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Abstract

We summarize a series of experimental results made with the newly developed high resolution X-ray scattering
(IXS) instrument on two pure lipid bilayers, including dimyristoylphosphatidylcholib®PC) and dilauroylphos-
phatidylcholine(DLPC) in both gel and liquid crystal phases, and lipid bilayers containing cholesterol. By analyzing
the IXS data based on the generalized three effective eigenmode K@TEE), we obtain dispersion relations of
the high frequency density oscillatiofghonons of lipid molecules in these bilayers. We then compare the dispersion
relations of pure lipid bilayers of different chain lengths among themselves and the dispersion relations of pure lipid
bilayers with those of the cholesterol containing bilayers. We also compare our experimental results with collective
dynamics data generated by computer molecular dynafdi3) simulations for dipalmitoylphosphatidylcholine
(DPPQ in gel phase and DMPC in liquid crystal phase.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction and of specific amphiphilic proteingl]. But in
the native state, the biological membrane is diffi-
Biological membranes play a significant role in cult to study. Cell membranes and vesicles are not
a range of biological processes such as ion-trans-in states which could be easily manipulated for
port and signal transduction. All biological mem- investigation. As a result, phospholipid bilayers
branes are composed of mixtures of several lipids will be used as a model system for our study.
Fully hydrated phospholipid bilayers have been
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Because of their amphiphilic characters, con-  Thek range, inaccessible by the aforementioned
sisting of a polar head and a bulky hydrophobic experimental techniquesl nm *<k<5 nm —1),
double chain of hydrocarbon groups in the tail is important for the understanding of the collective
region, these lipids are known to readily self- dynamics. In order to measure the speed of sound,
assemble into ordered bilayers and depending onwe need a linear region of the phonon dispersion
the temperature, exhibit different structural phases curve for the measuredl range, and the same
[2]. The structures of phospholipid bilayers have range also corresponds to wave vector transfer
been studied by a variety of methods, such as near the inverse of the inter-particle distar{¢e=
differential scanning calorimetry3], H? nuclear 1-15 nn1Y), where the collective dynamics goes
magnetic resonancgt,5], X-ray and neutron dif- through a transition from a hydrodynamics to a
fractions[6—8], and computer molecular dynamics microscopic single-particle behavior.
simulations[9-11]. For the single particle dynam- The rapid development of synchrotron radiation
ics, the diffusion and rotation of lipid molecules sources make the IXS technique that could cover
in bilayers have been studied by E$R], NMR the missingk range feasible only happened in
[13,14, excimer[15] and by fluorescence recovery recent years. In 2000, Chen et &.9] made the
after photo-bleaching16]. A recent incoherent first measurement of collective dynamics in DLPC
guasi-elastic neutron scattering experimgf] phospholipid bilayers and obtained some results,
measured the confined diffusion of lipid molecules which showed a good agreement with the later
in oriented DPPC bilayers by time of flight and MD simulation by Tarek et al[20]. However, in
back-scattering neutron spectroscopy. Also, the these articles, they only studied the dynamics of
undulatory low frequency excitations of highly pure lipids. In real biological system, membranes
ordered stacks of chain-deuterated lipid bilayers at are not pure lipid bilayers. For example, cholester-

a high hydration level have been studied by coher-
ent neutron spin—echo spectroscdfg@]. Howev-

er, studies of the in-plane collective dynamics of
lipid chains are scarce so fat9,2d. Knowledge

of collective density fluctuation of hydrocarbon
chains in lipid bilayers is essential for understand-
ing some aspects of biological functions of natural

ol plays in many ways ubiquitous role in biological
membranes where it can account for up to 50
mol.% of the total lipids in the cell membranes.
The presence of cholesterol is required for mam-
malian plasma membranes to function normally.
Although cholesterol has a number of different
functions, it is important as a modulator of the

membranes. For example, it has been conjecturedphysical and transport properties of the plasma

that the formation of gauche-trans-gauche kinks
due to the collective thermal motion of hydrocar-
bon chains provides a possibility for the trans-

membrane and is necessary for the functional
activity of several membrane proteifR1]. For
instance, adding cholesterol to a lipid bilayer

membrane transport of small molecules such asenhances its bending elasticif22] and reduces

water or ions[23].

From the experimental point of view, the meas-
urement of dynamic structure factétk,w) is used
to study the collective excitations in condensed
matter. In the past§(k,w) has been studied exten-
sively by Brillouin light scattering(BLS) and
inelastic neutron scatteringiNS) techniques. In
INS, the smallk range is not accessible due to the
kinematic limitation related to the neutron mass
and one is unable to observe the collective exci-
tations of long wave lengths because of the limited
accessiblek—w ranges. As for BLS, because of
the long wavelength of light, it limits the accessible
k range tok<0.01 nnT %,

its passive permeabilitj23,24.

