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Membrane Curvature Change Induced by an Antimicrobial Peptide Detected by?P
Exchange NMR
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The influence of an antimicrobial peptide, protegrin-1 (PG-1), on the curvature and lateral diffusion coefficient
(DL) of phosphocholine bilayers is investigated using one- (1D) and two-dimensionalPF{R2®xchange

NMR. The experiments utilize the fact that lipid lateral diffusion over the curved surface of vesicles changes
the molecular orientation and thus tH® chemical shift anisotropy. This reorientation is manifested in 2D
spectra as off-diagonal intensities and in 1D stimulated-echo experiments as reduced echo heights. The 2D
spectra give information on the reorientation-angle distribution while the decay of the stimulated-echo intensity,
which closely tracks the second-order correlation function in our experiments, yields the correlation times of
the reorientation. The relationships among the 2D exchange spectra, stimulated-echo intensities, the correlation
function, and reorientation-angle distributions are analyzed in detail. In the absence of PG-1, both
dilaurylphosphotidylcholine (DLPC) and palmitoyloleoylphosphatidylcholine (POPC) vesicles show biexpo-
nential decays of the stimulated-echo intensities to equilibrium values 0f-0.28, suggesting that the
curvature of the lipid vesicles has a bimodal distribution. The addition of PG-1 to DLPC vesicles increased
the decay time constants, indicating tliat decreases due to peptide binding. In contrast, the addition of
PG-1 to POPC vesicles decreased the decay constants by three to fivefold, indicating that the POPC vesicles
are fragmented into smaller vesicles. On the basis of the chan@gsand the decay constants, we estimate

that the radius of the POPC vesicles decreases by threefold due to PG-1 binding. Simulations of the 2D
exchange spectra yielded quantitative reorientation-angle distributions that are consistent with the bimodal
distributions of the vesicle curvature and the effects of the peptide on the two types of lipid bilayers. Thus,
31p exchange NMR provides useful insights into the membrane morphological changes induced by this
antimicrobial peptide.

Introduction on this time scale can be detected using 2D exchange NMR,
where an orientation-dependent frequency is measured at two
different timest; andt,, separated by a mixing periag. When
molecular reorientations occur duririg, the two frequencies
Giffer. Correlation of the two frequencies, andw; gives rise
Mo off-diagonal intensities in the 2D spectra. By analyzing the
2D intensity distribution, one can obtain information on the
reorientation-angle distributions of motié#r.12

One of the most suitable spin interactions for probing lateral-
diffusion-induced reorientation of phospholipids is tF#
chemical shift anisotropy (CSA¥.For liquid-crystalline lipid
bilayers, the’!P CSA has a large width of about 45 ppm and
uniaxial symmetry, which simplifies the extraction of the
reorientation angle. The 100% natural abundance and the
relatively high gyromagnetic ratio of tiaP spin further make
2D 3P exchange NMR a sensitive technique.

Recently, a time correlation function formalishwas used
to determine the correlation time of lateral diffusion from 2D
31p exchange spectra of melittin-bound dipalmitoyl-phosphati-
dylcholine (DPPC) bilayer® The analysis was based on the
fact that the intensity of the 2D exchange spec8@i, w;
tm), is related to the second-order correlation funct®(ty,) as

Lipid lateral diffusion is a ubiquitous dynamic process in
lamellar bilayers. Its rate depends on the viscosity of the
membrane and the concentration of obstacles such as membran
proteins. Many experimental and theoretical studies have bee
conducted to determine the lateral diffusion coefficients of lipids
as a function of the membrane composition, barrier concentra-
tion, temperature, and hydratidn* However, comparatively
few studies have employed lateral diffusion as a probe for the
shape and size of lipid vesicles’ When lateral diffusion occurs
on the curved surface of lipid vesicles, it becomes a rotation.
Solid-state NMR spectroscopy is particularly adept at detecting
molecular reorientations, since nuclear spin frequencies inher-
ently depend on the angle of the molecule-fixed spin interaction
tensors with respect to the magnetic field.

The diffusion coefficientsD,, are related to the radius of
curvature,r, and the lateral-diffusion correlation timeq,
according targ = r?/6D, . Typical lateral-diffusion coefficients
of phospholipids in the liquid-crystalline,Lphase are 10—

108 cn?/s 82 For lipid vesicles with a diameter ofdm, which
are readily produced by freeze-thawing or extrusion, significant
reorientations occur on the time scale of- M0 ms. Rotations
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function of t, yields an exponentially decaying curg(tm) i
where the decay constant is the diffusion correlation time. While H DD DD DD
this 2D analysis yields a well-defined correlation time, it has X

s X -X
the limitations that the 2D spectral integration is sensitive to F y

finite line widths and other spectral imperfections and that it S1p \ T tr)“ T tz tag
requires the measurement of a series of many 2D spectra. B e

