC membranes in the absence-@& and the presence {R) 0.3 10
of 10 mol % (LA} at 20°C. Measured values for evaluating order 3:*”"/’:/"4: 20°
parameters and rotational correlation times are indicated. The order s —9
parameterS was calculated according to MarsB4j using the 0 . I : I
equationS = 0.54078/ — Ad)/ay, wherea; = (A + 2A7)/3. 0 5 10
The rotational correlation time was calculated according to Berliner (LA),, (mol%)

(66) from the linear term of the line width parametesg = (6.51

x 10729 AH[(ho/h-)2 — (ho/n)¥gs, and with the quadratic term,  FIGURE 7: Molecular order parameters of 5- (A), 10- (B), and 16-

Toc = (6.51 x 10719AH[(hy/h-)¥2 + (hy/h; )2 — 2]s. PC (C) in POPC membranes plotted as a function of the mole
fraction of (LA)2 at 10, 20, 35,, and 55C.
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FIGURE 8: Molecular order parameters of 5-, 7-, 10-, 12-, and 16-
PC in POPC®) and POPG-(LA) 12 (10 mol %) @) membranes,
plotted as a function of temperature.

Ficure 6: Profiles of the molecular order parameter [order
parameter is plotted in a log scale as a function of nitroxide position
(n) along the acyl chain im-PC] at 20°C obtained with 5-, 7-,
10-, 12-, and 16-PC in POPELA) 1, membranes [0 and 10 mol

% (LA)1, are indicated byO and @, respectively]. An order Effects of (LA), on the 16-PC Reorientational Raf€he
parameter profile in the presence of 10 mol % &t 20°C is also effective rotational correlation time of 16-PC was obtained
shown (-x -) (data from re38). by assuming isotropic rotational diffusion of the attached

. . nitroxide 66). 7.s was obtained from the linear term of the
reason for the discrepancy between the results obtained he"ﬁne width parameter, whiler,c was obtained from the

with EPR spectroscopy and those obtained WihNMR quadratic term (see Figure 5 for details). Whegand rzc
(42). are similar, it is argued that the motional model is fairly good
Interestingly, conventional EPR arfti NMR spectro- and motion is isotropic. Addition of (LA) decreases the
scopic studies of (LA)-based ditryptophan-terminated WALP motional freedom of 16-PC at all temperatures, which is
peptides incorporated into disaturated PC bilayers of com- monitored by a large increase in the effective rotational
parable hydrophobic thickness exhibit small or no changes correlation time (data not shown). At high temperatures-(35
in hydrophobic chain orientational order, suggesting that 55 °C), calculated g andr,c are very similar in the absence
these WALP peptides behave differently than (LAdnd and presence of (LA), and this is an indication that (LA
L,4. However, single-component EPR spectra are observed,decreases the rate of motion but does not influence its
indicating that these WALP peptides, like (LA)and Ly, isotropy. At lower temperatures (3@0 °C), however, the
are well dispersed even at a peptide-to-lipid ratio of 1/10, presence of (LA} increases the difference betweep and
although these WALP peptides do not contain charged r,c, indicating the onset of anisotropic rotational diffusion.
dilysine terminae @5). At higher temperatures, the effect of (LAJs comparable
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Ficure 9: EPR spectra of 10-PC in POPC membranes in the
absence (A) and presence (B) of 10 mol % (LAneasured at
—165°C. The measuredA value ¢ component of the hyperfine
interaction tensor) is indicated.
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Ficure 10: Hydrophobicity profiles (8;) across POPC membranes
containing 0, 2.5, and 10 mol % (LA&)(O, v, and®, respectively).
Data obtained with TEMPO- amiPCs. Upward changes indicate
increases in hydrophobicity A2 for 16-PC in the aqueous phase
(m) was calculated from the isotropic hyperfine constant of the
nitroxide spin label. Because TEMPO-PC contains a different
nitroxide moiety, its points are connected with broken lines. A
hydrophobicity profile obtained in the presence of 10 mol %i&
also shown (x -) (data from ref38).

*
T

to that of L4, whereas at lower temperatures, the effect of
(LA) 1, is greater than that of 4 (38).

Hydrophobicity Profiles across POP&LA);, Mem-
branes.The effect of (LA), on the hydrophobicity of the
membrane interior was studied at four different depths in

Biochemistry, Vol. 42, No. 13, 2003945

chain. Smaller 2; values (upward changes in the profiles)
indicate higher hydrophobicity3g, 44).