Moreover, it is also known that cholesterol
reduces order in gel phase bilayers and increases
order in liquid crystal phase bilayers, hence broad-
ening or even eliminating the main bilayer phase
transition. When in the case of high cholesterol
concentration, cholesterol increases the mechanical
strength, lowers the permeability and suppresses
the main-phase transition. On the other hand, at
low concentration and close to the main phase
transition temperature, cholesterol, instead of
enhancing the strength, softens the bilayer and
increases its permeability. It has been shown that
adding cholesterol to phospholipid membranes pro-
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Fig. 1. The schematic diagram of an inelastic X-ray scattering spectrometer at Beamline 3-ID, Advanced Photon Source and Argonne
National laboratory. The beam comes from an unduléfor and pre-monochromatdC), then passes through the high-resolution
monochromatokD) and focusing mirrol(E) before it illuminates the samplgs). The scattering intensity is focused by analyzer

(1) into detector(J). (F) is the ionization chamber to monitor the incident flux onto sam@. and (H) are the slit systems that
determine the source size.

duces a rich phase diagram of the mixer. In Vist with Chen’s previous articld19] and also the
and Davis’s article[25], they mapped out such available MD datd20].

phase diagram for dipalmitoylphosphatidylcholine

(DPPQ/cholesterol in the presence of water. They 2. The IXS experiment

showed that by adding a substantial amount of

cholesterol to DPPC membranes, a new phase that 114 experiment for DMPC and DMPC with

is different from gel and liquid crystal is formed  .hojesterol was carried out at the high resolution
with the properties of a liquid and solid. In jhgiastic X-ray scattering beam lif@-ID) at the
Zuckermann’s articld26], the new phase is called  Agyanced Photon SourcéAPS). Fig. 1 is the
a solid—liquid-ordered phase according to the New gchematic diagram of the inelastic X-ray scattering
classification scheme introduced by them, while spectrometer at the Advanced Photon Source,
the gel phase is called solid-ordered phase and inArgonne National laboratory. The 21.657 keV
the liquid crystal phase is called liquid-ordered (denoted byE,) X-ray was produced by a 4.6 m
phase. When the cholesterol level is low, we can long undulator with a 2.7 cm magnetic period at
find the usual two phases: solid- and liquid-ordered the storage ring of the APS at Secto{®]. The
and there is a transition temperature. When there hegm was pre-monochromated by a water-cooled
exists substantial amount of cholesterol in DPPC, giamond(1 1 1) double-crystal monochromator. It
the liquid-ordered phase is present but we can't js further monochromatized by a high resolution
observe the solid-ordered phase by lowering the jn-line monochromator, which consists of two
temperature. Though a lot of efforts has been put nested silicon channel-cut crystals. An asymmet-
into the understanding of the properties of phos- rically cut silicon (4 4 0) crystal is used as the
pholipid membranes in the presence of cholesterol guter channel of the in-line monochromator. It is
[27-33, the studies of its in-plane collective able to collimate the incoming beam to below one
dynamic is still much needed. microradian inside the channel cut. After the outer
MD simulation of phospholipid bilayers can crystal, the beam is reflected twice by the inner
help interpret the IXS data since the and w channel cut with a Bragg angle at 83& the(15
values accessible to both techniques are about thell 3) reflection. After transmitting through the
same. In this article, we will summarize the new second monochromator, the beam has a tunability
results obtained from the recent study of the range between 21.50 and 21.70 keV with an energy
collective dynamics of the lipids with the addition width of 1.3 meV. By rotating the inner and outer
of cholesterol[33] by coherent inelastic X-ray channel-cut of the in-line monochromator, we can
scattering and will also compare these new results tune the energy on the meV scale. The beam is
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then focused by a total reflecting mirror to a spot
size at the sample of 200100 wm after passing
through the high energy resolution monochromator.
The photon flux at the sample position is approx-
imately 6x10° photongs at a current of 100 mA
in the storage ring.

The scattered photon was collected by18 6
0) reflection of a bent silicon analyzer in extreme
back-scattering geometr{d,=89.98). The ana-
lyzer is comprised ba 4 mmthick, 100 mm large
focusing silicon disk, with a distancd 6 m from
the sample. The disk is glued onto a flexible glass
wafer and diced with a high-precision diamond
saw into small pixels of 1 mm size in order to
avoid bending stress in the silicon. By etching the
crystal in a KOH solution, the stress from distorted
areas at the cut regions can be removed.

A temperature-controlled chamber is used to
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value of the curvey=0.65 the mixing parameter
and/, a normalization constant.

Lipid bilayer samples were fully hydrated films
of thinkness approximately 1 mm and area 1°cm
deposited on a quartz plate. They were placed in
an air—tight aluminum rectangular box with capton
windows. The incoming X-ray beam enters hori-
zontally, parallel to the plane of the sample and
the scattered beam is collected also in the horizon-
tal direction so that the scattering plane coincides
with the plane of the sample. By this way, we can
assure that scattering vectéris largely in the
plane of lipid bilayers. The path length of the X-
ray in the sample is approximately 1 cm.