A more reliable and efficient way of obtaining information {cosorr) (coswr coswt
on the reorientation correlation time is the stimulated-echo i(sinrt) + sinwt sinw)

experiment®17which is the 1D analogue of the 2D exchange Figure 1. Pulse sequence for the 1D stimulated-echo experiment.
technique. When a fixeth = 7 is used in the 2D exchange Magnetization components are combined using the basic phase cycle
experiment, at times, = t; = 7, a stimulated echo appears indicated to generate a pure stimulated echo. The full echo shown is
whose intensity decays with increasing mixing time, equivalent °Ptained without frequency change duriagafter two scans have been

. . . . . -~ co-added. The mixing time and the z-filter are interchanged for the
to th_e red_UCt'On Of_the 2[_3 d'ago_nal intensity due t_o Increasing control experiment%) to remove T relaxation effects in the normalized
reorientational motion. With a suitably chosgrihe stimulated- exchange signal¥'S.
echo intensity can almost equ@(tm), as shown below.

In this work, we combine 2D exchange and 1D stimulated patterns and straight 9@dges'®*2For § = 0° att, = 0, the
echo®P NMR to investigate the lateral diffusion of phosphati- spectrum is purely diagonal. A$ increases witftm, the off-
dylcholine lipids in the absence and presence of a membrane-diagonal intensity increases. Simulation of the experimental 2D
active antimicrobial peptide, protegrin-1 (PG-1). The goal is to €xchange spectra thus yielR§3; tm).** The reorientation-angle
understand whether and how PG-1 binding changes the curvadistribution provides valuable insights into the geometry of
ture of lipid vesicles, either by breaking up the vesicles into motion, such as the shape of the lipid vesicles. Rg; tm)
smaller fragments or by fusing different vesicles into larger function depends parametrically on the mixing tiye For
liposomes. The change in the vesicle curvature is probed throughisotropic diffusion, where all molecular orientations are equally
the lateral-diffusion-induced lipid reorientation on the mil- probable, th&R(5; tm) at a longtm is the surface element sth
lisecond time scale. Interest in antimicrobial peptides arises from  The stimulated-echo experiment is the 1D analogue of the
the rapid and potent antibiotic activity of these molecules against 2D exchange technique, in that the evolution time of the 2D
a wide spectrum of microbial organisifsl®PG-1 is g3-hairpin experiment is reduced to a fixed dephasing peridubforety,
peptide stabilized by two disulfide bonds and is representative (Figure 1). An identicak delay follows the mixing period to
of a number of-sheet antimicrobial peptid@8 While these  reach the echo maximum. Then a pair of #0Ises sandwiching
peptides are known to exert their antimicrobial activity by a z-filter is applied to select the proper magnetization component
disrupting the cell membranes of the target organisms, the and to control for T relaxation effects. The two SQpulses
molecular mechanism of action is still not well understood. We before and aftet, are phase cycled in synchrony such that a
previously found that PG-1 induces membrane orientational COS@17)COs(.7) term is coadded with a singz)sin(w,t) term
disorder in bilayers of palmitoyloleoylphosphatidylcholine €very two scans. This generates a pure stimulated echo,
(POPC), whose acyl chains contain 16 and 18 carbons, but notMse(7,0,77; tm), after two consecutive scans
in bilayers of dilaurylphosphatidylcholine (DLPC), which have . .

12 car)lgons per acy)llc?ha?ﬁij)n thisywork, We(show t)>91P NMR Mse(7,0.7; t) = Mo [80S(0,7)COS(,7) + sinw,7)sin(w,7)U
that PG-1 binding slows down the reorientation of DLPC lipids __ )

by a factor of 3 but speeds up the reorientation of POPC lipids — Mo Bos(o; — w))= [, CoS((1 — @ )7) x

by a factor of 3 to 5. These indicate that PG-1 binding reduces Sw,,w4 t) dw, do, (3)
the radius of POPC vesicles about threefold. In other words,

31p exchange NMR provides direct evidence that PG-1 frag-  In this equationMy is the full magnetization and and#

ments POPC lipid vesicles. designate the anisotropy parameter and asymmetry parameter,
respectively, of the chemical shift tensor. The pointed brackets
Theory indicate powder averaging, which is calculated using the 2D

Reorientation-Angle Distribution. A 2D exchange spectrum  spectrumS(w1,w2; ty) as the probability density of finding the
Swi, wz; tm) represents the joint probability of finding the molecules with frequency; duringt; and frequency, after
nuclear spin with frequency; at a certain time 0 and with ..
frequency w, at a timet, later. For interactions with an Whenty, = 0, there is no frequency change and = w;
asymmetry parametey of 0, such as théP chemical shift  then, eq 3 is simplified to
tensor of liquid-crystalline lipids, the Euler angl@sdescribing
the relative orientation of the tensor principal-axis system (PAS) M, = j‘é S(w,,0,; t,)) dw, dw,
with respect to the external magnetic field are simplified to a - o2 m

single angle, the angle between the unique axis of the tensorThig means that molecules with different orientations contribute
before and aftetm. Thus, the orientational change of the jyensities constructively, forming a full echo with a maximal
chemical shift tensor due to motion during the mixing time can jtensityMj,. With increasings, molecular reorientation changes
also be summarized by a single angigthe reorientation angle. , from «; and the echo intensity decreases. For symmetric