All hydrophobicity profiles show a typical bell-like shape
with a gradual increase of the hydrophobicity toward the
bilayer center. (LA), increases the hydrophobicity of the
central part of the membrane from the level of 1-decasol (
= 10) to the level between hexane and dipropylamine (
2—3). We relate local hydrophobicity as observed By
hydrophobicity (ore) of bulk organic solvents by referring
to Figure 2 in Subczynski et ak4). The effect of (LA).is
smaller than that of &, perhaps because the polarity of the
peptide surface is higher for (LA) When all leucines are
replaced by alanines ¢4, the polarity of the peptide surface
is so large that it remains in the water phase outside the
membrane39). The effect of both peptideszhand (LA)2,
is different from that of gramicidin A, which decreases the
hydrophobicity across the PC lipid bilayereydrophobicity
profiles become very flat67, 68). Since 16-18 phospha-
tidylcholine molecules surround eactihelical transmem-
brane peptide in gel phase membrarg3g {n the membrane
containing 10 mol % peptide, the hydrophobicity profile
describes a membrane property at the peptighéd interface.

GENERAL DISCUSSION

The Brush-Like Surface of (LA)Is Responsible for
Decreasing the W(x)n the POPC lipid bilayer containing
the transmembrane-helical peptides ks and (LA}, the
exchange rate of lipids between all domains in the membrane
must be greater than & 10° s™* because the peptide-rich
membranes appear as homogeneous membranes for conven-
tional and saturationrecovery EPR. Since about Q2
molecules of phospholipid are required to surround a
transmembrane-helical peptide in fluid phase PC bilayers,
these peptides must form peptide-rich regions at 10 mol %,
at least transiently.

Our results suggest that the lipid exchange rates among
the bulk, boundary, and peptide-rich regions are fast and/or
that the peptide-rich domains must be forming and dispersing
rapidly (38, present work). This means that the striking
difference between the effect okland (LA), on oxygen
transport within the POPC membrane is not a result of the
different packing of these peptides in the lipid bilayer. This
difference is believed to be a consequence of differing
organization of the g, and the (LA), hydrophobic surfaces
as well as differing interactions of peptide side chains with
the lipid hydrocarbon chains. Ink, all amino acids that

the POPC membrane. Figure 9 shows a conventional EPRform the hydrophobica-helical core of the peptide are
spectra of 10-PC in POPC membranes containing 0 and 10leucines, and their isobutyl side chains are packed tightly,

mol % (LA)1 for a frozen suspension of liposomes-ét65

giving a rather hard, smooth, hydrophobic surface. In (LA)

°C. These spectra demonstrate that the effect of the peptidenalf of the amino acids are replaced by alanine residues, and

is primarily to changeA; and not to reduce spifspin
interactions at the intermediate position of the nitroxide
moiety on the acyl chain.

these amino acids are placed alternately with leucine residues
in the transmembrane-helical segment. Alternately posi-
tioned small methyl side groups of alanines and the large

Figure 10 shows hydrophobicity profiles across POPC isobutyl side chains of leucines result not only in significant

membranes in the presence of 2.5 and 10 mol % (L&3
well as in the presence of 10 mol %4.(38). Here, the 2,

roughness of the hydrophobic surface of (LAhut also in
significant freedom of motion of the isobutyl side chains of

data are presented as a function of the approximate positionleucines (flexible brush-like surface). With this new organ-

of the nitroxide moiety of the spin label within the lipid

ization of the hydrophobic surface, the isobutyl side chains

bilayer. The width of the hydrocarbon phase and the locations of (LA), can protrude between the hydrocarbon chains of

of the nitroxide moiety in the stearic acid chain are simply

lipid molecules. Flexibility of both side chains of the peptide

scaled to the number of carbon atoms in the hydrocarbonand hydrocarbon chains of lipids allows for better mixing



3946 Biochemistry, Vol. 42, No. 13, 2003 Subczynski et al.

and stronger interaction of these two components. In this
model, both the frequency afauche-trans isomerization

of hydrocarbon chains and the concentration of vacant
pockets (voids) in the lipid bilayer are reduced, which
decreases oxygen transport.

Comparison of the effects of,k.and (LA)2 on oxygen
transport parameter and hydrophobicity profiles gives ad-
ditional insight into the mechanism of the interactions of
these peptides with the POPC bilayer. In lipid bilayer
membranes, the overall shape of the hydrophobicity profile
is similar to the shape of the oxygen transport parameter
profile. Both are bell-shaped, with a maximum at the
membrane center and somewhat similar values in the polar
headgroup and hydrocarbon near-polar headgroup regions
This correspondence is expected because a higher hydro
phobicity should produce better solubility of hydrophobic
solutes such as oxygen.

An understanding of the nature of the EPR measurements
involved in obtaining these profiles will help to perform more
detailed analysis. The hydrophobicity profile measured by |
the spin labeling method is largely determined by the extent |
of water penetration into the membrane, since dehydration
abolishes the hydrophobic gradient in liposome sampgigs (
This profile can thus be related to the distribution of polar (LA),, L,,
as well as nonpolar molecules across the lipid bilayer. . .