3. Theoretical model

Atomic and molecular density fluctuations of

house the analyzer to keep the temperature stabi-simple fluids have been studied extensively both

lized near room temperature t82 mK/24 h.
A commercially available Cd-Zn-Te semi-

experimentally and theoretically in the past two
decadeg435-37. In Born approximation, the dou-

conductor detector is used here. Its electronic noiseble differential cross sections of both inelastic

level is below 0.001 Hz.
The wavevector transferk, can be varied
according to the relation

4 0 o, .0
k= \ sm2—21.95A S”E (1

where is the wavelength of the X-rays arétdthe

scattering angle at the sample. The maximum

scattering angle of the setup #%<15.5, which

corresponds according to the above equation to a

maximum momentum transfer of 30 nrh
The net energy resolution function was meas-
ured by a Plexiglas sample with a 1.97 meV full

width at half maximum. The shape of the measured

resolution function can be reasonably well
described by a fit with a Pseudo—Voigt function

I(w)=lo{%{l+[%] }_ Ha-mE

() e 3]

where I'=1.97 meV is the full half maximum

2

photon and neutron scattering from simple fluids
are proportional to the dynamic structure factor
S(k,w), where k is the magnitude of the wave
vector transfer(see Eq.(1)) and Aw (E=#w=
E,—E,, where E, and E, are the incident and
scattered energies of the radiation, respectively
the energy transfer in the scattering procg2g].
S(k,w) is the density fluctuation of the atomic or
molecular density in the fluid. This gives an
incentive for formulating a dynamical theory of
fluid which contains explicitly the dynamic struc-
ture factor which is measured in an XS scattering
experiment. The IXS data were analyzed by a
generalized three effective eigenmode model
(GTEB), developed in a recent article by Liao and
Chen[39]. They extended a three effective eigen-
mode model(TEE) formulated previously by de
Schepper and co-workers for simple liquids to
supramolecular liquid$40—-43. Generally speak-
ing, GTEE is a direct extension of the macroscopic
hydrodynamic theory[35], including three k-
dependent quasi-hydrodynamic modes, namely, the
number density, the longitudinal current density
and the energy density. In this section, we will
briefly describe the GTEE model and discuss the
method of analysis of the IXS data.
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3.1. Generalized dynamic structure factor
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The defined dynamic structure factor takes into
account the atomic form factors. The double dif-

In a scattering experiment, each target particle ferential cross section can then be written as

converts the incident plane wave into a spherical
scattered wave with a specific amplitude. The
scattering amplitude of each scattering particle is
generally k-dependent. In IXS, the scattering
amplitude of the particl€atom) is proportional to
r.fi{(k) where r, denotes the classical radius of
electron, and;(k) the form factor of the scattering
atom with indexi. The form factor is normalized
in such a way that it is equal to the atomic number
Z whenk equals to zero. One can find the tabulated
values of the form factors for different atoms in
International Tables for X-ray Crystallography
[44]. The double differential cross-section for IXS
from a sample containingv atoms is formally
written as[38].

d’c 5 ke 1
dade ~Vrelere) oy
N 2
X3 Pin <F o LAfek ’n>
FII’II’I /

X 8(E—E;+E),
(€))

where E denotes the energy transfer of an X-ray

d’o

k
Y N2 e )2 L
10 dE Nrie; e kiS(k,E).

(6)

We shall, in the following, use the notation
S(k,w)=hS(k,E). The intermediate scattering
function (ISF) is the inverse Fourier transform of
the dynamics structure factéfk,w),

F(kt)= % Z <fj(k)fl(k)e—ik-r1(0) koY

Jil

(7

Introducing now the extended density fluctuation
n(k, t) by including the form factor as

n(k,t) = i_ ij(k)e*ik-r,/m (8)
/N

we have

F(k,t)={n"(k,0)n(k,)). 9)

In our experiment, fully hydrated lipid mole-
cules can be seen as a kind of complex fluids

and ¢ the polarization of the X-ray. The indexes

advantageous to decompose the above defined

i,f denote the incident and scattered X-rays, respec-qynamic structure factor into the weighted average

tively. I,,,F, are the initial and final states of the
system in the scattering proces, is the proba-
bility that the system is in the initial state.
One can define the dynamic structure factor
measured by IXS as
Ill>

<Fn

2

1
S(kyE)z_ PI’]
NF§” !

S, (K)er

X 8(E - Ef+ Ei)
4

S(k,E)= ﬁ %Jdt gt/ B
XSGR DO Ry, (5)

of partial dynamic structure factors for all different
types of atoms. This is accomplished by splitting
the extended density fluctuation into the sum of
the density fluctuation of each type of atom,

n(kt) =Y f oD@ ona ki) (10)

where « denotes the type of atonw,=|N,/N
the square root of the number fraction of atomic
type a over the total atom number ang,(k, 1),
the density fluctuation of the atom type given

by

1 Moo
n(k,t)= — Z e kM, (11
J

INo 5
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The prime in the last equation denotes that the
sum is only over the different types of atoms
within type a. By using Eq.(10), we can write:

Fk) = Y £ a(k)f (k)00 F g, (12
ap

where the partial intermediate scattering function
is defined as:
F o p(k,1) = (np(k,0)ng(k,1)). (13)

The Fourier transform relationship between the
dynamic structure factor and the intermediate scat-
tering function implies that the moments of the
dynamic structure factor determine the short time
behavior of F(k, 1). In particular, the static struc-
ture factorS(k), is the initial value of ISFF(k,
t=0). The generalized static structure fac&ik)
measured by an X-ray diffraction experiments is
given as

SW) = (n (n(k)y = % Y Rf (kekre ey,
J’ (14

Insert Eq.(10) into the above equation, we have
a useful representation of structure factor in the
following

S() = Y1 () k) 008 s (K) (15)
ap

where the partial structure factolS,z(k)=
(n(ng(k)).