Under these conditions, a 2D exchange spectrum is the  gjte jumps, the stimulated-echo intensity decays exponentially
superposition of basis spectB(w1,w,) for different f-angles with t,, with a characteristic time constan
weighted by the reorientation-angle distributid®{s; tm)

0 MSE(r >3 tm) 14 (1 - 1) Mee ™= (4)
S(wlva)z; tm) = 0 dﬂ R(ﬁ; tm) Sﬁ(wl!wZ) (2) n n

It has been showfd that the stimulated-echo intensity for a
The basis spectr&(w1, wz) exhibit characteristic elliptical uniaxial interaction# = 0) and for a specific reorientation angle



22038 J. Phys. Chem. B, Vol. 109, No. 46, 2005 Marasinghe et al.

< T ] Mse= [ [ do, do, cos@; — 0,)tSw;w5 t,)
0.8 (a) / k(B; 2td = 27-1.04) : = [ [ dw, dw, cos@, — )T [ dBR(B; t,)S(wy,0))
. N J
06k . | = [dBRB;t,) [ [ dw, dow, cOsE,~w,)tS(wy,0,) (6)
: \,
*. Py(cosp) l Comparing with eq 5, we find that
041}: N 1
ik(B;2m-10 \
i (® ) \ 1 k(B; 2r0) = [ [ dw, dw, COSE, — 0,)TS)(w1,0,) (7)
02} : \ .
N N, ] Long-Time Behavior of the Stimulated-Echo Intensity.On
SUEPPCTITI I o] the basis of eq 5, we can show that for isotropic reorientations,
« ] the stimulated-echo intensity does not decay to zero evép as
02l N, | approaches infinity, despite the fact that all orientational memory
e AN is lost. Consider the product in the integral of eq 5. The first
I N, ] factor R(3; tm) approaches sif asty, — o (Figure 2b). The
047 S ] second factok(3; 2t5) has a peak a = 0, with k(0) = 1
1 . . . - . . . — (Figure 2a). Sinc&(8; 2td) narrows with increasing, for small

(b) 216 values, both factors are mostly nonzero and positive, thus
0.8} the integral ove, that is, the stimulated-echo intensity of eq
5, does not reach zero, as shown by the hatched area under the
06l R(B; tm — ) = sinp solid curve in Figure 2b. Ag increasesk(B; 2rd) becomes
: more restricted to the smallregion (dotted line in Figure 2a),
0.4 where R(3; tn) = sin 5 is small. Thus, the stimulated-echo

intensity, shown as the area under the dotted curve in Figure
k(B;2n-1.04)-sinp 2b, approaches zero more closely.

0.2¢ For the liquid-crystalline lipids studied here, tH® CSA and
. k(B;2n-10)-sinp the stimulated-echo delay time used give 2= 200 us x 27
0 PN e N N DO SN N it 5 55 s x 32 ppmx 162.1 Hz/ppne= 2.087. This yields a half width

- S S —e— of f = 27° for the kernek(p) (solid line in Figure 2a). Through
0 100 200 30" 40 50 60 70 80 90 the use of a step-function approximatiork{g), for this width,

B the integral of the product of sjfi with the step function gives
Figure 2. (a) Kernelsk(8; 2t0) of the integral of R(3; t,) that Mse~ 1 — cosf) = 0.11. This agrees well with the result of
determines the stimulated-echo intensity at the giygrior 6 = 5.2 the exact calculation using the actug)3). For anisotropic

kHz andz = 0.1 ms (solid line) and = 1 ms (dotted line). As a reorientation, the plateau value of the stimulated-echo intensity
function of sinf, the curves have the same shape as a spin-pair REDOR j|| be higher, sinceR(3; tn — «) is larger at or neap = 0.
curve. The kerneP,(cos ) of the second-order correlation function Motional Correlation Times. In a diffusively reorienting

(dash-dotted line) is also shown for comparison. (b) Final-state - . . ?
reorientation-angle distribution for isotropic rotational diffusion and system, 'motlons occur W'th more than one Correlgtlon time.
its products with the kernels shown in part a. The area under the plroO|uctWeII-def|ned correlation times of reorientational motion are the
curve is the stimulated-echo intensity under these conditions. time constants.y of the correlation function€y(tm), which

B is equivalent to the time signal of a powder sample are related to the reorientation-angle distribution as

Sowd2T04; 174), Where the anisotropy of the effective difference . 90 .