Oxygen transport parameter profiles are obtained by meas-Jeurt s FEEHrEnBane STAC/es & Falit e Sk fnes
urement of the CO”'S,'On rate bet'vv.een molecular oxygen and and alanine and lysine as gray lines. The image was produced with
the free radical moiety of the lipid spin label3, 48, 50) MolScript (75) and Raster3D76).

and depend on both local solubility and the local translational

diffusion coefficient of oxygen in membranes. Molecular Dynamics Simulations Confirm Our Modab

With this in mind, one can compare the effects of different there are 3.6 residues per turn in@elix and the rise per
membrane modifiers in PC membranes. For example, theresidue is 1.5 A, the neighboring residues are°18gart,
effect of cholesterol on both profiles is similar: cholesterol and the vertical separation between thendn + 4 residues
increases hydrophobicity and the oxygen transport parameteiS 6 A. Thus, the vertical separation between leucine side
in the membrane center and decreases them in the polachains in both ks and (LA). is the same, whereas the
headgroup region and hydrocarbon region near the membran@ngular separation between two neighboring leucine side
surface ¢4, 50, 70, 71). It can thus be assumed that solubility chains is two times larger in (LA than in L4 (200° and
(distribution of oxygen molecules within the lipid bilayer) 100, respectively). In both peptides, leucine side chains have
makes a significant contribution to the changes in the oxygen space for rotation. However, since two pairs of leucine side
transport parameter profile. The effect of (LApn both ~ chains in (LA), are separated by a short side chain of
profiles is different. This peptide increases hydrophobicity alanine, the rotational freedom of the leucine side chains is
across the POPC bilayer and at the same time decreases th@xpected to be larger. Indeed, the average, over all residues
oxygen transport parameter across the entire membrane. Iin the peptide and four time frames of tBgo parameter, is
both cases, the effect is strongest in the membrane center0.35=+ 0.09 for (LA).> and 0.47+ 0.07 for Los.

This suggests that the major effect of (LAjs to decrease Because the side chain of alanine is much shorter than
the oxygen translational diffusion within the PC bilayer. In that of leucine, alanine residues in (LAxreate two spiral

addition, the activation energy for translational diffusion of grooves on the peptide surface. This might facilitate inter-
molecular oxygen, which describes the barrier for oxygen penetration of PC hydrocarbon chains and leucine side

transport in the POPC bilayer, is increased,, Lwhich chains. The gaps between side chainsipdre too narrow
increases membrane hydrophobicity more than (kA)as to allow for interpenetration of PC hydrocarbon chains and
practically no effect on the oxygen transp@8). Our model leucine side chains. This can be seen in Figure 11, in which

is that the flexible brush-like surface of (LA)reduces the  configurations of both (LA}, and L4 are shown after 1000
appearance and movement of vacant pockets (voids) in theps MD simulation. The display indicates a loose packing of
vicinity close to the peptide, which are the carriers for oxygen the leucine side chains in (LA)and much denser packing
molecules. The hard, smooth surface peptidg, affects in Laa.

the membrane organization and dynamics observed by Significance for Site-Directed Spin Labelinds was
conventional EPR (order and motion of lipid hydrocarbon mentioned by Marsh7(l), both hydrophobicity and oxygen
chains) in a manner somewhat similar to (LA)but not transport parameter profiles have significant practical ap-
transport of molecular oxygen. Molecular oxygen appears plications in site-directed spin labeling for depth determi-
again to be a very useful probe for investigation of membrane nation. In that method, spin labels are covalently attached
dynamics. to the protein and sense the protein interior or the pretein
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lipid interface. Accessibility studies with complementary 22
relaxation agents (hydrophobic oxygen molecules and the
polar paramagnetic metal complexes) are most informative,
especially for depth determination of the lipid-exposed sites 24.
in a membrane. In these measurements, a free radical
fragment of the spin label attached covalently to the protein
senses only the membrane environment in the immediate g
vicinity of the protein surface7@). The results presented
earlier 88) and in this paper suggest that the transmembrane 27-
a-helical peptides affect the local hydrophobicity as well as  ,g
the local mobility of small molecules such as oxygen, and 29,
these effects are strongly dependent on the amino acid
composition of the peptides{, 68). Because these results
were obtained with lipid spin labels at high peptide concen-
tration, they contain information about the membrane
environment close to the peptide surface. This is also the 32.
environment sensed by spin labels covalently attached to
proteins in the site-directed spin labeling approach. To obtain
depth measurements, calibration of the accessibility of 34.
different relaxation agents (accessibility profiles) into the
lipid bilayer is performed using-PC spin labels{3). These
profiles not only depend on the lipid composition of the host  36.
membrane {4) but also are affected, as we show here, by
the transmembrane peptides and integral membrane proteins
(58).

30.

31.

35.

38.
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