Likewise, the dynamic structure factor can also
be written as a weighted sum over partial dynamic
structure factor with the weights determined by
the number fraction and atomic form factor of the
pair. The dynamic structure factor can finally be
written in a transparent way as:

S(k0) = T fa(K)f )08 s (k,0). (16)
ap

Since the atomic form factor is proportional to ¢ (k)=kuv,(k)[S(k)] /2

the atomic number of the element, in our experi-
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ment, the carbon—carbon and oxygen—oxygen par-
tial structure factor ought to dominate both the
static and dynamic structure factors. It turns out
that the MD simulation[20] showed that in the
case of fully-hydrated lipid bilayers, the dominat-
ing partial structure factors are the carbon—carbon
one only because carbon atoms in the lipid mole-
cules are much more ordered than oxygen atoms
in hydration water molecules. This fortunate situ-
ation leads to the interpretation that the measured
phonons are indeed coming from the density oscil-
lation of the center of mass of the lipid molecules
constituting the bilayer.

3.2.  Generalized three
(GTEE) model

effective  eigenmode

In the GTEE model, the correlation function
matrix G(k,z) for the three slow microscopic fluc-
tuations: number densitlabeled as#’), longitu-
dinal velocity (labeled as:#’) and energy density
(labeled as T'), obeys a hydrodynamic-like
equation:
2Gk,z2)=H(k)G(k,2) +]. an

Then the dynamic structure factor is given(age
putz=—iw)

_| }

io+HK) ],

Skw)=> :‘) Re[

where | is the 3x3 identity matrix, label 1,1
outside the curly bracket means ttig1) element

of the matrix. The hydrodynamic matri is
given in terms of four independent phenomenolog-
ical k-dependent parameters,

(18)

0 k) 0
H =|if (k) 2z, if. (k)| (19
0 l.fuT(k) ZT(k)

where the matrix element,, (k) is the second
frequency moment of the dynamic structure factor.
It is given in terms of the structure fact§tk), as

(20)
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Fig. 2. A typical fit of the IXS spectra at=4.8 nnT* with the GTEE theory. The sample is a DMPC bilayer in the gel phase at
T=293 K. The fit gives the width of the central peak, 0.03 meV, much less than the width of energy resolution function, the FWHM
of which is 1.97 meV. The in-plane phonon frequen@y,=7.071 meV, is clearly resolved, giving the propagating sound speed of
2229.7 mis The damping of the phonon is 3.029 meV.

where the generalized thermal speedk) is the 1 1

weighted average of the thermal speedg= S(k.m)/S(k)=——Re{m Adfiol
/ksT /M, of different types of atoms present in T 1o

the bilayer system defined as, +H), 1}

v2(k) = Y f2(K)o2v2,. (21) (22

where detiwl +H) is the determinant of the
matrix (iwl +H), while Adj(iwl +H)  is the first
element of the adjunct matrix diwl +H). After
evaluating the matrix elements, it becomes

It should be noted here that from the fitted value
of f..,(k), we can deduce the absolute value of the
generalized structure factdi(k) (defined in Eq.
(15) above by calculating the generalized thermal
speed according to Eg(21). The other three M_Re{s(k%)}:

independent parametets(k), f..(k), z;(k) are all S(k) S(k)

real numbers and the smdlllimit of these three 1 22—z +zp)z+zazr+f%
parameters is related to thermal dynamical and _;Re[—z3+(zu+zr)zz—(zuzT+f3T+fM2n)z+fu2nzT}
transport parameters of the fluid in a unique way (23)
[43]. where —iw is replaced byz If we put the

One can rewrite E¢(18) as: numeratorz®— (z,+z;)z + 2,20 +f% asP(z) and
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Fig. 3. The evolution of(k,w) for DMPC in the liquid crystal phase &=308 K, as a function of» at differentk values, extracted

from experimental IXS spectra, is shown using the GTEE model. Although the general shape of the spectra is similar to that in the
gel phase, it should be noted that the phonon peaks are less well defined, because in the liquid crystal phase, the lipid molecules
are not ordered in the bilayer plane.

the denominator—z3+ (z,+z7)722— (.27 +f 5+ P(T,+iQ,) P(I',+iQ,)
2)z+f2z; as —Q(z). In most of the cases, the 2R oT.+i0.) —2w,l o .+i0))
roots of the equatiom®(z) =0 consist of one real } g : g

number I'’, and a couple of conjugate complex gnd c=2R MJ One can therefore
numberI",+iQ, and the Eq.(23) can be factor- Q'(I';+iQ,)
ized in the following form cast the normalized dynamic structure factor in a

hydrodynamic-like form

_1P@)_[AR) (B+Cz)
(24) |l 0*+T7  “(o+Q)%*+T?
Fy—b(w—Qx)}
+A (25)
where A(R)= Plz) B=— (0=Q)*+T?