tensor is 20, = 21(%/,)0 sin 8 = 370 sin and the asymmetry Cr(tm) = [Pr(cosp)= ./;) dB R(B; t) Py(cosp)  (8)
parameter of the difference tensowis= 1. With a distribution . ) ) )
R(3; tm) Of reorientation angles, the stimulated-echo signal is Where Pn(X) is the nth Legendre polynomial. For isotropic

the weighted sum of these powder signals rptational d.iffusion,rC,n =n(n+ l')rC,o,24 thus, the correlgtion
times for differentn values can differ by orders of magnitude.
Mee(7,0,7; 1)) = 090 dB R(B; t)Syond307 SiNB; 175 = 1) The correlation time we extract from the 2D exchange experi-

% ments iste 2, sjnce i§ is the Iegst sensitive to the fine details of
= J, 9B R ty)k(B; 26) (5) the spectral intensity or noise. We use eq 8 with= 2 to
calculate the values dTy(ty) for various mixing times, with
Since a static powder line shape fipr= 1 is the same as the  R(f; tm) distributions that reproduce the measured stimulated-
Fourier transform of a rotational echo double resonance (RE- echo intensity according to eq 5 and that give good fits to the
DOR) time signaf® Syowd(2t04; 74 = 1) as a function of 24 2D exchange spectra. Each 2D spectrunR(@; t,,) gives one
is equal to the well-known two-spin REDOR time signal. When point in Cy(tm). SinceP,(cosp) = (3 cog  — 1)/2 is a slowly
Showd iS considered as a function @f this similarity is most varying function, small variations iR(5; tm) do not affect the
obvious at small angles where gire 8. This is shown in Figure  value of Cy(ty) significantly. Thus, the two Gaussian functions

2a, which plots the integral kernk(; 2t0) = Syowd(379 sinf; used below to approximate the truedR{») should be sufficient
na = 1) as a function off. The kernel has a peak At= 0 that to obtain a good approximation ©;(ty).
narrows with increasing. Only portions ofR(j3; tm) within this It has been pointed ofttthat, for diffusive motions, the decay

peak contribute significantly to the integral and determine the constant of the stimulated echo is not the correlation time of
stimulated-echo intensity. A similar treatment has been given Cy(tm). This can be understood by comparing the expressions
for the [$in(w17)sin(w,t)Ostimulated echo in refs 16 and 17.  for Msg(ty), €q 5, and foiCy(tym), eq 8. The kernels of the two

The kernelk(g; 2t) can also be calculated from a series of integrals,k(3; 2td) and Px(cosp), are generally not the same.
2D exchange spectt®(w1,w>), based on eqgs 3 and 2 UnlessR(f; ty) contains a sharp peak/at= 0 for all t,, values,
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TABLE 1: Stimulated-Echo Time Constants and Weights of DLPC and POPC in the Absence and Presence of PG-1

double exponential

stretched exponentfal

TSE,1 TSE,2 TSE3
lipid (ms) my (ms) m, Mo (ms) p
DLPC 1.1+ 0.2 49% 144+ 3 25% 25% 2.5-0.3 0.62
DLPC+PG-1 1.9+04 38% 52+ 19 28% 34% 7.9 1.5 0.43
POPC 1.4£0.3 46% 25+ 7 35% 20% 4.4 0.6 0.52
POPCHPG-1 0.27+ 0.07 35% 8.0t 0.5 22% 42% 1.2-0.2 0.42

aThe double exponential function Msg = my + mye /’se1 + mpe~n/7se2 P The stretched exponential functionNdsg = my + e /7sedP,

TABLE 2: Gaussian Widths (a3;) and Weights ()2 of the
Reorientation-Angle Dlstrlbutlons of Various Membrane
Samples Determined from 2D3'P Exchange Spectr&

lipids tm op1 Wi 0g2 Wo Coltm) Msgcacd Mseexp
DLPC 1ms 4 25% 20 75% 0.77 0.67 0.66
5ms g 27% 40 73% 0.44 0.42 0.42

400ms 20 27% 80 73% 0.19 0.24 0.23

DLPC 1ms 2 42% 18 58% 0.85 0.78 0.78
+ PG-1 5ms 4 42% 3 58% 0.67 0.62 0.62
400ms 17 42% 90 58% 0.32 0.36 0.34

POPC 1ms 5 25% 18 75% 0.81 0.69 0.70
5ms 10 25% 29 75% 0.59 0.48 0.50

50ms 18 30% 70 70% 0.24 0.26 0.28

300ms 28 30% 90 70% 0.16 0.20 0.21

aThe Gaussian function is defined in eq 2Zhe corresponding

second-order correlation function values and the calculated and

experimental stimulated-echo intensities are also given.

as it does for the jump processes, the time constan@(&f)
and Msg(ty) need not be the same. However, with our choice
of 216, k(B; 2t0) resemblesP,(cos ) quite closely, see the
solid and dashkdotted lines in Figure 2a, so the time constants

of the stimulated-echo decays will be close to the true correlation

times. This is confirmed by the quantitative calculations below.