0@’
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Fig. 4. The evolution ofS(k,w) for DMPC in gel phase al'=293 K, as a function ofw at differentk values, extracted from
experimental IXS spectra, is shown using the GTEE model. It can be seen thak&716 nnT* which is the location of the first
peak of the dispersion relation, the phonon peaks are well defined. At&aajthough the phonon peak is not clearly seen in the

spectrum, nevertheless, according to GTEE theory, it is still possible to decompose the spectra into three overlapping Lorentzian
peaks, one central and two symmetric side peaks. Hence, one can still assign a phonon frequency and its damping. The concept of

phonon ceases to exist when the three Lorentzian peaks all center asetMdt is interesting to note that at=14.0 nnt! , which
is the position of the peak of the static structure fad@), one can clearly see the so-called DeGenne narrowing of the spectrum.

where

M) =x*—(z,+zp)x+ 2,20+ 2,

N MT,—iQ,)
2iQ(T,—(I',—iQ,))
g M)
o (I,-T)*+Q?
A,=Re(N),

b=—Im(N)/Re(N).

(26)

According to Eq(25), the three poles df(k,z=
iw) arel’, andl’,; +iQ),, respectively, wher&',(k)
is the relaxation rate of the central non-propagating
mode, I',(k) is the damping, and}, is the fre-
guency of the high frequency sounghonon
mode. These three physical parameters are func-
tions of the four fitting parameter:,,(k), z.(k),
fur{k) andz(k). In the hydrodynamic limik — O,
the parameters in Eq25) satisfy Ao=[(y—1)/
vl, A,;=1/2vy, Q,=ck, I',=D;k? and I',= ak?,
where ¢, is the adiabatic sound speef), the
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Fig. 5. The evolution of§(k,w) for DMPC with addition of 20% cholesterol &=308 K, as a function of» at differentk values,

extracted from experimental IXS spectra, is shown using the GTEE model. We can see that the phonon peaks of the spectra are ir
general better defined compared to those in the liquid crystal phase. One can argue that the insertion of cholesterol molecules
increases the stiffness of the bilayer. Thus, the bilayer becomes more solid-like and hence the propagating phonon modes becom

more well defined.

thermal diffusivity, a=(1/2)[v+(y—1)D;] the

. Cc -
sound damping factorw=F” the specific heat

v

ratio, andv is the kinematic longitudinal viscosity.
We can also cast the GTEE model in the form
of a continued fraction expansion,

-1

2.(k)
far(l)
z+z7(k)

27

Stkz=iw)=|z+
z+z, (k) +

From this expression, the second-order memory
function of the spectral density of the density—
density correlation function can be seen to be of
the form:

N 2 (k)
K, (kz=iw)=2z,(k)+ (0 20

(28)
Eq. (28) is useful for comparison with other
theories formulated in terms of the memory
function.
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Fig. 6. The evolution of§(k,w) for DMPC with addition of 40% cholesterol &=308 K, as a function of» at differentk values,

extracted from experimental IXS spectra, using the GTEE model. The side peaks of the spectra are slightly sharper, otherwise
similar to the case of DMPC with 20% cholesterol added. We can reconfirm our previous observation that the addition of the
cholesterol molecules stiffen the bilayer.

To fit the IXS data, we use the four adjustable cally calculated dynamic structure factor is indi-
parameters in Eq(23) among whichf,,, can be cated by the solid line and the dotted line
compared with static structure fact§fk) using represents the energy resolution function. The con-
Eq. (20). The theoretical dynamic structure factor volution of the theoretical dynamic structure factor
is then multiplied by the Bose factdthe detailed (multiplied by the Bose factdrwith the energy
balance factor and convoluted with the energy resolution function is given in a thick solid line
resolution function before compared with experi- which goes through all the experimental points
mental spectrum, which has been normalized to (symbol9. The y? of the fit is of the order of
have unit area. Fig. 2 shows the normalized IXS unity. The result of the fit gives values of the three
spectrumS(k,w)/S(k), in unit of s, of DMPC physical parameters shown also in the figuie:=
bilayer in the gel phase &=293 K atk=4.8 7.071 meV,I',=0.030 meV andl’;=3.029 meV,
nm~? fitted with the GTEE model. The theoreti- respectively. The fitting of the spectra for other
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Fig. 7. A comparison of fous(k,w) all taken atk=6 nm™* for the four different cases are presented above. It illustrates the point
that the two samples with cholesterol added have dynamic structure factors closer to the case of DMPC in the gel phase than to
that of DMPC in the liquid crystal phase.