Moreover, the change in the stimulated-echo decay constant due

to the addition of peptides can be determined quantitatively.
For an n-times faster motion of the same geometry, the
stimulated-echo decay constant will béimes shorter because
the sameR(j3; tm) will occur at ann-times shortet,.

For lipid vesicles, the stimulated-echo intensity can decrease

not only due to lateral diffusion over the curved vesicle surface
but also due to the overall tumbling of the vesicles in water.
The overall correlation timer, is related to the diffusion
correlation timery and the tumbling correlation timeyn,
according to

1_1.1
Tc Ud  Tim

©)

As mentioned abovery depends o, and the vesicle radius
r according to

r2

while the tumbling timeryy, is calculated as
4ﬂr377
Ttm = 3kTW (11)

wheren, is the viscosity of watel is the Boltzmann constant,
andT is the absolute temperature. Using a viscosity of 0.891
1073 kg/(m-s) for water, a radius of xzm, andT of 295 K, we
find a7y, of 920 ms. The viscosity of 75% hydrated (w/w) lipid
samples used in this study is likely much higher than the
viscosity of pure water, thus this estimatag is a lower limit.

(a)

S ‘—»r//\»\
T T T T T T
60 40 20 0 -20 -40 60 40 20 -40

31P (ppm) 31p (ppm)

1

0.8

(c)

N

0.6 0.2
o
< 0
D 0 20 40 60 80 100
0.4 DLPC + PG1
o O (e)
= | I—
0.2 " ]
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0 . . , A A A
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mixing time (ms)

Figure 3. 1D stimulated-echo spectra of DLPC alone (a) and DLPC
with PG-1 (b) at a mixing time of 20 msS, control spectrums,
exchange spectrum. (c) Normalized stimulated-echo intenSitge $or
DLPC (squares) and DLPC/PG-1 (circles) membranes as a function of
mixing time. Parameters for the best-fit biexponential decays are listed
in Table 1. The inset shows the decay in the initial 100 ms, where a
fast component is observed for both samples.

This means that the lateral-diffusion-induced reorientation is
faster by 1 to 2 orders of magnitude than vesicle tumbling and
7. can be approximated ag in eq 9.

Materials and Methods

Sample Preparation. 1,2-dilaurylsnglycero-3-phosphoti-
dylcholine (DLPC) and 1-palmitoyl-2-oleo@r-glycerol-3-
phosphatidylcholine (POPC) were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification.
The acyl chain lengths are 12:0 for DLPC and 16:0 and 18:1
for POPC. The main phase-transition temperatures-dréC
for DLPC and —2 °C for POPC. PG-1 was synthesized
according to a previously published procedtfre.

Unoriented lipid vesicles were prepared by codissolving
appropriate amounts of PG-1 and lipids in TFE and chloroform
solutions to achieve a peptide/lipid molar ratio (P/L) of 1:30 or
0. About 25 mg of lipid was dissolved in 2 mL of chloroform,
and PG-1 was dissolved in 1 mL of TFE. The lipid and peptide
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Figure 4. 2D 3P exchange spectra of DLPC bilayers with mixing times of (a) 1 ms, (b) 5 ms, and (c) 400nflsS{thulated spectra for-ac.
The experimental stimulated-echo intensities are 0.66 (1 ms), 0.42 (5 ms), and 0.23 (400-+)sRegrientation-angle distributionR(S; tm)
obtained from the best fits.

solutions were mixed and dried under a stream of nitrogen gas,shortt, of 10 us in the first longitudinal period, no reorientation
and the resulting film was redissolved in cyclohexane, frozen can occur, thus a full stimulated echo results. The surty,of
in liquid nitrogen, and lyophilized. The mixture was then andt, was kept the same between thand S, experiments so

rehydrated with deionized water to 75% (w/w) hydration. The that the effects of3!P T, relaxation are removed in the
hydrated mixture was vortexed and freeze-thawed five times normalized intensityyS. This T; correction method is identical

to obtain a relatively uniform vesicle size ofin.2”28The well- to that of the CODEX experime#f,which is the magic-angle
hydrated membrane mixtures were center packed into 5-mmspinning analogue of the stimulated-echo experiment.
diameter glass tubes using a BD-microdispenser (Drummond Simulation of 2D Exchange Spectra.The 2D exchange