values in general shows good agreement with the In Figs. 3—6, we show§(k,w) as a function of
experimental data, giving thg? in the range of o at differentk values, extracted from experimen-

1-6. tal IXS spectra, using the GTEE model for DMPC
in the liquid crystal phase &=308 K, in the gel
4. Results and discussion phase atr'=293 K, with addition of 20%(mole

percenj cholesterol af'=308 K and with addition
The GTEE model is a powerful tool for analysis of 40% (mole percent cholesterol atI'=308 K,
of IXS spectra in a fluid medium. From the GTEE respectively. It can be seen in these figures that at
model analysis, we obtain the following informa- low k, the dynamic structure factor consists of
tion from the spectrum: the dynamic structure three modes, a sharp central mode, and two sym-
factor S(k,w), the phonon dispersion relation metric, broad side peaks representing the high
Q,(k) as a function ofk; the phonon damping frequency sound mode or the phonon mode. In the
I',(k) as a function of; and relaxation rate of the case of light scattering, the central mode is called
central modd,(k) as a function of. the Rayleigh peak and the side peaks are called
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Fig. 8. The static structure factors in the region of the lipid—lipid correlation peak, which is located at approximaat&iynm-*.

Our IXS measurements spankaange from 4.5 to 20 nm* , including this peak. In order to test the goodness of fit of the GTEE
theory, we compare the absolute value of the structure factor deduced from one of the fitting pargipéterdhese theoretical

structure factors as a function éfare shown by solid diamonds while the measured structure factors are given as the solid lines.
Since the measured structure factor is in an arbitrary scale, in order to compare with the(fitedie have to normalize the
measured one by a constant scale factor. It is seen that an agreement between the experimental and theoretical structure factors i
satisfactory, indicating that the fitting procedure is sound.

the Brillouin peaks.S(k,w) measured by IXS is it is still possible to decompose the spectra into
thus an extension of the Rayleigh—Brillouin triplet three overlapping Lorentzian peaks, one central
measured in a conventional light scattering exper- and two symmetric side peaks. Hence, one can
iment to the highek values(or short wavelength, still assign a phonon frequency and its damping.
A=2m/k). For the liquid crystal phase in Fig. 3, The concept of phonon ceases to exist when the
we see that the phonon peaks are well defined upthree Lorentzian peaks all center arouae-0. It

to k=7.5 nnt', which is the location of the first is interesting to mention that &=13.0 nnT? (see
peak of the dispersion relation. At largealthough Fig. 8 which is the position near the peak of the
the phonon peak is not clearly seen in the spec- static structure facto§(k) one can clearly see the
trum, nevertheless, according to the GTEE theory, so-called DeGennes narrowii@7] of the spec-
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Fig. 9. The in-plane phonon dispersion relations of DMPC bilayer at two temperatures, corresponding to the gel and liquid crystal
phases, respectively, of the bilayer. From the figure, we can see that the dispersion relations are structure dependent, i.e. the in-plan
collective oscillations of the hydrocarbon chains also depend on the order of the lipid molecules in the bilayer plane. In the gel
phase(T=293 K), the hydrocarbon chains are ordered, so the phonon frequency and the sound speed is higher. In the liquid crystal
phase(T=308 K) because the chains are disordered, the phonon frequency and the sound speed are lower. It should be noted that
the frequency gap a@=14.0 nnr* is also smaller for the liquid crystal case.

trum. For the gel phase in Fig. 4, although the DMPC with 20% cholesterol added. We can recon-
general shape of the spectra is similar to that in firm our previous observation that the addition of
the liquid crystal phase, it should be noted that the the cholesterol molecules stiffens the bilayer.
phonon peaks are more well defined, because in Fig. 7 gives a comparison of fous(k,w) all

the gel phase, the lipid molecules are more orderedtaken atc=6 nm~?! (near the peak position of the
in the bilayer plane. Fig. 5 shows the case for phonon dispersion relatiorfor the four different
DMPC with addition of 20%(mole percent cho- cases presented above. It illustrates the point that
lesterol atT=308 K In general, we can see that the two samples with cholesterol added have
the phonon peaks of the spectra are better defineddynamic structure factors closer to the case of
compared to those in the liquid crystal phase. One DMPC in the gel phase than to that of DMPC in
can argue that the insertion of cholesterol mole- the liquid crystal phase.

cules into a bilayer increases the stiffness of the In order to test the goodness of the fit of the
bilayer [26]. Thus, the bilayer becomes more solid- GTEE theory to the measured spectrum, we com-
like and hence the propagating phonon modes pare the absolute value of the structure factor
become more well defined. Fig. 6 is the result deduced from one of the fitting parametefs(k),
from DMPC with addition of 40% cholesterol at with the measured static structure factor. Fig. 8
T=308 K. The side peaks of the spectra are shows the static structure factors in the region of
slightly sharper, otherwise similar to the case of the lipid—lipid correlation peak, which is located
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Fig. 10. The comparison of the in-plane phonon dispersion relations of DLPC and DMPC hilayers in the gel7phasé K)
from IXS experiments and DPPC in the gel ph&%e-293 K) from MD simulations, respectively. An interesting feature to note is
that as the lipid chain length increases, the phonon frequenicy: @0 nnT?* (the peak of the dispersion relatipimcreases, on the
other hand the one @t=14.0 nnT? (the valley of the dispersion relatidmlecreases.