Scientific) and capped with a Teflon plug and Teflon tape. spectra and 1D stimulated-echo intensities were calculated using
Solid-State NMR Experiments. NMR experiments were  a Fortran program that also generates the reorientation-angle
carried out on a Bruker DSX-400 spectrometer (Karlsruhe, distribution. The program calculates the frequencies of an axially
Germany) operating at a resonance frequency of 162.12 MHz symmetric chemical shift tensor before and after reorientation.
for 31P (9.4 T). A static double-resonance probe with a horizontal The subspectra for specifit; weighted byR(3; tm), are summed
5-mm diameter radio frequency (rf) coil was used. All experi- to give the 2D spectra, see eq 2. The stimulated-echo intensity
ments were conducted at 2952 K. Typically, a3'P 90 pulse is calculated from the 2D spectrum at the gitgrusing eq 3.
length of 5us, 'H decoupling field strength of 50 kHz, and Since lipid reorientation is diffusiveR(f; ty) is assumed to
recycle delays of 23 s were used. Th&P chemical shift was consist of Gaussian functions centered ‘aivith a width of g
referenced externally to phosphoric acid at O ppm.
Both the 2D exchange and 1D stimulated-echo experiments R@B:t,) = z w, d, sin g P23 (12)
were initiated from direct'P polarization by a 90pulse. The ]
2D experiment used the standard three-pulse sequente; 90
t; — 90° — mixing — 90° — detection. The stimulated-echo Here w; is the weighting factor of the individual Gaussian
pulse sequence (Figure 1) includes fixegeriods before and  functions,op; is the width of each Gaussian, add= 1/(3 =0
after the mixing time to encode tH8P CSA and sense the  sinpgje #%%%) is the normalization constant for each Gaussian.
molecular orientation. We usad= 1004s in all experiments. At short and intermediate mixing timesy; for diffusive motion
At the end of the secondperiod, a z-filter was added to correct increases proportional tg*2. Two Gaussian functions & 1,
for T, relaxation effects. This involved normalizing the intensity 2) are necessary to fit the experimental 2D exchange spectra.
of the exchange experimerf)(to that of a control experiment  The actualR(8; tm) function may be more complex, but the
(S) in which the values of,, andt; are interchanged. With a  two Gaussian fit provides a good approximation, in particular
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Figure 5. 2D 3P exchange spectra of DLPC/PG-1 membranes after mixing times of (a) 1 ms, (b) 5 ms, and (c) 406fBinfdlated spectra
for a—c. The experimental stimulated-echo intensities are 0.78 (1 ms), 0.62 (5 ms), and 0.34 (400 dRe@ientation-angle distributions
corresponding to the best-fit simulations.

since it also reproduces the stimulated-echo intensity quantita-the presence of PG-1. DLPC is a good bilayer system for this
tively (see Table 2). In the simulations, the angleis purpose. Our previous oriented-membrane experiments showed
incremented at 3steps. that DLPC bilayers maintain their orientational order at high
The 2D simulations were constrained by four factors: the concentrations of PG-1 and the peptide is uniaxially mobile and
stimulated-echo intensity for the specific mixing time, the thus likely monomeric in this bilayeéf. These indicate that no
general characteristics of the 2D spectra, theun@d 90 cross structural and phase changes occur to DLPC bilayers upon PG-1
sections of the 2D spectra, and the spectrum along the diagonalbinding. Thus, it is a reasonable approximation that the DLPC
The 2D characteristics optimized were the length of the diagonal vesicle size is unaffected by peptide binding. By comparing the
ridge, the width perpendicular to the diagonal, and the lowest reorientational correlation times of DLPC lipids in the absence
contour levels. The spectrum along the diagonal was extractedand presence of PG-1, we can then determine whether the
in Matlab. The simulated and experimental spectra are plotted diffusion coefficientD, is changed by PG-1 binding.
with |d_ent|ca_1l contour levels in all figures _shown here. Figure 3 shows the stimulated-echo decay curves as a function
In sw_nulatmg the_2D spectra, we found it necessary to use a tm for DLPC in the absence (squares) and presence (circles)
Iarger. line broadenlng along the diagonal than 'perpendlcular 10 4 PG-1. Two common features are observed. First, both curves
ey e opeman s s e ol e 4262 0 & renuanising cqulbrum velve. Second, e
broadening is typically less than 1 plEJm This indicates that the curve follows a single-exponential decay but must be fit with
X T s . .~ either a double exponential with a constant offset, +
line width is correlated between the two dimensions, which is s i : .
most likely a result 0By inhomogeneity, including susceptibility mye-ffse: + Mpe™/%se2 or a strefched exponential function,
’ mp + e ~t/7sed® wherep < 1. For DLPC bilayers, the double-

effects. exponential fit gave a fast decay constant of 1.1 ms and a slow
Results constant of 14 ms (Table 1). The stretched exponential fit yielded
PG-1 Interaction with DLPC Bilayers. To determine @ time constant of 2.5 ms and a stretching expopenft0.62.