near kn..=14-15 nm? (corresponding to the tions of the hydrocarbon chains also depend on
e . 2w the order of the lipid molecules in the bilayer
lipid—lipid head group distanaé= ko =0.4nm. plane. In the gel phas&@'=293 K), the hydrocar-

max

Our IXS measurements sparkaange from 4.5to  bon chains are ordered, so the phonon frequency
20 nm!, including this peak. The theoretical and the sound speed are higher. In the liquid
structure factors as a function éfare shown by  crystal phas€7=308 K) because the chains are
solid diamonds while the measured structure fac- disordered, the phonon frequency and the sound
tors are given as the solid lines. Since the measuredspeed are lower. We note that the existence of the
structure factor is in an arbitrary scale, in order to Vvalley at k=14 nm* is similar but more pro-
compare with the fitted(k), we have to normalize ~ nounced than that in the simple liquids.
the measured one by a constant scale factor. It is The examples are the gap in the dispersion
seen that an agreement between the experimentakurves in liquid argon[41], the Lennard—Jones
and theoretical structure factors is satisfactory, fluid, and the dips in liquid cesiurf45] and liquid
indicating that the fitting procedure is sound. He* [46]. One can make a qualitative argument as
The in-plane phonon dispersion relations of to why the dispersion relation has a valley at the
DMPC bilayer at two temperatures, corresponding peak of the structure factor. One knows that the
to the gel and liquid crystal phases, respectively, second moment of normalized dynamic structure
of the bilayer are shown in Fig. 9. From the figure, factor is given by{w?y=k%§k)/S(k) , assuming
we can see that the dispersion relations are struc-that the dynamic structure factor consists of a
ture dependent, i.e. the in-plane collective oscilla- sharp triplet with a central peak and symmetrically
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Fig. 11. The comparison of the in-plane phonon dispersion relations of DMR08 K) and DLPC(T=294 K) bilayers in the

liquid crystal phase from IXS experiments and DMPIG=308 K) bilayer in the liquid crystal phase from MD simulations. Although

the phonon frequencies in DMP@xperiment are higher than that of the DLP(&xperimenl, the same pattern noted in the last

figure, the MD result seems to be lower than the corresponding IXS data. This discrepancy is judged to be more than the error bars
of the fittings.

shifted side peaks located at(),. Then the We present a series of comparisons of the in-
second moment is dominated by the shifted peaks plane phonon dispersion relations for different
and is approximately equal taQ? . Hence, we samples from IXS measurements and MD simula-
have an approximate relation that the sound tions. Fig. 10 is the comparison of the in-plane

frequency phonon dispersion relations of DLPC and DMPC
bilayers in the gel phas€r=293 K) from IXS
Q,=kvo(k)/2S(k), (29 experiments and DPPC in the gel ph&de=293

K) from MD simulations, respectively. An inter-

i.e. ), is inversely proportional to the square root ©sting feature to note is that as the lipid chain
of the structure factor. This argument although length increases, the phonon frequencyat7.0
plausible is, however, not quantitatively accurate Nm~* (the peak of the dispersion relatibimcreas-
except for the position of the minimum. This is €s, on the other hand, the one it 14.0 nm*
because the argument does not take into account(the valley of the dispersion relatiborseems to
the finite damping of the central and side peaks. decrease. However, the latter conclusion is highly
For the lipid bilayer, the dip in the dispersion uncertain because the measured spectrum at the
relation is actually deeper in the liquid crystal peak of the structure factor is nearly as narrow as
phase than in the gel phase, while the experimentalthe resolution function. So the GTEE model anal-
structure factor peak is lower in the former than ysis becomes very difficult and the resultant pho-
in the latter as can be seen from Fig. 8. non frequency highly uncertain. Fig. 11 is the
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Fig. 12. The comparison of phonon dispersion relations of DMPC in the gel gifas293 K), DMPC with 40 and 20% cholesterol
content at7’'=308 K. In spite of the fact that &=308 K, a pure DMPC bilayer would be in the liquid crystal phase, but with the

addition of cholesterol molecules, both phonon frequencies and the sound speed come close to the DMPC bilayer in the gel phase

at T=293 K. This clearly shows that the effect of addition of cholesterol molecules is to make the bilayer more rigid, thus blurs
the distinction between the liquid crystal and gel phases of the bilayer.

comparison of the in-plane phonon dispersion rela- effect of addition of cholesterol molecules is to

tions of DMPC (T=308 K) and DLPC(T=294
K) bilayers in the liquid crystal phase from IXS
experiments and DMPCTI'= 308 K) bilayer in the
liquid crystal phase from MD simulations.
Although the phonon frequencies in DMPC
(experiment are higher than that of the DLPC
(experiment, the same pattern noted in the last
figure, the MD result for DMPC does not seem to
agree with the IXS experimental data of DMPC.
Fig. 12 is the comparison of phonon dispersion
relations of DMPC in the gel phadd’=293 K),
DMPC with 40 and 20% cholesterol content at
T=308 K. In spite of the fact that & =308 K, a
pure DMPC bilayer would be in the liquid crystal
phase, but with the addition of cholesterol mole-

make the bilayer more rigid, thus blurs the distinc-
tion between the liquid crystal and gel phases of
the bilayer. It is known in the literatur6,25,41,
the addition of a substantial amount of cholesterol
to DPPC membranes will result in a new phase
called the liquid order phase which is different
from the gel and liquid crystal phases exhibiting
the properties of a liquid and solid.

The k dependence of the ratio of phonon damp-
ing to its frequency for DLPC, DMPC &f=293
K (gel phas¢ and DMPC atT=308 K with 20
and 40% cholesterol addition is shown in Fig. 13.
It is seen that at lowk values, damping is a
fraction of the frequency but at high values it
can become larger than the frequency. Fig. 14

cules, both phonon frequencies and the soundshowsk dependence of the relaxation rdfg(k)
speed come close to the DMPC bilayer in the gel of the central mode of the dynamic structure factor.

phase atT=293 K. This clearly shows that the

The relaxation rate has a quadratic dependence on
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Fig. 13. Thek dependence of the ratio of phonon damping to
frequency but at higlt it can become bigger than the frequency.

k with a proportionality constant, which is the
thermal diffusivity D;. Quadratic fit to all the data

gives D;=7.6X10"° cn¥/s with a large experi-

mental error bar.

5. Conclusions

We have summarized the result of IXS investi-
gation of in-plane collective excitations in lipid
bilayers composed of DLP{19], DMPC and
DMPC with the addition of cholesterdB3]. This
in-plane collective excitation was conjectured as
the longitudinal density oscillations of the center
of mass of lipid, molecules as a whole by using
MD simulations of DPPC and DMPC bilayers
[20]. Specifically, we have presented the detail of
the analysis method, called the GTEE model,
which allows us to extract the following physical
guantities: the dynamic structure facfik,w); the
phonon dispersion relationt; (k) as a function of
k; the phonon dampind’ (k) as a function ofk;
and relaxation rate of the central moHg(k) as a

16 18 20 22

b

its frequency shows that at, Idamping is a fraction of the

function of k. We compare these extracted quanti-
ties as a function of lipid chain length, its two
different main phases, liquid crystal vs. gel phases,
and the effect of the addition of cholesterol to the
bilayer. Followings are our main findings:

1. The general feature of the dispersion relation
for phonons in a bilayer is that it increases
linearly for smallk values, reaching a peak and
then comes down to a valley At,., correspond-
ing to the peak of the static structure factor
S(k). The peak of the dispersion relation occurs
at approximately one half of,.. Occurrence
of the valley in the dispersion relation can be
understood from the known second frequency
moment of the dynamic structure fact§fik,w).

We showed that phonon frequend@, as a
function of k is inversely proportional to the
square root of the static structure factsik).
The phonon frequency di,.. corresponds to
the vibrational frequency of the two neighboring
lipid molecules against each other. The fact that
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Fig. 14. Thek dependence of the relaxation rdig(k) of the central mode of the dynamic structure factor is shown. The relaxation
rate has a quadratic dependencekonith a proportionality constant, which is the thermal diffusivily. Quadratic fit to the all
the data gives,=7.6x10"° cn?/s.

this frequency is lower in the liquid crystal
phase than in the gel phase may have biological
implication for mechanism of transport of small
molecules across membranes.

. Given the lipid chain length, the phonon fre- 5.

quencies and the high frequency sound speed
are higher in the gel phase than in the liquid

crystal phase due to the ordering of lipid mole-

cules in the gel phase. The sound speed in the
gel and liquid crystal phase are 2229.7 and

1716.8 ny's, respectively.

. The phonon frequency at the peak of the dis- 6.

persion relation increases with the chain length.
. Addition of cholesterol molecules to DMPC,
originally in the liquid crystal phase, has an
effect of changing dynamic structure factor and
the phonon dispersion relation closer to that of

that addition of cholesterol to the liquid crystal
phase has a tendency of increasing the order of
the lipid molecules in the bilayer, thus making
the bilayer more solid-like.

The MD simulation result for DPPC in gel
phase shows the right tendency for phonon
frequencies as compared to the IXS result for
DMPC and DLPC in gel phase. But MD result
of dispersion relation for DMPC in liquid crystal
phase shows some discrepancy with that of IXS
result in DMPC.

The thermal diffusion constant is insensitive to
the chain length and phases of the bilayer. It
has a valueD,=7.6x10"° cn?/s, with a large
error bar, for all the bilayers we studied.

We have demonstrated in this article that the

the gel phase. We interpret this result to mean high resolution inelastic X-ray scattering studies
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of lipid bilayers have many potentials for offering
new information in micro-mechanical properties of
bilayers.
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