whether PG-1 binding changes the radius of curvature of lipid Since pure DLPC bilayers, as a one-component system, cannot
vesicles, we need to know both the correlation tigend the have any dynamical heterogeneity, the multiexponential nature
diffusion coefficientD, (eq 10) in the absence and presence of of the decay suggests that the lipid vesicles have more than
the peptide. The motional correlation times are extracted from one radius of curvature. In principle, this distribution may result
the stimulated-echo decay constants. HoweRer which may from a nonspherical shape of the vesicle such as ellipsoids or
change upon PG-1 binding, is not independently measured inthat the vesicles are multilamellar rather than unilamellar. Since
these experiments. Therefore, we use the approach of deducinghe equilibrium value of 0.25 is significantly larger than the
the changein D, due to peptide binding by using control value (0.11) predicted for isotropic diffusion under our experi-
bilayers that are known to maintain their structural integrity in mental conditions (Figure 2b), the nonspherical shape of the
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Figure 6. 1D stimulated-echo spectra of POPC alone (a) and POPC
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The addition of PG-1 to DLPC lipids slowed the reorientation,
increasing the time constants by about threefold (Table 1). In
the double-exponential fit, the long time constant increased from
14 to 52 ms. In the stretched exponential fi¢g 3 increased
from 2.5 to 7.9 ms. Since previous measurentéifindicated
that the structural integrity of DLPC bilayers is well maintained
in the presence of PG-1, the increased time constants strongly
suggest that the diffusion coefficient decreased due to PG-1
binding; this is consistent with the obstructed diffusion of the
lipids in the presence of the peptidln addition, the equilibrium
value increased te~0.34, suggesting that the shapes of the
vesicles may have become more elongated upon peptide binding.

Figure 4 shows the 2D exchange spectra of pure DLPC lipids
after mixing times of 1, 5, and 400 ms. As the mixing time
increases, the off-diagonal intensity increases as expected, while
the stimulated-echo intensity decreases. The stimulated-echo
intensities for the three mixing times are 0.66, 0.42, and 0.23
(Table 2). Thus, even at the shortest mixing time of 1 ms, about
one-third of the total intensity is off the diagonal. This illustrates
the advantage of the stimulated-echo experiment in highlighting
motional features that are not readily detectable in the 2D
spectra. The simulation of the 2D exchange spectra can be much
less accurate without the quantitative value of the relative
intensity of the diagonal and off-diagonal intensities given by
the stimulated echo.

Consistent with the biexponentiality of the 1D data, the 2D
spectral fitting requires at least two Gaussian functions with
different widths o3 (Table 2). The small-angle component
contributes intensities mainly along the diagonal, while the large-

POPC membranes in the absence (squares) and presence of PG-dngle component preferentially contributes off-diagonal intensi-

(circles) as a function of mixing time. Inset shows the decays in the
initial 70 ms. Best-fit biexponential decays are shown. The fit
parameters are listed in Table 1.

vesicles is a more likely reason for the observed multiexpo-
nentiality of the decay. In other words, regions of the vesicle
with large radii of curvature contribute to slower molecular
reorientations or larger time constants.

ties. The reorientation-angle distributidR&3; tr,) corresponding
to the best-fit 2D simulations are shown in the bottom row of
Figure 4. The increasing percentage of large-angle reorientations
at a long mixing time is evident.

Figure 5 shows the 2D exchange spectra of DLPC bilayers

after PG-1 binding. It can be seen that peptide binding increased
the diagonal intensities and decreased the off-diagonal intensities
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Figure 7. 2D 3P exchange spectra of POPC bilayers with mixing times of (a) 1 ms, (b) 5 ms, (c) 50 ms, and (d) 300 ms. The experimental
stimulated-echo intensities are 0.70 (1 ms), 0.50 (5 ms), 0.28 (50 ms), and 0.21 (300-1m3)Bést-fit simulations. (i) Reorientation-angle

distributions extracted from the best-fit spectra.
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POPC lipids with and without PG-1. While the general features
of biexponentiality and finite plateau persist, the addition of
PG-1 decreased rather than increased the motional correlation
times. Double-exponential fits yielded a fast-decaying compo-
nent of 1.4 ms for POPC and of 0.27 ms for the POPEptide
mixture. Similarly, the correlation time of the slow-decaying
(a) component decreased from 25 to 8 ms upon peptide binding.
-20 - The approximate fourfold reduction in the time constants is also
seen in the stretched exponential fit, which yielded an average
7c of 4.7 ms without PG-1 but 1.2 ms with PG-1.

0 Figure 7 shows the 2D exchange spectra of pure POPC lipids
after mixing times of 1, 5, 50, and 300 ms. It is reassuring to
observe that the 2D intensity distributions are very similar to
those of DLPC (Figure 4). The decay constants extracted from
the 1D stimulated-echo decays are also within a factor of 2 of
40 each other. Thus, the lateral-diffusion constants of the two lipids
are similar. This is not surprising, since the gel-tpfhthase-

40 20 0 20 transition temperatures, which determine the fluidity of the
lipids, are nearly identical for the two lipids-(L °C for DLPC
and—2 °C for POPC).

The similarity of the POPC and DLPC exchange behavior
accentuates the contrast when PG-1 binds to the membranes.
Figure 8 shows the 2D exchange spectra of the POPC/PG-1
(b) mixture after mixing times of 1 and 10 ms. Substantial exchange

intensities are detected even at 1 ms. Moreover,3tReline
shape, shown as the 2D projection, is partially averaged,
indicating the presence of sub-millisecond time scale motions
that change thé'P CSA interaction. Thus, the intensity of the
control spectrung, already has significant decay, which makes
9% in Figure 6 appear artificially high. Due to the distortion
of the 3P CSA powder spectrum, we did not simulate the 2D
exchange spectra of the POPC/PG-1 membrane. However, we
can estimate the change in the vesicle radius from the measured
stimulated-echo decay constants. Using the assumption that the
T T T T longer time constants in the double-exponential fit correspond
40 20 0 -20 to flatter regions of the nonspherical vesicles, and using the

31P (ppm) result that adding PG-1 reduces the lateral diffusion coefficient

Figure 8. 2D 3P exchange spectra of POPC/PG-1 membranes after D by a factor of 3, then a three to fivefold reduction qf

mixing times of (a) 1 ms and (b) 10 ms. The experimental stimulated- indicates that the vesicle radius is reduced by about a factor of
echo intensities are 0.64 (1 ms) and 0.51 (10 ms). 3 due to PG-1 binding.

P (ppm)

compared to the pure DLPC membrane. This is consistent with iscussion
the higher stimulated-echo intensities for the peptide-bound
DLPC membrane. Correspondingly, the fraction of small-angle  The determination of lipid vesicle sizes from lateral diffusion
reorientations in the simulations increased in the peptiighd requires the knowledge of both the diffusion correlation time
mixture. For example, thB(S; t.) function for the 1 ms DLPC/ 7 and the diffusion constailt, . Since we do not independently
PG-1 spectrum consists of 42% of a Gaussian with a width of measureD,, which in principle can be done by using spherical
2° and 58% of a Gaussian with a width of°18n comparison, supports of defined sizé8 reasonable assumptions have to be
the 1 ms DLPC spectrum is fit with 25% of & @aussian width made to deduce the vesicle radius. We choose DLPC lipids as
and 75% of a 20Gaussian width (Table 2), indicating that lipid & control membrane because it maintains the structural integrity
lateral diffusion is partially obstructed by PG-1, giving rise to upon PG-1 binding. This is seen from a number of spectroscopic
a smallerD,. Table 2 also lists theC(ty) values for each observations, including th&'P powder line shape, which is
simulated 2D spectrum. As predicted above, for our choice of unperturbed by PG-1, t#éP spectrum of oriented membranes,
207, Cy(ty) is quite similar to the normalized stimulated-echo which is well ordered in the presence of PG-1, and the uniaxial
intensity. Thus, the decay constants frivhgg(t,,,) will be close rotation of PG-1 around the DLPC bilayer norm@&lThese
to the true correlation times @;(t). As expected, the addition  indicate that PG-1 is incorporated into the DLPC bilayers similar
of the peptide to the DLPC bilayer changed tBgvalues in to lipids. With this assumption, the slower lipid reorientation
the same direction as the stimulated-echo intensities. Thus,can only result from the reduction in the diffusion coefficient
although we do not extract the true correlation tirge due to D.. This reduction was observed before for other membrane
the small number of the 2D spectra collected, the change in thepeptides such as melittihand can be understood as the physical
decay constants of the stimulated-echo intensities correctly obstruction by membrane additives. Various models such as the
reflects the change in the truge, due to peptide binding. achaepelogo model have been proposed to explain this ob-
PG-1 Interaction with POPC Lipids. The interaction of  structed diffusior?.
PG-1 with POPC lipids contrasts dramatically with its effect The observation that POPC lipids in the absence of PG-1
on DLPC lipids. Figure 6 shows the stimulated-echo curves of have nearly identical 2D exchange spectra and similar stimulated-
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Figure 9. Two modes of PG-1 interaction with phosphocholine lipids.
(a) With DLPC lipids, PG-1 hinders the lateral diffusion, reducihg

by a factor of 3. The vesicle structure remains mostly intact, and the
peptide (red) is likely monomeric. (b) With POPC lipids, PG-1 not
only reduceD, but also breaks the vesicles into smaller pieces. The ! I ! I
radius is about three times smaller. The peptide is aggregated in thisEncyclopedia of Nuclear Magnetic Resonandehn Wiley: Chichester,

membrane.

echo decay constants as DLPC lipids is expected for lipids with
similar liquid-crystalline fluidity and vesicle sizes. Thus, if PG-1
binding does not affect the structural integrity of the POPC
vesicles, one would expect the reduded to similarly slow

Marasinghe et al.

constraints to the simulation of the 2D exchange spectra. For
systems comprising multiple chemically inequivalent sites, the
stimulated-echo experiment can be conducted under MAS,
which is the CODEX experimenf.
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